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SUMMARY

The mammalian brain contains diverse neuronal and immune cell types that exhibit dynamic motions in 
response to distinct extracellular environments. However, technical limitations make it difficult to investigate 
complex cellular motions in the developing brain in vivo. Here, we establish the intravital imaging of externally 
immobilized embryos (IMEE) method for long-term, large-field, and deep-depth imaging of mouse embryos, 
excelling in viewing angle flexibility, procedural simplicity, and functional applicability. Through combining 
IMEE with in utero retro-orbital injection and topological analysis of vector fields, we characterize distinct 
neuronal migration patterns and illustrate interactions among neurons, immune cells, and vasculature under 
physiological conditions and environmental stress during brain development. Our results suggest that 
neuronal migration guidance and immune surveillance depend on cellular adaptation to the local environment 
through distinct motion patterns of somata or processes. Our findings provide critical insight into the envi-

ronmentally adaptive nature of neural cells in the developmental landscape.

INTRODUCTION

The mammalian cerebral cortex is a complex, highly organized 

structure that is composed of neurons (excitatory glutamatergic 

and inhibitory GABAergic neurons) and non-neuronal cells 

(macroglial, immune, and endothelial cells). 1–6 During cortical 

development, neurons originate from progenitors within the ven-

tricular zone (VZ) inside the brain, 7,8 whereas microglia, the 

brain’s immune cells, arise from early erythro-myeloid progeni-

tors (EMPs) in the yolk sac outside the brain. 9,10 The establish-

ment of a precise spatiotemporal distribution of neurons and 

the unceasing protection from microglia are both indispensable 

for cortical development. 11–13 Dynamic cellular motions facilitate 

the neuronal migration and the surveillance functions of embry-

onic microglia. 11,13–16 On one hand, newborn neurons migrate 

with diverse patterns of cellular motions across different cortical 

zones 17–23 and interact with surrounding neurons as well as non-

neuronal cells during their migration. 24–29 However, the way by 

which migrating interneurons interact with non-neuronal cells 

in their local environment, such as endothelial cells and micro-

glia, has not been investigated in vivo. On the other hand, the 

resting microglia monitor their local environment with dynamic 

motions of cellular processes 16,30–35 and are ready to transform 

into the activated state in response to the environmental

stress, 16,36–43 which is largely studied in adults. Nevertheless, 

as for embryonic microglia, there are few time-lapse studies of 

their dynamic motions in physiological environments or in 

response to environmental stress.

Despite the strong desire for intravital imaging of cellular 

dynamics, most studies resort to ex vivo methods, which face 

inevitable limitations. First, ex vivo studies using acute brain 

slices for time-lapse imaging are limited by the lack of blood 

flow as a result of the detachment from the vascular circulatory 

system. 44–48 Second, the slicing of brain tissue disrupts the 

central nervous system (CNS) homeostasis, in which microglia 

are activated in nonphysiological immune responses. 47–52 The 

above limitations deem ex vivo time-lapse methods unsuitable 

for studies about cellular dynamics under physiological 

conditions, especially those associated with blood vessels or 

microglia.

Existing intravital imaging methods for mouse embryos remain 

limited. For example, an internal immobilization strategy enables 

day-long observation but suffers from unstable immobilizations, 

restricted views, and complicated operations. 53 Existing 

external immobilization approaches, which involve emptying 

the amniotic fluid, disrupt the intrauterine environment and 

permit only short imaging windows. 54–59 Furthermore, these 

intravital imaging methods have not been optimized to visualize

ll
OPEN ACCESS

528 Cell 189, 528–547, January 22, 2026 © 2025 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/licenses/by/4.0/
mailto:guozengcai@tsinghua.edu.cn
mailto:mida@tsinghua.edu.cn
https://doi.org/10.1016/j.cell.2025.11.017
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cell.2025.11.017&domain=pdf
http://creativecommons.org/licenses/by/4.0/


vascular- or immune-related interactions in the mammalian em-

bryonic brains. 53–59

Here, we establish a method of intravital imaging of externally 

immobilized embryos (IMEE), especially for the embryonic 

mouse brains, which keeps the embryos developing normally 

in the amniotic fluid and maintains their connection with the 

placenta. The IMEE enables long-term, large-field, and deep-

depth in vivo imaging of cellular dynamics in the embryonic 

mouse brains (E10.5–E16.5), excelling in viewing angle flexibility, 

procedural simplicity, and functional applicability. By combining 

IMEE with the in utero retro-orbital injection (IU-ROI) for labeling 

the vasculature and the topological analysis of vector fields (TVF) 

for delineating the motion patterns, we characterize both migra-

tion patterns of distinct neuronal populations during mouse 

cortical development and interneuron migration defects in an 

autism spectrum disorders (ASDs) mouse model, demonstrate 

that the migrating interneurons interact with blood vessels or mi-

croglia through contact-mediated modulation in the local envi-

ronment, and illustrate the dynamic behaviors of brain immune 

cells under physiological conditions or environmental stress. 

Our results provide in vivo evidence showing the diverse cellular 

motion patterns of somata and processes across distinct extra-

cellular environments, which has a significant implication for un-

derstanding the cellular environmentally adaptive behaviors in 

the context of cell migration and immune surveillance during 

the development of mammalian brains.

RESULTS

IMEE

We developed an easy-to-use device that allowed stable immo-

bilization of embryonic mouse brains under two-photon micro-

scopes for continuous intravital imaging (Figure 1). The IMEE 

device provides stable support, constant temperature, and 

continuous gas anesthesia that fits pregnant mice of different 

sizes (Figure 1A; Methods S1). The core immobilization compo-

nent contains a donut-shaped chuck and pallet (Methods S1). 

The water circulation component maintains a proper tempera-

ture of the microenvironment around the embryo via a warm wa-

ter current that continuously pumps through the chuck and the 

pallet (Figure 1B; Methods S1).

We partially strip off the uterine wall near the top of the embry-

onic mouse head, which is stabilized beneath the cover glass 

(Methods S1). The polyurethane (PU) film attached to the bottom 

of the pallet gives the embryo upward support (Figure 1C; 

Methods S1). Besides, suction from a syringe filled with warm 

saline solution causes the fetal membrane to slightly expand 

above the hole and completely seal off the chuck (Figure 1C; 

Methods S1). Furthermore, agarose embedment of embryos in 

the space between the chuck and the pallet provides surround-

ing support for the embryos (Methods S1).

As a result of the flexibility of the device, our IMEE method is 

compatible with a long prenatal developmental time window, 

ranging from E10.5 to E16.5, while supporting both the lateral 

and the top viewing angles (Figure 1D; Video S1). Chucks of suit-

able sizes fit embryos at different developmental time points, 

while all are compatible with the one-size-fits-all bracket. In 

addition, the simplicity of the IMEE procedure allows the rapid

switching of embryos during the operation of a single pregnant 

mouse. Embryos with positive fluorescent signals are selected 

for long-term imaging via two-photon microscopy (Figure 1E). 

Since the amnion remained intact, embryos were kept inside 

the amniotic fluid under stable and appropriate temperature 

and humidity, which could be maintained by the IMEE device 

throughout the prolonged imaging duration (Methods S1). 

Using the IMEE device and two-photon microscopy, we can ac-

quire fluorescent signals within the cortical parenchyma of 

living embryos, where the excitation light first needs to penetrate 

multiple optical obstacles, such as the fetal amnion, scalp, and 

meninges (Figure 1F). In addition, we can identify the precise 

location of small image stacks by mapping them back to the 

three-dimensional reconstructed whole brains (Figure 1H; Video 

S1). Furthermore, individual image stacks acquired via IMEE can 

be stitched together to obtain the large-field image stacks 

(Figure 1G). The fluorescent signals at a parenchymal depth up 

to ∼900 μm (limited by objective working distance and the above 

optical obstacles) can be observed by IMEE (Figure 1I; Video S1).

IMEE does not disrupt the embryonic development

To assess the vitality of embryos during IMEE, we used cerebral 

blood supply as a reliable proxy. We applied the IU-ROI with 

tomato lectin, previously used only in adult mice and ex utero em-

bryos, 60–62 to label the embryonic vasculature in vivo (Figure S1A). 

We found that the perineural vascular plexus (PNVP) at the pial side 

was labeled within 10 min, including venous sinuses, veins, and ar-

teries distributed over the meninges 63 (Figure S1B). In addition, the 

intraneural vascular plexus (INVP) in the brain parenchyma was 

clearly labeled 2 h after IU-ROI, including arterioles, venules, and 

capillaries (Figure S1C). Co-staining with the vascular markers 

IB4 and PDGFRB confirmed the complete and precise labeling 

of embryonic cerebral vasculature via the IU-ROI method 

(Figures S1D and S1E). By combining IU-ROI with IMEE 

(Figure S1A), we made in vivo observations of the real-time flowing 

leukocytes 64 in the superior sagittal sinus (Sss; Figure S1F; Video 

S1). Quantification showed stable leukocyte flow throughout the 

first 4 h of IMEE, with a 65% ± 1% preservation rate by the 6th 

hour (Figure S1G). In addition, we also continuously monitored 

blood flow in the Sss based on hemoglobin autofluorescence. 65 

We found persistent blood flow with a visible slowdown by the 

8th hour of IMEE (Video S1). Importantly, the expression of hypox-

ia-response genes 66 was unaltered by the 8th hour of IMEE but 

was significantly upregulated by the 12th hour (Figures S1H– 

S1L). These results indicate that mouse embryos maintain vitality 

without inducing a brain hypoxic response during 8 h of IMEE. 

We further assessed embryonic development following 8 h 

of IMEE. Embryos showed no visible anatomical changes 

and preserved normal brain structure (Figures S2A–S2D). 

In addition, IMEE did not elicit an inflammatory response in 

the mouse embryos, as evidenced by unchanged leukocyte 

numbers (Figures S2E and S2F; STAR Methods), inflammatory 

cytokine expression 67 (Figures S2G–S2I), and microglial 

activation 68 (Figures S2J–S2L). Immunostaining for key develop-

mental markers (PAX6, TBR1, OLIG2, DCX, PH3, and cleaved 

caspase-3) confirmed that the numbers of neural progenitors, 

neurons, dividing cells, and apoptotic cells were comparable be-

tween control and IMEE groups (Figures S2M–S2V). Besides,
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Figure 1. Intravital imaging of embryonic mouse brain

(A) IMEE device schematic.

(B) Water circulation component schematic. PU film, polyurethane film.

(C) Embryo immobilization schematic. UW, uterine wall; De, decidua; PYS, parietal yolk sac; VYS, visceral yolk sac; Am, amnion.

(D) Lateral and top views of embryonic mouse brains (E10.5–E16.5). Scale bars, 1 mm.

(E) IMEE procedure flowchart.

(F) Top view in vivo images of fetal amnion, scalp, meninges, and brain parenchyma of Nkx2.1 CreER+/− ; R26 Ai14+/− embryos at E14.5. Scale bars, 50 μm.

(G) IMEE single- and multi-stack imaging schematic.

(H) The top view in vivo image of SST + interneurons at E14.5 (z = 500 μm; left), and its registration to 3D reconstructed brain (z = 1,300 μm; middle), and the cross-

section (70 μm depth; right). Scale bars, 200 μm.

(I) Top view in vivo images of MEG-derived cortical interneurons at E14.5. Scale bars, 500 μm.

See also Figures S1 and S2, Video S1, and Methods S1.
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Figure 2. Intravital imaging of dynamic migration of cortical excitatory neurons in the developing mouse cortex

(A) Schematic of three migration modes of cortical excitatory neurons.

(B) Endogenous labeling of cortical excitatory neurons and two-photon in vivo imaging.

(C–E) The in vivo time-lapse sequence of somal translocation (C), locomotion (D), and locomotion-to-somal-translocation transition (E). Arrowheads, somata; 

asterisks, branched leading process terminals; and red dashed lines, pial surface. Scale bars, 50 μm.

(F) Quantification of migration speeds of excitatory neurons (locomotion, n = 7 cells at E13.5 and E15.5; soma translocation, n = 5 cells at E13.5 and E15.5; 2 

embryos from 2 dams per group).

(G) The in vivo time-lapse sequence showing dynamic extensions/retractions of an excitatory neuron processes (arrowheads) during multipolar migration. Scale 

bars, 50 μm.

(H) Quantification of the length of each process on an excitatory neuron (shown in Figure 1G).

(legend continued on next page)
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cell viability was unaltered, as measured by an acridine orange/ 

propidium iodide (AOPI) staining assay 69 (Figures S2W and S2X). 

Altogether, these results demonstrate that mouse embryos 

maintain normal development during IMEE.

Newborn excitatory neurons exhibit diverse migration 

modes across different cortical zones

Previous studies using time-lapse imaging of acute cortical slices 

have shown that during the radial migration from the cortical 

germinal zone toward the pial surface, newborn excitatory neurons 

undergo multipolar migration before entering the cortical plate (CP) 

while proceeding with locomotion or somal translocation after 

entering the CP 17–20 (Figure 2A). However, such diverse migration 

modes of excitatory neurons have not been systematically charac-

terized in vivo. To address this, we sparsely labeled cortical excit-

atory neurons whose births were timestamped by the injection 

of tamoxifen in the Emx1 CreERT2/+ ; R26 Ai14+/− mouse embryos 

and performed IMEE (Figure 2B). We observed both translocating 

and locomoting excitatory neurons within the CP through the 

lateral view: translocating neurons moved radially with their leading 

processes’ branched terminals maintaining attachment to the pial 

surface, while locomoting neurons had unbranched leading pro-

cesses that did not reach the pial surface (Figures 2C and 2D; 

Video S2). In addition, we found that some neurons switched their 

migration modes from locomotion to somal translocation as they 

were approaching the pial side (Figure 2E; Video S2). The average 

migration speed of locomoting cells was significantly slower (26 ±

6 μm/h) than that of translocating cells (45 ± 9 μm/h) at both early 

and late developmental stages, and there was no change in the 

migration speed between different developmental stages 

(Figure 2F). Furthermore, we characterized the cellular dynamics 

of neurons undergoing multipolar migration below the CP through 

the top view and found that they continuously extended and re-

tracted their processes while their somata remained in place within 

a 5-h time window (Figures 2G and 2H; Video S2).

It is important to note that the IMEE method is versatile and 

compatible with additional methods commonly used in studies 

of embryonic development. By combining the in utero electropo-

ration (IUE) method 70 with the IMEE, we observed the excitatory 

neurons changing their migration modes in vivo (Figures 2I–2K; 

Video S2).

Altogether, our results not only characterize different migration 

modes of excitatory neurons before versus after entering the CP 

in vivo but also prove the capability of the IMEE method for 

observing dynamic cellular motions during the embryonic 

development.

Cortical interneurons exhibit diverse tangential 

migration patterns across different cortical zones

Unlike excitatory neurons, cortical interneurons originate from 

the ventral telencephalon, mostly from the medial ganglionic

eminence (MGE). 71–73 These neurons initially migrate tangen-

tially through the cortex in defined streams, including a superfi-

cial route that courses through the marginal zone (MZ) and a 

deep route that traverses through the subventricular zone 

(SVZ). 22,73–77 However, the migration patterns of cortical 

interneurons within these two routes have not been character-

ized in vivo. To investigate the tangential migration patterns of 

cortical interneurons at the cell population level, we crossed 

Nkx2.1 CreER+/− mice, which are homozygous lethal, with 

R26 Ai14+/+ mice and switched E14.5 embryos during the IMEE 

until the embryo with the desired Nkx2.1 CreER+/− ; R26 Ai14+/− ge-

notype was encountered. The MGE-derived cortical interneu-

rons, including somatostatin-expressing (SST + ) and parvalbu-

min-expressing (PV + ) interneurons, 73 were densely labeled 

after tamoxifen injection (Figure 3A). We acquired time-lapse im-

age stacks of entire embryonic cortical hemispheres at 20-min 

intervals and performed motion correction of time-lapse stacks 

based on boundary structures and non-specific vasculature sig-

nals (Figure 3B; Video S3; STAR Methods). By overlapping the 

image stacks of two adjacent time points, we found that a num-

ber of interneurons showed movements of their somata along 

the leading processes (Figure 3C). Interestingly, interneurons in 

the MZ showed tangled movements, while SVZ interneurons 

moved in an ordered fashion (Figure 3C). To quantify these differ-

ences, we modeled interneurons’ hour-long migration trajec-

tories at 20-min intervals (Figures 3D, S3A, and S3B) and pro-

jected them onto a two-dimensional plane parallel to the 

imaging view to delineate their tangential migration patterns 

(Figure S3C). We found significant differences in the distribution 

of migratory directions between MZ and SVZ interneurons, either 

averaged across the three time points (Figure 3E) or tested at 

each of the three time points (Figure S3D). Notably, we found 

that the MZ interneurons showed a platykurtic (flatter) distribu-

tion of migratory directions, while SVZ interneurons exhibited a 

leptokurtic (more peaked) distribution—consistent with our orig-

inal observations (Figures 3C, 3E, and S3D). In addition, we clus-

tered the migratory directions at different time points and found a 

clear correspondence within each migration route (Figure S3G). 

We further quantified angular and linear speed for each inter-

neuron and found no significant difference between MZ and 

SVZ interneurons (Figures 3F, 3G, S3E, and S3F). Furthermore, 

there was no evidence of clustering for the distribution of angular 

or linear speeds within migration routes (Figures S3H and S3I). 

To further delineate interneuron migration patterns, we con-

structed velocity fields at 20-min intervals based on interneuron 

migration trajectories projected onto the 2D plane (Figures 3H, 

S3J, and S3K; STAR Methods). We clustered the velocity 

fields at different time points and found a correspondence within 

each migration route (Figure 3I). Utilizing Helmholtz-Hodge 

decomposition (HHD), 78 each original velocity field was decom-

posed into three orthogonal components: a curl-free vector field,

(I) Schematic of in utero electroporation (IUE) labeling and two-photon in vivo imaging.

(J) The top view in vivo image of IUE-labeled excitatory neurons at E15.5 (z = 160 μm). Scale bar, 200 μm.

(K) The in vivo time-lapse sequence showing the locomotion-to-somal-translocation transition at E15.5. Arrowheads, soma; asterisks, branched leading process 

terminals. Scale bars, 50 μm.

Data: mean ± SEM (F). Statistics: two-way ANOVA followed by Bonferroni’s multiple comparisons (F); ***p < 0.001, n.s., non significant (p > 0.05).

See also Video S2.
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Figure 3. Intravital imaging of tangential migration of interneurons in the developing mouse cortex

(A) Endogenous labeling of MGE-derived cortical interneurons and two-photon in vivo imaging.

(B) The top view in vivo image stacks of E14.5 MGE-derived cortical interneurons overlapping observations at 0 and 20 min (z = 340 μm). Scale bar, 200 μm.

(C) Top view in vivo images of E14.5 MGE-derived cortical interneurons (arrowheads) migrating in the marginal zone (MZ) and subventricular zone (SVZ) over-

lapping observations at 0 and 20 min. Sss, superior sagittal sinuses. Scale bars, 200 μm (left) and 50 μm (right).

(D) Modeling of interneuron migration trajectories.

(E–G) Quantification of the average direction (E), angular speed (F), and linear speed (G) of each migrating interneuron (MZ, n = 249 cells; SVZ, n = 70 cells; all cells 

from one embryo). Values represent mean measurements per cell over 1-h imaging.

(H) Velocity fields (0–20 min) with decomposition.

(I) Heatmap illustrating the distance of the velocity fields at different time points.

(J) Contribution of decomposed components to velocity fields.

Data: violin plots (F and G) and mean ± SEM (J). Statistics: Watson test (E), Mann-Whitney U test (F and G), and two-way ANOVA followed by Bonferroni’s multiple 

comparisons (J); ****p < 0.0001, **p < 0.01, *p < 0.05, n.s., nonsignificant (p > 0.05).

See also Figure S3 and Video S3.
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Figure 4. Intravital imaging of interactions between migrating interneurons and blood vessels in the developing mouse cortex

(A) IU-ROI labeling of blood vessels, endogenous labeling of MGE-derived cortical interneurons, and two-photon in vivo imaging.

(B) The top view in vivo image stack of blood vessels and MGE-derived cortical interneurons at E14.5 (z = 300 μm). Scale bars, 200 μm.

(C) Schematic of interneuron-vasculature contact modes: type 1/2 terminal contact (TC1, TC2) and process contact (PC).

(D) Representative in vivo time-lapse sequences showing interneuron-vasculature interactions at E14.5. Arrows, migratory direction; solid arrowheads, TC1 with 

subsequent retractions of interneuron leading process branches; hollow arrowheads, TC2 with subsequent bifurcations of interneuron leading processes; as-

terisks, PC. Scale bars, 50 and 10 μm (high magnification).

(E–G) Magnified images (rectangles) showing TC1 (E), TC2 (F), and PC (G) of interneurons (shown in Figure 4D) with blood vessels. Arrowheads, interneuron-

vasculature contacts; distribution plots, fluorescence intensity along dotted lines of magnified images; and heatmaps, spatial associations between red and 

green fluorescent signals. Scale bars, 10 μm.

(legend continued on next page)
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a divergence-free vector field, and a harmonic vector field 

(Figures 3H, S3J, and S3K; STAR Methods). The harmonic vector 

fields, representing homogeneous swarm movements, were more 

prominent in the SVZ compared with the MZ (Figure 3J). By 

contrast, the divergence-free vector fields (spiral swarm move-

ments) contributed more in the MZ, while the curl-free vector fields 

(radiating and concentrating swarm movements) showed no sig-

nificant difference between two routes (Figure 3J). These results 

indicate that the more heterogeneous swarm movements of MZ in-

terneurons mainly result from the ebb of straight swarm move-

ments and the flow of spiral swarm movements.

Altogether, these results demonstrate that the cortical inter-

neurons migrating through the two routes exhibit equivalent 

properties of linear and angular speeds of migration, while the 

migration patterns are different—heterogeneous in the MZ with 

more spiral swarm movements and homogeneous in the SVZ 

with more straight swarm movements.

Migrating interneurons interact with blood vessels or 

microglia in their local environment

Next, to further characterize the cellular dynamics of tangentially 

migrating interneurons in vivo, we sparsely labeled MGE-derived 

cortical interneurons at E14.5 (Figures S4A and S4B). We found 

that individual cortical interneurons moved forward along the di-

rection of their leading processes, while the leading process 

branches dynamically retracted or extended to modify the 

migration trajectory of interneurons (Figures S4C–S4G; Video 

S4). In addition, the speed of their tangential migration varied 

over time, ranging from 0.1 to 2.4 μm per min (Figures S4H 

and S4I).

Precise tangential migration of cortical interneurons during 

development serves as a fundamental prerequisite for circuit as-

sembly and function of the cerebral cortex. 11,22 Previous studies 

have shown that early perturbations in interneuron migration are 

mechanistically linked to the pathogenesis of ASD. 79–82 Howev-

er, in vivo evidence for interneuron migration defects in ASD 

pathogenesis is currently lacking. To address this, we investi-

gated interneuron migration in a sodium valproate (VPA)-induced 

ASD mouse model 83,84 using IMEE at 5-min intervals. We found 

that both the migration speed of cortical interneurons and the 

motility of their leading processes were significantly impaired in 

VPA-exposed mouse embryos (Figures S4J–S4M; Video S4). 

Our findings offered in vivo evidence for interneuron migration 

defects in an ASD mouse model, providing crucial insights into 

the etiology of ASD.

One potential way of regulating interneuron migratory trajec-

tories involves their dynamic interactions with non-neuronal cells 

in the local environment. 27–29 Although the guidance role of 

oligodendrocyte precursors in interneuron migration has been

characterized ex vivo, 27–29 the roles of other non-neuronal cells, 

such as endothelial cells and microglia, have not been investi-

gated, as their physiological states are disrupted in ex vivo 

models. 44–52 To observe the interneuron-vasculature interaction 

in vivo, we labeled MGE-derived cortical interneurons and brain 

vasculature in Nkx2.1 CreER+/− ; R26 Ai14+/− embryos (Figure 4A). 

We then captured large-field image stacks at 5–8 min intervals 

from the top viewing angle (Figure 4B). Building on our in vivo ob-

servations, we classified interneuron-vasculature interactions 

into three distinct modes by leading process dynamics: (1) 

type 1 terminal contact (TC1), characterized by leading process 

terminal contact with vascular surfaces followed by leading pro-

cess branch retraction; (2) type 2 terminal contact (TC2), 

involving terminal-vasculature contact followed by the bifurca-

tion of a single leading process; and (3) process contact (PC), 

featuring sustained leading process-vasculature interaction 

enabling unidirectional sliding of interneurons along vascular 

surfaces (Figures 4C and 4D; Video S5). Direct cell-cell contacts 

were validated through colocalization analyses of fluorescence 

intensity and spatial associations (Figures 4E–4G; STAR 

Methods) and three-dimensional reconstructions (Figures 4H– 

4J). Furthermore, to systematically characterize the impact of 

neurovascular interactions on the migrating interneurons, we 

tracked interneuron migration (Figure 4L) and quantified their 

migratory directions and speeds during and after contact. 

Notably, all modes of contact significantly slowed interneuron 

migration (Figure 4M), with TC1 and TC2 causing greater decel-

eration than PC (Figure 4N). Interneurons also exhibited signifi-

cant migratory direction deviations following TC1 and TC2 

(Figure 4K). These deviations resulted from either retraction of 

leading process branches, enabling migration redirection to 

follow other pre-existing branches after TC1, or bifurcation of 

leading processes, facilitating reorientation to follow newly 

generated leading process branches after TC2 (Figure 4D; 

Video S5). By contrast, after PC, interneurons slide along the 

vascular surface with minimal trajectory deviation, accompanied 

by somatic deformation (Figures 4D and 4K; Video S5). Together, 

these results reveal that during mouse cortical development, 

migrating interneurons exhibit distinct contact-modulated be-

haviors to navigate the local environment, away from blood 

vessels.

To observe the interneuron-microglia interaction in vivo, we 

crossed Nkx2-1 CreER+/− ;R26 Ai14+/+ mice, for the labeling of inter-

neurons, with Cx3cr1 GFP+/+ mice, which we validated against 

P2Y12 + cells in the brain parenchyma for the labeling of micro-

glia 85,86 (Figures 5A, S6A, and S6B). We performed IMEE at 

E14.5 from the top viewing angle, capturing large-field image 

stacks at 5–10 min intervals (Figures 5A and 5B). We found 

that some migrating interneurons made terminal contact (TC)

(H–J) The top view in vivo image stack (z = 20 μm) showing interneuron-vasculature contacts (arrowheads) in three-dimensional space (left) and its surface 

rendering (right). Scale bars, 50 μm.

(K, M, and N) Quantification of the migratory direction deviation (K), average migration speed (M), and migration speed fold change (N) of each migrating 

interneuron in contact with a blood vessel versus post-contact (TC1, n = 20 cells; TC2, n = 15 cells; PC, n = 30 cells; 4 embryos from 4 dams).

(L) Quantification of cumulative distances of cell 1, cell 2, and cell 3 (shown in Figure 4D).

Data: violin plots (K and N) and boxplots (M). Statistics: conditional permutation test (10,000 iterations, E–G), Kruskal-Wallis H test followed by Dunn’s multiple 

comparisons (K and N), and Wilcoxon signed-rank test (M); ****p < 0.0001, **p < 0.01, *p < 0.05, n.s., nonsignificant (p > 0.05).

See also Figures S4 and S5 and Video S5.
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Figure 5. Intravital imaging of interactions between interneurons and microglia in the developing mouse cortex

(A) Endogenous labeling of microglia and MGE-derived interneurons, and two-photon in vivo imaging.

(B) The top view in vivo image stack of microglia and MGE-derived cortical interneurons at E14.5 (z = 200 μm). Scale bar, 200 μm.

(C) Schematic of interneuron-microglia contact modes: TC and PC.

(D) Representative in vivo time-lapse sequences showing interneuron-microglia interactions at E14.5. Arrows, migratory direction; solid arrowheads, microglial 

process-interneuron contacts; and hollow arrowheads, microglial process retraction post-contact. Scale bars, 50 μm.

(E and G) Magnified images (rectangles) showing TC (E) and PC (G) of interneurons (shown in Figure 5D) with microglial process terminals. Arrowheads, inter-

neuron-microglia contacts; distribution plots, fluorescence intensity along dotted lines of magnified images; and heatmaps, spatial associations between red and 

green fluorescent signals. Scale bars, 10 μm.

(F and H) The top view in vivo image stack (z = 50 μm) showing interneuron-microglia contacts (arrowheads) in three-dimensional space (left) and its surface 

rendering (right). Scale bars, 50 μm.

(legend continued on next page)

ll
OPEN ACCESS

536 Cell 189, 528–547, January 22, 2026

Article



with microglial process terminals through interneurons’ leading 

process terminals, while others established PC with microglial 

process terminals in the developing mouse cortex (Figures 5C 

and 5D; Video S5). The overlap between fluorescence intensity 

distributions and significant spatial associations indicated direct 

contact between interneurons and microglia (Figures 5E and 5G; 

STAR Methods), as confirmed by three-dimensional reconstruc-

tion (Figures 5F and 5H). Analysis of interneuron migration trajec-

tories revealed that interneuron TC with microglia induced their 

leading process retraction and subsequent migration redirection 

along pre-existing branches, whereas interneurons maintained 

original migratory paths without significant deviation following 

their PC with microglia (Figures 5D, 5I, and 5J; Video S5). In addi-

tion, interneurons exhibited a significant decrease in migration 

speed during microglial contact (Figure 5K), with TC causing 

more pronounced deceleration compared with PC (Figure 5L). 

Notably, we also found that microglia retracted their processes 

following the contact with migrating interneurons (Figures 5D 

and 5M; Video S5).

To elucidate molecular mechanisms underlying the contact-

mediated modulation of interneuron migration, we focused on 

the interneuron TC with vasculature or microglia, which may 

involve repulsive guidance cues during these interactions. We first 

analyzed a published single-cell RNA sequencing (scRNA-seq) 

dataset of E14.5 mouse brains, containing neuronal, mural, endo-

thelial, and microglial cells 87 (Figures S5A and S5B). After inferring 

the cell-cell communication network, we characterized the recep-

tor-ligand pairing patterns of major membrane-bound chemore-

pulsive molecules, including the members of signaling families 

Eph-ephrin and Plexin (Plxn)-Semaphorin (Sema) (Figure S5C). 

These results showed strong receptor-ligand interactions of 

Plxnb-Sema4 88 in neuro-immune communication as well as 

Eph-ephrin 89 and Plxna-Sema6 90 in neurovascular communica-

tion (Figure S5C). We subsequently analyzed published bulk 

RNA sequencing (RNA-seq) datasets of embryonic mouse brains 

(E13.5–E15.5) 85,91,92 encompassing interneurons, microglia, and 

endothelial cells to systematically characterize the differential 

expression patterns of Eph-ephrin and Plxn-Sema signaling fam-

ilies across these cell populations (Figure S5D). We found that Eph 

members were predominantly enriched in interneurons, whereas 

ephrins showed complementary enrichment in endothelial cells 

(Figure S5D). Besides, most Plxns and Semas showed preferential 

enrichment in interneurons, with a limited subset enriched in 

endothelial cells or microglia (Figure S5D). We further profiled 

the top ten highly expressed membrane-bound members of the 

Eph-ephrin and Plxn-Sema signaling families for each cell popula-

tion (Figure S5E). Given the predominant expression of EphA4 

(which binds to both ephrinAs and ephrinBs) 93,94 in interneurons 

and the complementary high expression of ephrinBs (Efhb1-

Efhb3) in endothelial cells (Figure S5E), we performed pharmaco-

logical blockade using a specific EphA4 antagonistic peptide, the 

KYL peptide (KYLPYWPVLSSL), 95 followed by IMEE (Figure S5F). 

We found that during interneuron TC1 with blood vessels, EphA4 

blockade disrupted the retraction of interneuron leading process 

branches, instead resulting in interneurons wrapping around the 

vasculature (Figures S5G–S5I). The in vivo evidence demonstrates 

that EphA4 acts as a critical participant in the retraction of leading 

process branches during neurovascular interaction.

Taken together, here we report in vivo observations of interac-

tions between migrating interneurons and blood vessels or mi-

croglia in the developing mouse cortex. Our findings demon-

strate that migrating interneurons undergo contact-mediated 

modulation during their interactions with vasculature or micro-

glia, revealing an adaptation strategy employed by migrating 

neurons to navigate complex extracellular environments.

Embryonic resting microglia survey the local 

environment through different manners of cellular 

processes’ motions

We observed that microglial processes actively retracted upon 

contact with migrating interneurons, indicating their capacity 

for dynamic environmental sensing and response (Figures 5D 

and 5M). The resting microglia have highly motile processes by 

which they exert surveillance functions not only on neuronal 

cells 30,33,42,96–99 but also on blood vessels. 34,36,100–102 Based 

on the positions of their somata in the brain parenchyma, micro-

glia were further divided into parenchymal microglia (PCMs) and 

capillary-associated microglia (CAMs), whose somata located 

on the blood vessels 34 (Figures S6A and S6B). PCMs and 

CAMs were similar in number, each accounting for nearly 50% 

of the total number of microglia at E14.5 (Figure S6C).

To investigate the dynamic motions of PCMs as well as CAMs, 

we labeled brain vasculature of Cx3cr1 GFP+/− embryos by IU-

ROI 2 h before IMEE at E14.5 (Figure 6A). The large-field image 

stacks were then acquired at 10-min intervals (Figure 6B). We 

found that while some microglia migrated along their leading 

processes, almost all the ramified microglia, considered to be 

in a resting state, actively scanned their extracellular environ-

ment with the constant motions of their fine cellular processes 

(Figure 6C; Video S6). By three-dimensional reconstruction and 

surface rendering, we confirmed that CAMs resided on the 

vasculature, brandishing their processes around blood vessels 

(Figures 6D and 6E). We found that CAM and PCM processes 

showed comparable lengths, but PCMs exhibited significantly 

higher process motility (Figures S6D and S6E). Besides, primary 

branch number and branching dynamics were similar between 

PCMs and CAMs (Figures S6F and S6G).

To further delineate the dynamic scanning behaviors of micro-

glial processes over time, we extracted the morphological profiles 

of PCMs and CAMs from images captured in vivo every 10 min

(I, K, and L) Quantification of the migratory direction deviation (I), average migration speed (K), and migration speed fold change (L) of each migrating interneuron 

in contact with a microglial cell versus post-contact (TC, n = 22 cells; PC, n = 12 cells; 4 embryos from 4 dams).

(J) Quantification of cumulative distances of cell 1 and cell 2 (shown in Figure 5D).

(M) Quantification of the microglial process length in contact with interneurons versus post-contact (n = 34 cells per group; 4 embryos from 4 dams).

Data: violin plots (I and L) and boxplots (K and M). Statistics: conditional permutation test (10,000 iterations, E and G), Mann-Whitney U test (I and L), and Wilcoxon 

signed-rank test (K and M); ****p < 0.0001, ***p < 0.001.

See also Figure S5 and Video S5.
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Figure 6. Intravital imaging of dynamic scanning behaviors of PCMs and CAMs in the developing mouse cortex

(A) IU-ROI labeling of blood vessels, endogenous labeling of microglia, and two-photon in vivo imaging.

(B) The top view in vivo image stack of microglia and blood vessels at E14.5 (z = 120 μm). Scale bar, 200 μm.

(C) The representative in vivo time-lapse sequence showing PCMs (hollow arrowheads) and CAMs (solid arrowheads) scanning behaviors. Arrows, migrating 

microglia. Scale bars, 50 μm.

(D and E) The top view in vivo image stacks (z = 60 μm) showing microglia-vasculature contacts (arrowheads) in three-dimensional space (left) and its surface 

rendering (right). Scale bars, 50 μm.

(F) Representative morphological profiles of CAMs and PCMs at two adjacent time points.

(G) The original vector fields constructed by microglial motions at two adjacent time points and their decomposed components.

(legend continued on next page)
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during a 60-min time window (Figure S6H). We then constructed 

the original vector fields based on the morphological profiles of 

each microglial cell at two adjacent time points by the optical 

flow method 103 (Figures 6F, 6G, and S6I–S6K; STAR Methods). 

Through TVF analysis of each microglial cell (Figure S6I), we found 

that the curl-free vector fields showed increased contribution in 

PCMs compared with CAMs, confirming that PCM processes 

had more retracting and extending motions, while the diver-

gence-free vector fields, representing brandishing motions of 

processes, showed no significant difference between the two mi-

croglial types (Figure 6H). According to the contribution of the curl-

free vector fields to the original vector fields, we found a clear cor-

respondence within the same microglial types (Figure 6I). 

Altogether, here we report in vivo observations of the interac-

tions between blood vessels and microglia in the embryonic 

mouse brains. We reveal that embryonic resting microglia exert 

different manners of cellular processes’ motions when surveying 

the parenchyma versus blood vessels, suggesting that embry-

onic resting microglia engage in adaptive cellular behaviors in 

response to different extracellular environments.

Embryonic resting microglia are activated and recruited 

in response to environmental stress

The resting microglia continuously survey the brain and rapidly 

activate in response to environmental stress. 38,41,97,104,105 

However, how they respond to environmental stress during em-

bryonic development remains elusive. Consistent with a prior 

report of microglia accumulating at morphogenetic lesion bound-

aries, 106 we found P2Y12 + microglia accumulation at the cortico-

striato-amygdalar (CSA) boundary of E14.5 mouse embryos, 

without local microglia proliferation (Figures S7A and S7B). The 

accumulated microglia at the CSA were embedded deep into 

the ventral end of subcortical region, posing a natural challenge 

to clearly visualize them through intravital imaging methods. 

Thus, we induced in utero lesions (IULs) in the cortex to mimic 

physiological morphogenetic injuries. 106 We found minimal coloc-

alization of CX3CR1 + cells with either KI67 or EdU signals at the 

lesion site (Figures S7C and S7D), demonstrating that CX3CR1 + 

cell accumulation primarily occurred through cellular recruitment 

rather than local proliferation. In addition, immunostaining showed 

that recruited CX3CR1 + cells consist predominantly of P2Y12 + mi-

croglia (94% ± 3%), with a minor population of CD206 + border-

associated macrophages (BAMs) 85 (Figures S7E and S7F).

To observe the recruitment of embryonic microglia in vivo, we 

performed cortical IULs in Cx3cr1 GFP+/− embryos 30 min before 

IMEE at E14.5 and acquired image stacks of the lesion site at 

5-min intervals (Figures 7A and 7B). Microglia, as far as 

350 μm away from the lesion site, were soon recruited, traveling 

at an average speed of 2.3 ± 0.7 μm per min (Figures 7C, 7D, 7F, 

and 7G; Video S7). The speed at which each microglial cell trav-

eled varied over time, with a maximum speed of 10.8 μm per min 

(Figure 7H). We found that microglia exhibited a canonical migra-

tory morphology with specialized leading processes guiding

their migration to the lesion site (Figure 7E; Video S7). Interest-

ingly, we also noticed that upon arrival at the lesion site, 

microglial processes retracted and became more dormant 

(Figure 7E; Video S7), displaying significant reduction in length 

as well as motility (Figures 7I and 7J). These results indicated mi-

croglial cells’ transition to the activated state at the lesion site. 

Besides, we observed intense and punctuated fluorescent sig-

nals of fibronectin 1 (FN1) within microglia at the lesion site 

(Figure S7G), suggesting the engulfment and tissue repair roles 

of these recruited microglia under environmental stress. 106,107 

Using three-dimensional reconstruction and immunostaining of 

the post-IMEE brain, we acquired the location of microglia accu-

mulation in the entire embryonic brain, and we further confirmed 

that the recruited cells at the lesion site were predominantly 

P2Y12 + microglia (Figures 7K and 7L). Together, these results 

suggest that embryonic microglia rapidly transit from a resting 

state to directed migration in response to environmental stress, 

adopting an activated state at lesion sites to promote tissue 

protection and homeostatic restoration.

The communication between the nervous and immune sys-

tems plays a critical role in tissue homeostasis. 108–112 During a 

stressful event in the nervous system, a rapid immune activation 

occurs not only in resident microglia but also in other blood-

borne immune cells. 35,39,113–115 To investigate how the immune 

system responded to the environmental stress inside the CNS, 

we performed IU-ROI and brain IULs in Cx3cr1 GFP+/− embryos 

10 min before IMEE (Figure S7H). Immediately after brain lesions 

at E12.5 or E14.5, we found a large number of CX3CR1 + cells 

traveling inside the cerebral venous sinuses, which was absent 

in brains without lesions (Figure S7I; Video S8). Moreover, these 

flowing CX3CR1 + cells—identified as CSF1R + circulating mono-

cytes 116 —maintained consistent diameters at E12.5 and E14.5 

(Figures S7J and S7K), indicating that CNS stress triggers rapid 

circulation of monocytes through the cerebral vasculature. 

Another possible way by which immune cells can be carried to 

the CNS is through the cerebrospinal fluid. 117–119 We observed 

that CX3CR1 + cells gathered and accumulated en masse in 

the fourth ventricle after brain lesions at E11.5 (Figure S7L), a 

phenomenon absent in non-lesioned controls (Figure S7M). Sub-

sequent immunostaining revealed that these rapidly accumu-

lating CX3CR1 + cells were CD206 + BAMs (Figure S7M). 

Altogether, here we report in vivo observations of cellular dy-

namics of microglia and circulating immune cells in response 

to cortical lesions. These results reveal that microglia can be 

activated and recruited into lesion sites while other immune cells 

can travel through the CNS via the circulatory systems, indi-

cating the neuro-immune communication in response to the 

environmental stress during the embryogenesis.

DISCUSSION

During development, both immature, developing cells and mature, 

functional cells coexist and respond to the changing extracellular

(H) Contribution of decomposed components to original vector fields (CAMs, n = 10 cells; PCMs, n = 10 cells; 2 embryos from 2 dams).

(I) Heatmap illustrating the distance of the averaged decomposed curl-free vector fields of CAMs and PCMs.

Data: mean ± SEM (H). Statistics:two-way ANOVA followed by Bonferroni’s multiple comparisons (H); ****p < 0.0001, *p < 0.05, n.s., nonsignificant (p > 0.05). 

See also Figure S6 and Video S6.
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Figure 7. Intravital imaging of the recruitment and activation of microglia in the developing mouse cortex

(A) In utero lesions (IULs), endogenous labeling of microglia, and two-photon in vivo imaging.

(B) The top view in vivo image stack of microglial hotspots at the lesion site at E14.5 (z = 70 μm). Marked regions are also shown in Figures 7C and 7D. Scale bar, 

200 μm.

(C) Microglial recruitment trajectories to lesion site. Scale bar, 50 μm.

(D) The in vivo time-lapse sequence showing microglia (arrowheads; color coded as in Figure 7C) migrating to the lesion site after IULs. Scale bars, 50 μm.

(E) The representative in vivo time-lapse sequences showing recruited microglia (arrowheads) outside and inside the lesion site. Scale bars, 20 μm.

(F–H) Quantification of the accumulative distance (F), average migration speed (G), and migration speed (H) of nine cells indicated by corresponding colored 

arrowheads in Figures 7C and 7D.

(I and J) Quantification of the average process length (I) and motility (J) of recruited microglia outside versus inside the lesion site (outside, n = 20 cells; inside, n = 

20 cells; 3 embryos from 3 dams).

(legend continued on next page)
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environments. 120,121 Considering the significant disruptions of 

physiological conditions in ex vivo approaches 44–52 and limitations 

of existing intravital imaging methods, we establish the IMEE 

method that comes with stable immobilization, flexible viewing an-

gles, a simple procedure, and broad applications, allowing for 

long-term, large-field, and deep-depth intravital imaging of mouse 

embryos (Figures 1, S1, and S2). In addition, the inherent versatility 

of IMEE enables its application across diverse experimental para-

digms through compatibility with various labeling methods and ge-

netic manipulations (Figure 2), including transgenic mouse lines, 

IUE, in utero injection of chemical reagents or virus, and tissue 

transplantation. Furthermore, studies using IMEE can be conduct-

ed in the context of a range of developmental defects and diseases 

within and outside the CNS (Figure S4), providing crucial transla-

tional knowledge for human pathologies. Moreover, the maneu-

verability of the IMEE device will empower developmental studies 

across multiple organs and species, extending its utility beyond ro-

dent neurodevelopment.

Prior ex vivo imaging of acute mouse brain slices reveals 

‘‘random walk’’ migration of MZ interneurons, 21 consistent with 

our in vivo observations by IMEE (Figures 3 and S3). Beyond 

this, we also simultaneously characterized the unidirectional 

migration of SVZ interneurons in vivo. Moreover, quantitative 

analysis reveals comparable tangential migration speeds be-

tween MZ and SVZ interneurons, and TVF analysis demonstrates 

that heterogeneous swarm movements of MZ interneurons 

result from the spiral rather than radiating or concentrating 

movements. Although some studies suggest that cortical inter-

neurons display a preference for migratory routes by expressing 

receptors that correspond to the route-specific guidance 

cues, 23,74,77,122,123 e.g., SST + Martinotti cells migrate through 

the MZ while SST + non-Martinotti cells disperse via the SVZ, 23 

future studies are still needed to combine the IMEE method 

with spatial transcriptomics, thereby systematically revealing 

the migratory behaviors of different neuronal subtypes in the 

developing mouse brain. In addition, interneurons may have an 

internal clock that paces their maturation, 124,125 which would 

initiate the transition from tangential to radial migration when 

cells autonomously switch off their responsiveness to specific 

attractants. 126,127 In our data, we also noticed that some inter-

neurons exited from the migratory streams, prompting further 

in vivo investigation into the tangential-to-radial switch and the 

subsequent allocation to specific cortical layers.

The vascular network and the immune system serve as impor-

tant components of the extracellular environment in the devel-

oping cortex. 12,85,98,128–131 We used IMEE to successfully char-

acterize the distinct interaction modes among migrating 

interneurons, microglia, and vasculature in mouse embryos 

in vivo (Figures 4, 5, and S5). Although previous ex vivo studies 

showed that migrating interneurons are guided by oligodendro-

cyte precursors through contact repulsion, 29 our findings 

demonstrate that interneurons employ contact-mediated modu-

lation during their interactions with vasculature or microglia 

in vivo. In contrast to the complete reversal of migratory direc-

tions during interactions with oligodendrocyte precursors, 29 in-

terneurons avoid blood vessels by either selecting alternative 

leading process branches or generating new ones, resulting in 

migration deceleration and directional deviation rather than 

directional reversal (Figure 4). Notably, previous ex vivo studies 

demonstrated that cortical interneurons exhibit biased selection 

of leading process branches during tangential migration, 15 a 

phenomenon that we also observed in vivo (Figure S4). Beyond 

this, our findings further reveal that direct cell-cell contact with 

either vasculature or microglia mediates interneurons’ biased 

selection of leading process branches. Our in vivo evidence rein-

forces the notion that contact-mediated modulation acts as a 

fundamental strategy for migrating cells to navigate through 

the complex local environments.

Microglia are the resident macrophages in the CNS paren-

chyma, which are different from BAMs residing in the meninges, 

choroid plexus, and perivascular spaces. 85,86 Due to aforemen-

tioned methodological challenges of previous methods, we use 

the IMEE method to observe the dynamics of embryonic micro-

glial motions in vivo (Figures 6 and 7). Our results suggest that 

PCMs, one of two types of microglia, exhibit more extensions 

and retractions of cellular processes than CAMs in the mouse 

developing cortex, exemplifying yet another case of environ-

mentally adaptive cellular behaviors (Figures 6 and S6). Impor-

tantly, our characterization of microglial surveillance behaviors 

in the developing cortex enhances our understanding of the 

‘‘physiological’’ performance of embryonic resting microglia 

in vivo, which has been previously overlooked. These surveil-

lance behaviors of resting microglia serve the purpose of inte-

grating and interpreting the environmental cues, enabling 

them to be constantly ready to transform to the activated 

states. 38,40,41,97 A recent study demonstrated that microglia 

maintained the structural integrity of embryonic mouse brains 

by accumulating at the boundaries between brain regions under 

morphogenetic stress. 106 Our study further elucidates the dy-

namic recruitment and activation of embryonic microglia under 

environmental stress in vivo (Figure 7). In addition, we also notice 

that other immune cells, in response to the environmental stress, 

rapidly travel to the CNS through the vascular as well as cerebro-

spinal fluid circulatory systems, providing a critical perspective 

on our understanding of the trinity of neuro-vascular-immune 

communication during embryogenesis (Figure S7).

On one hand, our IMEE method offers opportunities for studies 

on diverse cellular dynamic behaviors during embryogenesis in 

the context of physiological development or developmental de-

fects and diseases. On the other hand, our biological findings 

advance our understanding of the environmentally adaptive 

cellular behaviors in the developing mammalian brain and open 

avenues for exploring the neuro-vascular-immune communica-

tion in mammalian embryos.

(K) 3D reconstruction of the brain after in vivo imaging. Arrowhead indicates the microglial hotspot observed in Figures 7B and 7D. Scale bar, 500 μm.

(L) Sagittal sections of the brain (shown in Figure 7K) were stained for GFP (green), P2Y12 (red), and Hoechst (blue). Arrowheads, GFP + P2Y12 + microglia. Scale 

bars, 500 μm (left), 50 μm (middle), and 20 μm (right).

Data: violin plots (G, I, and J). Statistics: Mann-Whitney U test; ****p < 0.0001, ***p < 0.001.

See also Figure S7 and Video S7.
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Limitations of the study

While IMEE sustains embryonic blood supply for hours, pro-

longed imaging may be achieved by designing biocompatible 

immobilization materials that minimize mechanical stress on 

the vasculature. In addition, whereas multi-viewing angles of 

IMEE coupled with two-photon microscopy allow the in vivo 

observation of cellular dynamics, clear observations cannot be 

achieved in tissues deeply embedded in the embryos, such as 

the germinal zones of the subpallium. Future studies on these 

deeper regions of embryos can combine our IMEE with multi-

photon microscopies or live-tissue clearing. 132 Finally, for the 

large-field images, here we only showcased those obtained by 

stitching, which unavoidably decreased the temporal resolution. 

This might be addressed by applying mesoscale imaging 

methods 133 compatible with our IMEE device to achieve large-

scale imaging without compromising the temporal resolution.
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Microglia emerge from erythromyeloid precursors via Pu.1- and Irf8-

dependent pathways. Nat. Neurosci. 16, 273–280. https://doi.org/10. 

1038/nn.3318.

10. Gomez Perdiguero, E., Klapproth, K., Schulz, C., Busch, K., Azzoni, E., 

Crozet, L., Garner, H., Trouillet, C., de Bruijn, M.F., Geissmann, F., 

et al. (2014). Tissue-resident macrophages originate from yolk-sac-

derived erythro-myeloid progenitors. Nature 518, 547–551. https://doi. 

org/10.1038/nature13989.

11. Silva, C.G., Peyre, E., and Nguyen, L. (2019). Cell migration promotes dy-

namic cellular interactions to control cerebral cortex morphogenesis. 

Nat. Rev. Neurosci. 20, 318–329. https://doi.org/10.1038/s41583-019-

0148-y.

12. Nayak, D., Roth, T.L., and McGavern, D.B. (2014). Microglia Develop-

ment and Function. Annu. Rev. Immunol. 32, 367–402. https://doi.org/ 

10.1146/annurev-immunol-032713-120240.

13. Hattori, Y. (2023). The multifaceted roles of embryonic microglia in the 

developing brain. Front. Cell. Neurosci. 17, 988952. https://doi.org/10. 

3389/fncel.2023.988952.

14. Marı́n, O., Valiente, M., Ge, X., and Tsai, L.H. (2010). Guiding Neuronal 

Cell Migrations. Cold Spring Harb. Perspect. Biol. 2, a001834. https:// 

doi.org/10.1101/cshperspect.a001834.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-PDGFRB, goat (1:200) R&D systems Cat# AF385, RRID: AB_355339

anti-PAX6, rabbit (1:400) Proteintech Cat# 12323-1-AP, RRID: AB_2159695

anti-TBR1, mouse (1:400) Proteintech Cat# 66564-1-lg, RRID: AB_2883604

anti-DCX, rabbit (1:400) CST Cat# 4604S, RRID: AB_561007

anti-OLIG2, mouse (1:400) Millipore Cat# MABN50, RRID: AB_10807410

anti-PH3, mouse (1:200) CST Cat# 9706S, RRID: AB_331748

anti-Cleaved Caspase-3, rabbit (1:200) CST Cat# 9661S, RRID: AB_2341188

anti-P2Y12, rabbit (1:200) CST Cat# 69766S, RRID: AB_2943477

anti-GFP, chicken (1:500) Aves Cat# GFP-1010, RRID: AB_2307313

anti-KI67, rabbit (1:200) Abcam Cat# ab16667, RRID: AB_302459

anti-CD68, rat (1:200) Abcam Cat# ab53444, RRID: AB_869007

anti-CD206, rat (1:500) BioLegend Cat# 141701, RRID: AB_10900263

anti-FN1, rabbit (1:200) Millipore Cat# AB2033, RRID: AB_2105702

Anti-CSF1R, rabbit (1:500) Abcam Cat# ab254357, RRID: AB_2927559

Donkey anti-Mouse, Alexa Fluor Plus 488 Thermo Fisher Scientific Cat# A32766, RRID: AB_2762823

Donkey anti-Chicken, Alexa Fluor 488 Thermo Fisher Scientific Cat# A78948, RRID: AB_2921070

Donkey anti-Goat, Alexa Fluor 488 Abcam Cat# ab150133, RRID: AB_2832252

Donkey anti-Rabbit, Alexa Fluor 488 Thermo Fisher Scientific Cat# A-21206, RRID: AB_2535792

Donkey anti-Rabbit, Alexa Fluor 568 Thermo Fisher Scientific Cat# A10037, RRID: AB_11180865

Donkey anti-Rat, Alexa Fluor 568 Abcam Cat# ab175475, RRID: AB_2636887

Donkey anti-Rabbit, Alexa Fluor 647 Abcam Cat# ab150063, RRID: AB_2687541

Chemicals, peptides, and recombinant proteins

Biotinylated IB4 Vector Laboratories Cat# B-1205

Streptavidin, Alexa Fluor 546 conjugate Thermo Fisher Scientific Cat# S11225

Fast-Green dye Sigma-Aldrich Cat# F7252

Tamoxifen Sigma-Aldrich Cat# T5648-1G

Corn oil Sigma-Aldrich Cat# C8267

Tomato Lectin-488 Vector Laboratories Cat# DL-1174-1

Tomato Lectin-594 Vector Laboratories Cat# DL-1177-1

Low melting-point agarose Yeasen Cat# 10214ES60

Stroke-physiological saline solution Leagene Cat# CZ0030

Sodium citrate Aladdin Cat# S116311

Normal donkey serum Jackson ImmunoResearch Cat# 017-000-121

PBS (1x) Servicebio Cat# G4202

PBS (20x) Solarbio Cat# P1032

Triton X100 Sigma-Aldrich Cat# T8787

Hibernate-E Medium Gibco Cat# A1247601

D-(+)-Trehalose dihydrate Sigma-Aldrich Cat# T0167-100G

Pronase Roche Cat# 10165921001

AOPI Countstar Cat# RE010211

Hoechst Beyotime Cat# C1022

Antifade mounting medium Leagene Cat# IH0252

Eukitt Quick-hardening mounting medium Sigma-Aldrich Cat# 03989
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Tribromoethanol Sigma-Aldrich Cat# T48402

Tertiary amyl alcohol Sigma-Aldrich Cat# 240486

Optical adhesive Norland Products Cat# NOA63

Resin Wenext Cat# 8200Pro

Trizol Thermo Scientific Cat# 15596018

Chloroform Sinoreagent Cat# 10006818

Isopropanol Sinoreagent Cat# 80109218

EdU Beyotime Cat# ST067

Valproic acid sodium salt Sigma-Aldrich Cat# P4543

KYL peptide MedChemExpress Cat# HY-P2264

Critical commercial assays

Modified Lillie-Mayer Hematoxylin 

Staining Kit

Leagene Cat# DH0001

Fast Wright’s-Giemsa Stain kit Yeasen Cat# 60529ES01

HiPure Plasmid EF Maxi Kit Magen Cat# P1156

HiScript III All-in-one RT SuperMix 

Perfect for qPCR

Vazyme Cat# R333

Taq Pro Universal SYBR qPCR Master Mix Vazyme Cat# Q712

Click-iT™ Plus EdU Alexa Fluor™ 

647 Imaging Kit

Thermo Fisher Scientific Cat# C10640

Deposited data

scRNA-seq data Bilal et al. 87 GEO: GSE133079

bulk RNA-seq for embryonic interneurons Carla et al. 91 GEO: GSE104090

bulk RNA-seq for embryonic microglia Sebastian et al. 85 GEO: GSE146928

bulk RNA-seq for embryonic brain 

endothelial cells

Mike et al. 92 GEO: GSE79306

Experimental models: Organisms/strains

Mouse: SST Cre+/+ The Jackson Laboratory RRID: IMSR_JAX:018973

Mouse: Emx1 CreERT2/+ The Jackson Laboratory RRID: IMSR_JAX:027784

Mouse: Nkx2.1 CreER+/- The Jackson Laboratory RRID: IMSR_JAX:014552

Mouse: Cx3cr1 GFP+/+ Qionghai Dai laboratory 

(Tsinghua University)

RRID: IMSR_JAX:008451

Mouse: R26 Ai14+/+ The Jackson Laboratory RRID: IMSR_JAX:007914

Mouse: C57BL/6J The Jackson Laboratory RRID: IMSR_JAX:000664

Oligonucleotides

Vegfa Forward: TGGTTCTTCACTCC 

CTCAAATC

This paper N/A

Vegfa Reverse: GGTCTCTCTCTCTCT 

TCCTTGA

This paper N/A

Acer2 Forward: GTGCGAGGACAACTA 

CACTATC

This paper N/A

Acer2 Reverse: CACATGCAGATGGG 

AGGTAAA

This paper N/A

Adm Forward: ATGTCTCAGCAAGG 

TGTAAGG

This paper N/A

Adm Reverse: TTCTTCATCCACAGGC 

GATAAT

This paper N/A

Angpt2 Forward: ACAGCTGTGATGATAGA 

GATTGG

This paper N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Angpt2 Reverse: CGAGTCTTGTCGTCT 

GGTTTAG

This paper N/A

Depp1 Forward: CTCTCTCTAGCTTT 

CCTCTCCT

This paper N/A

Depp1 Reverse: GCTAGACTGTCAT 

CGCTCTTT

This paper N/A

IL-6 Forward: AGTCCGGAGAGG 

AGACTTCA

This paper N/A

IL-6 Reverse: ATTTCCACGATTTC 

CCAGAG

This paper N/A

IL-1β Forward: CTTTGAAGTTGAC 

GGACCC

This paper N/A

IL-1β Reverse: TGAGTGATACTGC 

CTGCCTG

This paper N/A

TNF-α Forward: CACCACCATCAAG 

GACTCAA

This paper N/A

TNF-α Reverse: AGGCAACCTGACC 

ACTCTCC

This paper N/A

GAPDH Forward: CATGGCCTTCCG 

TGTTCCTA

This paper N/A

GAPDH Reverse: GCCTGCTTCACCA 

CCTTCTT

This paper N/A

Recombinant DNA

LV-CMV-EGFP-T2A-Puro-WPRE This paper N/A

Software and algorithms

Blender Blender 4.2 LTS https://www.blender.org/

ImageJ NIH Image for the Macintosh https://imagej.nih.gov/ij/index.html; RRID: SCR_003070

Imaris 10.0 Oxford Instruments https://imaris.oxinst.com/; RRID: SCR_007370

OlyVIA Olympus Microsystems https://www.olympus-lifescience.com/en/downloads/ 

detail-iframe/?0[downloads][id]=847252030;

RRID: SCR_016167

Dragonfly 2002.1 ORS, Montreal, version 

2022.1

https://www.theobjects.com/index.html; RRID: SCR_025150

GraphPad Prism 9.5 GraphPad Software RRID: SCR_000306

Python 3.10.11 Python https://www.python.org; RRID: SCR_008394

R software 4.2.2 GNU Project https://www.r-project.org/; RRID: SCR_001905

MATLAB Mathworks https://www.mathworks.com/products/matlab.html; 

RRID: SCR_001622

Illustrator CC 2021 Adobe https://www.adobe.com/products/illustrator.html; 

RRID: SCR_010279

Cellpose 3.0.7 Cellpose software https://www.cellpose.org; RRID: SCR_021716

R package: Plotly 4.10.4 GitHub https://github.com/plotly/plotly.R; RRID: SCR_013991

R package: WaddR 1.16.0 Schefzik et al. 134 https://github.com/goncalves-lab/waddR

R package: Circular 0.5-0 GitHub https://github.com/cran/circular

R package: pheatmap 1.0.12 GitHub https://github.com/raivokolde/pheatmapSCR_016418

R package: metR 0.15.0 GitHub https://github.com/eliocamp/metR;

R package: Seurat 4.4 GitHub https://github.com/satijalab/seurat

R package: CellChat 2.1.2 GitHub https://github.com/jinworks/CellChat

Python: SimpleITK 2.2.1 GitHub https://github.com/SimpleITK/SimpleITK; RRID: SCR_024693

Python: OpenCV 4.7.0.72 GitHub https://github.com/opencv/opencv; RRID: SCR_015526

Python: POT 0.9.4 GitHub https://github.com/PythonOT/POT
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Wild type and all transgenic mouse lines used in this study are listed in the key resources table. All mice were maintained on a C57BL/ 

6J background and housed under a 12 h light/dark cycle with ad libitum access to food and water. Only time-mated pregnant female 

mice were housed individually. The day of vaginal plug formation was considered E0.5. All the experimental procedures were 

approved by the Institutional Animal Care & Use Committee and the Animal Welfare and Ethics Committee of Tsinghua University, 

Beijing, China.

METHOD DETAILS

IMEE device

The bracket, chuck and pallet of the IMEE device were designed using Blender and 3D printed using resin material (Wenext, Cat# 

8200Pro).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Python: SciPy 1.10.1 GitHub https://github.com/scipy/scipy; RRID: SCR_008058

HHD Zhe et al. 78 https://github.com/WeilabMSU/HHD

Construction of vector fields by interpolation This study https://github.com/MiLabTsinghua/IMEE

L 2 norm This study https://github.com/MiLabTsinghua/IMEE

Others

Multiphoton Laser Scanning Microscope 

FVMPE-RS

Olympus https://www.olympus-lifescience.com/en/laser-

scanning/fvmpe-rs/

Olympus SpinSR10 spinning disk confocal 

super resolution microscope

Olympus https://www.olympus-lifescience.com/en/super-

resolution/spinsr10/

Olympus VS200 Slide Scanner Olympus https://www.olympus-lifescience.com/en/solutions-

based-systems/vs200/; RRID: SCR_024783

SMZ745/745T stereoscopic microscope Nikon https://www.microscope.healthcare.nikon.com/

products/stereomicroscopes-macroscopes/smz745-745t

R500 Small Animal Anesthesia Machine RWD https://www.rwdstco.com/product-item/r500-rodent-

anesthesia-machine/

Countstar Rigel S3 Countstar https://www.countstar.cn/productshow.php?cid=5&id=22

Sutter P-2000 Laser Micropipette Puller SUTTER INSTRUMENT https://www.sutter.com/MICROPIPETTE/p-2000.html; 

RRID: SCR_018640

ECM 830 Square Wave Electroporation 

System

BTX https://www.btxonline.com/ecm-830-square-wave-

electroporation-system.html; RRID: SCR_016841

Drummond PCR Pipettes Drummond Scientific https://pipette.com/drummond-5-000-1001-x10.html?srsltid=

AfmBOopCoq7DuZqrhvgKLJUkIUxJMsfcrpm

Yq92fmobd8KiOdWRxme8s

Drummond Capillaries Drummond Scientific https://www.fishersci.com/shop/products/drummond-

replacement-capillaries-nanojet-ii-injectors/211714

Peristaltic Pump LEFOO https://www.lefoo.com/products/lfp104-quick-installation-

peristaltic-pump

Micro Forceps RWD https://www.rwdstco.com/product-item/f11029-11/

VANNAS Spring Scissor RWD https://www.rwdstco.com/product-item/s11001-08/

Round cover glass Solarbio http://www.solarbio.net/goods-10928.html

Optical Plate Fly-opt http://www.fly-opt.com/pd.jsp?id=39#keyword=

otab&_pp=0_1873

NanoDrop 2000c spectrophotometer Thermo Fisher Scientific https://www.thermofisher.cn/order/catalog/product/

cn/zh/840-317400

CFX96 Touch Real-Time PCR 

Detection System

Biorad https://www.bio-rad.com/zh-cn/product/cfx96-

touch-real-time-pcr-detection-system?ID=LJB1YU15
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The round cover glass (Solarbio, Cat# YA0776-1pk) was glued on the chuck by UV curing optical adhesives (Norland Products, 

Cat# NOA63). The donut-shaped chuck was concave up, composed of an outer ring with shallower depth than the middle ring 

and a middle ring surrounding a hole in the middle. The outer ring maintained a steady stream of water coverage of the glass surface 

at the bottom, making the device suitable for the water immersion objective of two-photon microscopes; the inner ring acted as a 

reservoir for warm saline solution; and the hole in the middle was shaped as a conic frustum at the bottom of the chuck to better 

fit the shape of the fetal head. Four extended adaptors of the outer ring ensured stable attachment to the bracket, and among 

them, the bilateral hollow adaptors were connected to the water circulation system. In addition, the adaptor of the middle ring on 

one side was connected to the syringe through a pipe.

The donut-shaped pallet had a hollow interior that connected to the water circulation system via bilateral adaptors of the pallet, 

which allowed the flowing of the heated water. Bilateral poles were attached to the pallet with screws, thereby forming rotatable 

joints, allowing the adjustment of the height of the pallet to various maternal physiques.

IMEE experiments

Device preparation

Before surgery, we first prepared the IMEE components used for immobilization. The bracket and the pole were installed to the 

optical plate (Fly-opt, Cat# OTAB). The chuck of suitable size was used for each embryonic age. The three hoses were respectively 

connected to the hollow adaptors of the outer ring and the middle ring of the chuck, and the hose attaching the middle ring was also 

connected to the syringe with a valve. The warm saline solution was injected through the syringe, moisturizing the chuck while 

removing all air bubbles. The water-proof PU film was glued to the bottom of the pallet, which supported the embryo with an upward 

force. The heating pad was attached to the lifting table with gummed tapes. The 3% low melting-point agarose (Yeasen, Cat# 

10214ES60) was prepared and incubated in a water bath at 55 ◦ C. Next, we prepared the water circulation component. The peristaltic 

pump (LEFOO, Cat# LFP104) was connected with a glass bottle containing 50 mL of distilled water through a hose, and this glass 

bottle was incubated in a water bath at 42 ◦ C, so that the water flowing via the hose was maintained at 37 ◦ C when passing through 

the chuck. Finally, the gas anesthesia component was set up and ready to run before intravital imaging.

Surgery

First, pregnant females were anesthetized with Avertin (2.5% Avertin reservoir in 0.9% NaCl saline solution) by intraperitoneal 

injection at a dose of 0.02 ml/g of body weight. Avertin reservoir was formulated from 100% (w/v) Tribromoethanol (Sigma-

Aldrich, Cat# T48402) dissolved in Tertiary amyl alcohol (Sigma-Aldrich, Cat# 240486). The mouse was placed on the heated lifting 

table and their feet were secured with gummed tapes. The appropriate amount of erythromycin eye ointment was applied to the 

mouse eyes. After depilation and disinfection of the mouse’s abdomen, a longitudinal incision was performed along the midline of 

the abdomen through the skin and muscle layers, followed by placement of a sterile gauze.

Second, part of the uterus was exposed, and a fissure was created in the uterine wall by the VANNAS Spring Scissor (RWD, Cat# 

S11001-08) to separate an embryo for the subsequent operation (Methods S1). A hole was created, slightly larger than the cross-

sectional area of the embryo, in the PU film at the bottom of the pallet. And the embryo was carefully passed through the hole 

and subsequently the pallet was stabilized by their bilateral rotatable poles being fixed with two pieces of cube-shaped clay 

(Methods S1).

Third, the uterine wall near the top of the fetal head was delicately clamped by micro forceps (RWD, Cat# F11029-11) and partially 

scissored by the VANNAS spring scissor (RWD, Cat# S11001-08), without any disruption to the fetal amnion. The orientation of the 

embryo in the amniotic fluid was adjusted by the tip cotton swabs to the desired viewing angle. The lifting table was placed beneath 

the bracket and raised slowly until the fetal amnion reached the liquid inside the hole of the chuck. The amnion was closely attached 

to the cover glass of the chuck as a result of the suction from the syringe (Methods S1). Then the valve between the syringe and the 

hose was sealed off slowly before detaching the syringe.

Fourth, the optical plate, along with the aforementioned attachments, was placed under the objective of the two-photon micro-

scope, and the fluorescent signals inside the brain were quickly examined. If no desired signals were observed, another adjacent 

embryo would be taken out and pass through the PU film of the pallet, and then the third procedure described above would be per-

formed on this embryo. Instead, between the chuck and pallet, the low-melting point agarose was added around the embryo, and the 

valve was opened to release pressure. Simultaneously, the gas anesthesia and water circulation components were turned on for 

long-term intravital imaging. The concentration of isoflurane was gradually increased to 0.5% and remained stable until the end of 

imaging.

Image acquisition

In vivo images were acquired with an Olympus FVMPE-RS multiphoton laser scanning microscope equipped with an Olympus 

XLPLAN N 25X objective (NA1.05). The blood cells in cortical vasculature were imaged in the resonant scanning mode, averaging 

five frames (6 fps; 0.994 pixel / μm) (Figure S1F; Videos S3 and S8), while the other in vivo images were acquired in the Galvano scan-

ning mode. The step size between each image in each stack was 10 μm (Figures 2, 3, 6, 7, and S4B–S4F) or 5 μm (Figures 4, 5, S4J, 

S4K, and S5G). Stack images were first processed in ImageJ. The 3D reconstruction of images was performed using volume 

rendering in Imaris. The volume could be optically sliced at any position using the ‘‘Orthoslicer’’ tool. The 3D displays of interactions 

were rendered using ‘‘Surface’’ tool in Imaris. The 3D pictures and movies were generated using ‘‘Snapshot’’ tool and ‘‘Animation’’ 

tool in Imaris.
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ENDOGENOUS TRANSGENIC LABELING

For sparse labeling of excitatory neurons, Emx1 CreERT2/+ ; R26 Ai14+/+ males were crossed with wild-type C57/B6 females. At 24 hours 

prior to IMEE, pregnant females were injected intraperitoneally with tamoxifen (Sigma-Aldrich, Cat# T5648-1G) dissolved in corn oil 

(Sigma-Aldrich, Cat# C8267) at E12.5 or E14.5 at a dose of 2.5 μg/g of body weight. For labeling of cortical interneurons, 

Nkx2.1 CreER+/- ; R26 Ai14+/+ males were crossed with wild-type C57/B6 females. At 48 hours prior to IMEE, pregnant females were 

injected intraperitoneally with tamoxifen dissolved in corn oil at E12.5 at a dose of 25 μg/g or 100 μg/g of body weight for sparse 

or dense labeling, respectively.

VPA-INDUCED MOUSE MODEL

Nkx2.1 CreER+/- ; R26 Ai14+/+ males were crossed with wild-type C57/B6 females. Pregnant females carrying E12.5 embryos were 

injected intraperitoneally with VPA (Sigma-Aldrich, Cat# P4543) dissolved in saline solution at a dose of 600mg/kg of body weight. 

Control animals were administered equivalent volumes of vehicle (saline solution) alone. Following 48 hours of VPA exposure (from 

E12.5 to E14.5), we performed IMEE on VPA-exposed and control embryos at E14.5.

IN UTERO RETRO-ORBITAL INJECTION

Pregnant wild-type females, mated to Cx3cr1 GFP+/+ males or Nkx2.1 CreER+/- ; R26 Ai14+/+ males, carrying E11.5, E12.5 or E14.5 

embryos were anesthetized with isoflurane (3.5% for induction, 2% during the surgery). The uterine horns were exposed after 

laparotomy, and ∼ 1 μL Tomato Lectin-488 (Vector Laboratories, Cat#DL-1174-1) or Tomato Lectin-594 (Vector Laboratories 

Cat#DL-1177-1) mixed with 1% Fast-Green dye (Sigma-Aldrich, Cat# F7252) was injected through the uterine wall into the eye of 

each embryo using a pulled glass micropipette (Drummond Scientific, Cat# 5-000-1001-X10). After the procedure, the abdomen 

was filled with an antibiotic/analgesic-containing phosphate-buffered saline (PBS) and the wound was closed using a surgical suture 

and wound clips on the skin. The embryos were left to recover in the mother’s womb for 2 hours followed by IMEE or 

immunohistochemistry.

For EphA4 blockade, ∼1μl of KYL peptide solution (1mM in saline; MedChemExpress, Cat# HY-P2264) together with ∼ 1 μl Tomato 

Lectin-488 (containing 1% Fast-Green dye) were injected through the uterine wall into the eye of each embryo using a pulled glass 

micropipette. Control embryos received equivalent volumes of saline with Lectin-488/Fast Green mixture. After surgery, embryos 

were left to recover in the mother’s womb for 4 hours followed by IMEE.

IN UTERO ELECTROPORATION

Pregnant wild-type females carrying E14.5 embryos were anesthetized with isoflurane (3.5% for induction, 2% during the surgery). 

The uterine horns were exposed after laparotomy, and ∼ 0.5 μL DNA (at a concentration of 1-3 mg/ml mixed with 1% Fast-Green dye 

[Sigma-Aldrich, Cat# F7252]) was injected through the uterine wall into the lateral ventricle of each embryo using a pulled glass micro-

pipette (Drummond Scientific, Cat# 5-000-1001-X10). For electroporation, five pulses (50 ms each, 950-ms intervals) of 35 mV were 

delivered dorsolaterally at an ∼ 45 ◦ angle through the embryonic brain to target the lateral cortex using 5-mm electrode paddles con-

nected to a BTX ECM830 electroporator. After the procedure, the abdomen was filled with an antibiotic/analgesic-containing PBS 

solution and the wound was closed using a surgical suture and wound clips on the skin. The mice were placed on heating pads to 

recover. After waking up, the mice were housed individually for three days before the following IMEE.

IN UTERO LESIONS

Pregnant wild-type females, mated to Cx3cr1 GFP+/+ males, carrying E14.5 embryos were anesthetized with isoflurane (3.5% for in-

duction, 2% during the surgery). The uterine horns were exposed after laparotomy. IULs were induced unilaterally using a 100 μm 

diameter glass capillary (Drummond Scientific, Cat# 3-000-203-G/X), which pierced through the cortical plate horizontally to reach 

the contralateral hemisphere of embryos at E14.5. After the procedure, the abdomen was filled with an antibiotic/analgesic-contain-

ing PBS solution and the wound was closed using a surgical suture and wound clips on the skin. Lesioned E14.5 embryos were left to 

recover in the mother’s womb for 2.5 h and were collected for immunohistochemistry, or recover for 30 minutes followed by the IMEE. 

Pregnant wild-type females, mated to Cx3cr1 GFP+/+ males, carrying E11.5 or E12.5 embryos were anesthetized with Avertin (2.5% 

Avertin reservoir in 0.9% NaCl saline solution) by intraperitoneal injection at a dose of 0.02 ml/g of body weight. The uterine horns 

were exposed after laparotomy, and ∼ 1 μl Tomato Lectin-594 mixed with 1% Fast-Green dye was injected through the uterine 

wall into the eye of each embryo using a pulled glass micropipette. Following IU-ROI, IULs were induced unilaterally using a 

100 μm diameter glass capillary, which pierced either through the cortical plate horizontally to reach the contralateral hemisphere 

of embryos at E12.5 or in the hindbrain of embryos at E11.5. After 10 minutes post-IULs, we performed IMEE for in vivo observations 

or collected brain samples for immunohistochemistry.
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IMMUNOHISTOCHEMISTRY

The brains were isolated from embryos and incubated in 4% PFA for 2-4 h on a slow-speed rocking platform at 4 ◦ C. Tissue was 

washed with PBS, incubated in 15% followed by 30% sucrose in PBS and sliced with a freezing microtome into 16 μm coronal 

sections, and stored at -20 ◦ C or processed for immunohistochemistry. Coronal sections were stained using the following primary 

antibodies: goat anti-PDGFRB (1/200; R&D systems, Cat# AP385, RRID: AB_355339), rabbit anti-PAX6 (1/400; Proteintech, Cat# 

12323-1-AP, RRID:AB_2159695), mouse anti-Tbr1 (1/200; Proteintech, Cat# 66564-1-lg, RRID: AB_2883604), rabbit anti-DCX (1/ 

400; Cell Signaling Technology, Cat# 4604S, RRID: AB_561007), mouse anti-OLIG2 (1/400; Millipore Cat# MABN50, RRI-

D:AB_10807410), mouse anti-PH3 (1/200; Cell Signaling Technology, Cat# 9706S, RRID: AB_331748), rabbit anti-Cleaved Caspase3 

(1/200; Cell Signaling Technology, Cat# 9661S, RRID: AB_2341188), rabbit anti-P2Y12 (1/200; Cell Signaling Technology, 

Cat#69766S, RRID: AB_2943477), chicken anti-GFP (1/500; Aves Labs, Cat# GFP-1010, RRID:AB_2307313), rabbit anti-KI67 (1/ 

200; Abcam, Cat# ab16667, RRID:AB_302459), rat anti-CD68 (1/200; Abcam, Cat# ab53444, RRID: AB_869007), rat anti CD206 

(1/500; BioLegend, Cat# 141701, RRID: AB_10900263), rabbit anti-FN1 (1/200; Millipore, Cat# AB2033, RRID: AB_2105702), and 

rabbit anti-CSF1R (1/500; Abcam, Cat# ab254357, RRID: AB_2927559). Antigen retrieval was used for PAX6, TBR1, DCX, OLIG2, 

PH3, Cleaved Caspase-3 and KI67 immunohistochemistry. Sections were washed with PBS and then was blocked with 3% donkey 

serum in 0.25% triton-X-100-PBS for 1h at RT. Primary antibodies were incubated overnight at 4 ◦ C in 3% donkey serum in 0.2% 

triton-X-100-PBS. The following secondary antibodies conjugated to Alex Fluor dyes were used: donkey anti-mouse IgG (H+L) 

488, donkey anti-chicken IgY (H+L) 488, donkey anti-rabbit IgG (H+L) 488, and donkey anti-rabbit IgG (H+L) 568 (all from Thermo 

Fisher Scientific, used at 1/1000); donkey anti-goat IgG (H+L) 488, donkey anti-rat IgG (H+L) 568, donkey anti-rabbit IgG (H+L) 

647 (all from Abcam, used at 1/1000). Secondary antibodies were incubated for 2 h at RT followed by Hoechst (1/1000; Beyotime, 

Cat# C1022) for 10 minutes at RT. In between steps, sections were washed three times for 10 minutes with 0.2% triton-X-100 in PBS. 

Brain sections were mounted in Antifade mounting medium (Leagene, Cat# IH0252). Brain sections were imaged using an Olympus 

SpinSR10 spinning disk confocal super-resolution microscope (20x Apochromat/NA0.8). Subsequent image processing was per-

formed using ImageJ.

EdU labeling and detection

Solution of EdU (Beyotime, Cat# ST067) was dissolved in PBS (5 mg/ml) and shielded from light at all times. Immediately after IULs on 

E14.5 Cx3cr1 GFP+/- mouse embryos, pregnant females were injected intraperitoneally with EdU at a dose of 50 mg/kg of body weight. 

We then harvested E14.5 embryos 2.5 hours after EdU administration for the subsequent staining. We used the Click-iT™ Plus EdU 

Alexa Fluor™ 647 Imaging kit (Thermo Fisher Scientific, Cat# C10640) for EdU detection.

H&E staining

Mouse embryos were incubated in 4% PFA overnight on a slow-speed rocking platform at 4 ◦ C. Tissue was washed with PBS, incu-

bated in 10% followed by 30% sucrose in PBS and cut on a freezing microtome into 20 μm sagittal sections, and stored at -20 ◦ C or 

processed for H&E staining (Leagene Biotechnology, Cat# DH0001). Embryo sections were stained by hematoxylin solution for 

10 min and eosin Y solution for 1 min. Then, sections were dehydrated and mounted in Eukitt Quick-hardening mounting medium 

(Sigma-Aldrich, Cat# 03989). Sections were imaged using an Olympus VS200 Slide Scanner (20X Apochromat/NA0.8). Subsequent 

image processing was performed using ImageJ.

CARDIOVASCULAR BLOOD TEST

The right atrium of the E14.5 embryos was gently opened. Three microliters of cardiovascular blood were collected via micropipette 

and immediately transferred to EDTA-anticoagulated tubes. One microliter of whole blood was uniformly smeared onto microscope 

slides. The Fast Wright’s-Giemsa Stain Kit (Yeasen Biotech, Cat# 60529ES01) was used in the following staining. The smears were 

dipped completely into the mixture of Wright’s-Giemsa solution for 7 min and were gently rinsed with distilled water. The sections 

were dried at RT and mounted in Eukitt Quick-hardening mounting medium (Sigma-Aldrich, Cat# 03989). Sections were imaged 

using an Olympus VS200 Slide Scanner (20X Apochromat/NA0.8). Subsequent image processing was performed using ImageJ. 

Neutrophils and monocytes were counted within 1 cm 2 monolayer regions of each smear slide according to standardized morpho-

logical criteria: Neutrophils were identified by their segmented nuclei (2-5 lobes; cell diameter 10-12 μm), while monocytes were 

distinguished by their kidney-shaped or lobulated nuclei (diameter 12-20 μm).

CELL VIABILITY MEASUREMENT

Mouse embryos isolated from timed pregnant females were stored in 1x PBS on ice and then their telencephalons were dissected 

out. Dissected tissue was then immediately transferred to warm (37 ◦ C) lysis solution (Hibernate-E Medium [Gibco, Cat# A1247601] 

containing 1x Pronase [Roche, Cat# 10165921001] and 2% D-(+)-Trehalose dihydrate [Sigma-Aldrich, Cat#T0167-100G]) in a 15 ml 

conical tube and incubated for 15 min at 37 ◦ C. After centrifugation, cells were re-suspended in 1x PBS and filtered through a 35-μm 

cell strainer (Falcon, Cat# 352235). Then, we employed the AOPI viability assay, a well-established fluorescence-based technique
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that enables simultaneous discrimination of live (AO + ) and dead (PI + ) cell populations. 69 A 10 μL cell suspension was removed and 

mixed with the same volume of AOPI (Countstar, Cat#RE010211). Following AOPI staining, cell viability was automatically quantified 

using a Cell Counter (Countstar Rigel S3).

REAL-TIME PCR

Embryonic brains were collected either without IMEE treatment or following 8-hour/12-hour IMEE procedure. Dissected samples 

were immediately lysed using Pronase (Roche, Cat# 10165921001) and then transferred to 1 ml Trizol (Thermo Scientific, Cat# 

15596018). Samples were incubated at room temperature for 5 minutes, then 200 μL of chloroform (Sinoreagent, Cat# 10006818) 

was added and mixed. After another 10-minute incubation at room temperature, samples were centrifuged at 12,000 rpm for 

15 minutes at 4 ◦ C. 300 μl of the aqueous layer was collected and mixed with 300 μl isopropanol (Sinoreagent, Cat# 80109218). After 

incubating at room temperature for 10 minutes, samples were centrifuged at 12,000 rpm for 10 minutes at 4 ◦ C. Samples were placed 

on ice, and the supernatant was removed. 1 ml of 75% ethanol was added before centrifuging at 8000 rpm for 5 minutes at 4 ◦ C. 

Following the removal of supernatant, 20-50 μl DEPC water was added, depending on the size of the pellet. RNA concentration 

and quality was determined using a NanoDrop One spectrophotometer (Thermo Fisher Scientific). Samples containing 1 μg RNA 

were reverse transcribed using the HiScript III All-in-one RT SuperMix Perfect for qPCR kit (Vazyme, Cat# R333). Resulting cDNA 

was stored at -20 ◦ C. For each qPCR reaction, 10 μl 2x Taq Pro Universal SYBR qPCR Master Mix (Vazyme, Cat# Q712) was mixed 

with 8.2 μl water, 0.8 μl of forward and reverse primer mix, and 1 μl cDNA in a well of a 96-well plate. Each sample was run in triplicate. 

The plate was then sealed and inserted into a CFX96 (Biorad) for determination of cycle threshold (CT) values. Thermal cycle scheme 

was: 50 ◦ C for 2 minutes, 95 ◦ C for 10 minutes, then 40 cycles of 95 ◦ C for 15 seconds and 60 ◦ C for 1 minute, followed by 95 ◦ C for 15 

seconds, 60 ◦ C for 1 minute, and 95 ◦ C for 15 seconds. For each set of triplicates, an average CT value was obtained, and the 

difference in average CT between the target gene and GAPDH was calculated (ΔCT). Next, the difference in ΔCT value between 

each sample and the average of the controls was calculated (ΔΔCT). Relative expression of each gene was determined by calculating 

2 -ΔΔCT.

SECTION RECONSTRUCTION AND ALIGNMENT

The embryonic brains undergoing long-term in vivo imaging were cut serially on a freezing microtome into 16-μm coronal or sagittal 

sections. After immunohistochemistry, sections were imaged using an Olympus SpinSR10 spinning disk confocal super-resolution 

microscope (20x Apochromat/NA0.8) with a 5-μm z-axial resolution. Series of 16-μm sections were analyzed in sequential order. 

Adjacent sections were aligned by line regions of interest (ROI) using ImageJ based on the cortical axis and lateral ventricles. The 

image stack, composed of series of aligned sections, with an xy resolution of 3.15 pixels/μm and z resolution of 5 pixels/μm, was 

displayed in three dimensions using Imaris (Figures 1H and 7K).

The in vivo image stack captured by IMEE was mapped back to the reconstructed brain using ORS Dragonfly (version 2002.1, 

RRID:SCR_025150) (Figure 1H). The two input stacks were displayed as different color channels in the same three-dimensional 

space, which could be moved separately to align with each other, allowing for image detail inspection on two-dimensional layers.

MOTION CORRECTION OF TIME-LAPSE IMAGE STACKS

We used the registration method provided by the python module SimplelTK v2.2.1, which was widely used in biological and 

medical imaging. 135,136 The vast majority of the offsets when aligning the time-lapse in vivo image stacks were caused by 

parallel displacements as a result of the respiratory and bowel movements of the maternal mice. For image stacks of two adjacent 

time points, the initial values of parameter estimation in translatory motion were obtained by the ‘‘ImageRegistrationMethod’’ 

function. Based on the alignment of boundary structures and non-specific vasculature signals, transformation parameters were 

fine-tuned.

MODELING OF CELLULAR MOVEMENT TRAJECTORIES

For modelling the movement trajectories of a large number of interneurons, we used Cellpose (version 3.0.7, RRID: SCR_021716) to 

automatically recognize the somata of interneurons, generating the masks of somal locations. For each time point, we implemented 

two channels in ImageJ, one for the original image stack, the other for its mask. Based on the original image stacks, the movements of 

interneurons were traced manually between adjacent time points, with these newly established correspondences of somal locations 

between adjacent time points marked with the ‘‘Wand Tool’’ for individual neurons on the masks. The x, y and z coordinates of the 

center of each soma were determined by the ‘‘ROI Measurements’’ tool. We used the R package Plotly v4.10.4 to display these 

cellular movement trajectories in the three-dimensional space (Figures 3D, S3A, and S3B). For tangentially migrating interneurons, 

we calculated the angular speed as the derivative of migratory direction on the xy plane, and the linear speed in the three-dimensional 

space (Figures 3 and S3).
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INDIVIDUAL CELL TRACKING

For the in vivo image stacks of sparsely labeled neurons and microglia, we used the ‘‘Manual tracking with TrackMate’’ tool in ImageJ 

to track the movement of individual cells. After motion correction of time-lapse image stacks, for the image stack of each time point, 

blocks containing the cells of interests were extracted and projected onto the xy-plane. These image projections on the xy-plane 

across time points were sequentially stacked in ImageJ. Finally, using ‘‘Manual tracking with TrackMate’’ tool, cellular movement 

trajectories were drawn and their track features were exported (Figure 7C; Videos S2, S4, S5, and S7).

TRANSCRIPTOMIC ANALYSIS

Single-cell RNA-seq data analysis

The single-cell RNA-seq data were obtained from GEO with accession number: GSE133079. Data analysis was performed using the 

R package Seurat. After quality check, data was first normalized using ‘‘NormalizeData’’ function (normalization.method = "Log-

Normalize", scale.factor = 10000), and PCA was performed. The dimensionality reduction and visualization were performed using 

the ‘‘RunUMAP’’ function, and the cell clustering was performed using FindClusters function. Differentially expressed (DE) genes 

were identified using ‘‘FindMakers’’ function in Seurat. We visualized cell type-specific gene expression patterns through heatmaps, 

wherein columns represent individual cells grouped by cluster identity and rows display z-score normalized expression values of 

selected marker genes. The ligand and receptor expression values as well as their interactions that inferred from the cell-cell commu-

nication network among neurons, microglia, and endothelial cells at E14.5 were obtained from the ‘‘Brain interactome explorer’’ 

(https://mpi-ie.shinyapps.io/braininteractomeexplorer). 87 We visualized the receptor-ligand pairing patterns with showing the spe-

cific ligand-receptor interaction strength (weighted by gene expression values) between any two cell populations using circle plot, 

provided by R package CellChat.

Bulk RNA-seq data analysis

The bulk RNA-seq data for embryonic interneurons were obtained from GEO (GSE133079), comprising three biological replicates at 

E13.5 (GSM2789662, GSM2789663, and GSM2789664); the bulk RNA-seq data for embryonic microglia were obtained from GEO 

(GSE146928), comprising four biological replicates at E14.5 (GSM4411099, GSM4411108, GSM4411109 and GSM4411110); and 

bulk RNA-seq data for embryonic brain endothelial cells were obtained from GEO (GSE79306), comprising three biological replicates 

at E13.5 (GSM2091176, GSM2091177, and GSM2091178) and three biological replicates at E15.5 (GSM2091218, GSM2091219, 

and GSM2091220). Gene expression levels were quantified as reads per kilobase per million mapped reads (RPKM) values. We visu-

alized gene expression patterns through heatmaps, wherein columns represent biological replicates of different cell populations and 

rows display z-score normalized RPKM expression values of selected genes (Figure S5D). We visualized RPKM expression values of 

top ten genes for different cell populations through heatmaps (Figure S5E).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Results were plotted and tested for statistical significance using Prism 9.5 or R v4.3.3. Statistical significance between two groups 

was evaluated by Mann-Whitney U test, while Wilcoxon signed-rank test was utilized for paired two-group comparisons. For more 

than two groups, Kruskal-Wallis H test followed by Dunn’s multiple comparisons or Two-way ANOVA followed by Bonferroni’s 

multiple comparisons was performed. When evaluating the differences in probability distributions, we utilized Wasserstein test for 

non-circular data and Watson’s U 2 test for circular data. Data were presented as either: (1) mean values together with the standard 

error, (2) violin plots displaying data distributions and median values (central line), or (3) box plots illustrating median values (central 

line), interquartile ranges (box boundaries), and paired data connections (green lines). The p values below 0.05 were considered sta-

tistically significant (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; n.s., non significant). All of the statistical details of experiments, 

specifically the size and type of individual samples, were indicated and specified in the figure legends.

Topological analysis of vector fields

Construction of vector fields by interpolation or optical flows

For delineating the dynamics of interneuron migration at cell population level, we constructed the original vector fields based on the

true velocity vectors of sampled neurons (Figures 3H, S3J, and S3K). We generated fixed 2D grid 
{ 

X jk = 
( 
X j ; Y k 

)} L
j;k = 1 

with equal

length (10 μm) for the step size in the 2 directions, which covered the half cortex. Some of grid points, location x i = (x i ; y i ) ∈ ℝ 2 

and velocity v i = (u i ; v i ) ∈ℝ 2 , represented the true neuron samples, were obtained from our modeling of neuron movement trajec-

tories. And for the other grid points, we used the strategy of mutual nearest neighbors (MNN) to select neuron samples for generating 

the velocity vectors and interpolations. To be specific, we calculated the distances between neuron samples and generated the dis-

tribution of distances. For interpolation, we chose neuron samples, whose distance to the grid point is in the lowest ten percent of the 

distribution, as its nearest neighbors. For each grid point X jk , we assigned a velocity vector V jk based on its nearest neighbors, and we 

considered the following Gaussian smoothing:
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V jk = 

∑ 
i ∈ I exp 

{ 

−

⃦
⃦X jk − x i

⃦
⃦2 

2

2σ 2

} 

v i

∑ 
i ∈ I exp 

{ 

−

⃦
⃦X jk − x i

⃦
⃦2 

2

2σ 2

} 

，

(Equation 1)

where ‖⋅‖ 2 is the Euclidean metric, and the parameter I contains all the nearest neighbors of grid point X jk . The σ 2 is the blur param-

eter that controls the sharpness of Gaussian smoothing. We used σ 2 = 10 3 for all tasks.

For delineating the dynamics of microglial processes at individual cell level, we utilized the dense optical flow method, which is 

widely used in objects tracking and computer vision, 103,137 to construct the vector fields of the motions of cellular processes 

(Figures 6G and S6K). We first extracted the morphological profiles from the microglia of interests using ImageJ, and the central lo-

cations of cell bodies are determined manually by trained personnels. Next, all binarized contours are placed in the image grids of the 

same size, and the marked centers of cell bodies are aligned. To stabilize the generation of optical flows, we used the convolutional 

Wasserstein barycenter method provided by the python module POT v0.9.4 to interpolate transitory frames between adjacent time 

points. In practice, we interpolated 9 frames with weights vary from 0.1 to 0.9 by a step of 0.1. After such interpolation, we used DIS 

method provided by the python module OpenCV v4.7.0.72 to generate optical flows. Then, we used the 2D Gaussian density function 

provided by the python module SciPy v1.10.1 to generate a unified round boundary encircling all contours, ready for the HHD 

analysis.

Helmholtz-Hodge decomposition (HHD)

As a powerful and celebrated tool, Hodge decomposition could decompose any vector fields into three orthogonal vector fields, the 

curl-free, divergence-free and harmonic vector fields, facilitating deeper understanding of the topological properties of the original vec-

tor fields. In low dimensional space, it was also called Helmholtz-Hodge decomposition (HHD). 78,138–141 We used the HHD algorithm 78 

(MATLAB toolbox from https://github.com/WeilabMSU/HHD) to decompose the original vector fields constructed based on cellular dy-

namics (Figures 3H, S3J, S3K, 6G, and S6K). Let M be a n-dim oriented smooth manifold and Ω k (M) be all smooth differential k-forms 

(k ≤ n). Then the Hodge theorem claims the following decomposition of Ω k (M)

Ω k (M) = Img 
( 
d k − 1 

) 
⊕ Img 

( 
δ k+1 

)
⊕ H kΔ(M); (Equation 2)

Where d; δ are differential and codifferential operator, respectively. Img( ⋅) is the image space, H kΔ(M) = Ker 
( 
d k − 1 

) 
∩ Ker 

( 
δ k+1 

) 
, 

Ker( ⋅) is the kernel space and ⊕ is the operational sign for direct sum. On 2D or 3D manifold, by viewing vector field as 1-form, 

we have the following decomposition:

v = ∇f + ∇ × g + h; (Equation 3)

where f is the scalar function, g and h are vectors. ∇f , ∇ × g, and h are curl-free, divergence-free and harmonic components of the 

original vector v and ∇ is gradient operator. Given reasonable boundary conditions, the decomposition in Equation 3 is unique. In 2D 

condition, the divergence-free component ∇ × g degenerates to form J∇g, where g is a scalar function and J is a 2 × 2 matrix which

rotates the vectors counterclockwise by π
2

. For visualization of the vector fields, we used the R package metR v0.15.0.

Contribution of decomposed components analysis

In our study, we used the HHD on 2D compact regions. Equipped with the usual Euclidean metric ‖⋅‖ 2 , the three decomposed com-

ponents were orthogonal to each other with respect to the usual vector inner product. And by taking square on the equation 3, we had

‖v‖ 
2

2 = ‖∇f‖
2

2 + ‖J∇g‖
2

2 + ‖h‖
2

2 : (Equation 4)

These terms represented the energies of the original vector fields and three decomposed components. Moreover, we defined the 

ratio between energy of each decomposed component to the total energy as the contribution to the original vector field.

For velocity fields of cortical interneuron populations at 20-minute duration, the contributions of their decomposed vector 

fields were calculated and grouped into MZ and SVZ for the subsequent Two-way ANOVA followed by Bonferroni’s multiple 

comparisons (Figure 3J). For each microglial cell, seven morphological profiles were extracted at 10-minute intervals over a 

60-minute period (0, 10, 20, 30, 40, 50 and 60 minutes). Consequently, six original vector fields were generated per microglial 

cell. Each of these vector fields underwent HHD, yielding a total of 18 decomposed vector fields per cell (comprising 6 curl-free,

6 divergence-free, and 6 harmonic vector fields). The values for each microglial cell were derived from averaging the values of 

decomposed vector fields across all time points (Figures 6H, 6I, and S6I). The contributions of decomposed vector fields 

were grouped into CAMs and PCMs for the subsequent Two-way ANOVA followed by Bonferroni’s multiple comparisons 

(Figure 6H).

Comparisons of vector fields

We calculated the L 2 norm for comparing vector fields constructed from cellular movement at cell population level (Figure 3I). Based 

on the ideas from functional data analysis (FDA), we compared each vector fields by viewing its energy as a continuous function in L 2 

space equipped with the L 2 norm. Let M ⫅ ℝ 2 be a compact set and we define the L 2 space on M as
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L 2(M) = 

{ 

f : M → ℝ 

⃒ 
⃒ 
⃒ 
⃒ 

∫ 

M

|f | 
2 
dx < ∞ 

} 

; (Equation 5)

i.e. all square-integrable functions supported on M. The L 2 norm is induced by the inner product < f, g > L 2 = 
∫ 

M
f gdx; ∀f ; g ∈ L 2 (M)

‖f‖ L 2 = 

(∫ 

M

|f | 
2 
dx 

) 1=2
; (Equation 6)

where (L 2 (M), ‖⋅‖ L 2 ) is a separable Hilbert space. Therefore, for any two energy functions E 1 , E 2 of two different vector fields, we 

calculated their distance by L 2 norm as d(E1; E2) = ‖E1 − E2‖ L 2 . Then we hierarchically clustered the normalized distance values 

using the default clustering method of R package pheatmap v1.0.12.

As for comparing vector fields constructed from the cellular processes’ motion of each individual microglial cell, we considered that 

the locational and rotational effects of such image data interfered with the analysis of cellular process dynamics. 142 Therefore, we 

standardized the somal locations of microglial cells and calculated topological features of each vector field based on its critical 

points. With the locational and rotational effects removed, subsequent comparisons of vector fields of different microglial cells 

were performed (Figure 6I). For robust detection of critical points, we utilize the combinatorial method created by Bhatia et al. 143 

and the Simulation of Simplicity method for robust implementation. 144 Then, we extracted feature vectors of these critical points, 

forming feature distributions for each vector fields. 145 We hierarchically clustered the Wasserstein distance values, which are calcu-

lated from feature distributions, using the default clustering method of R package pheatmap v1.0.12.

Wasserstein distance

To compare two distributions, we used the Wasserstein distance and Wasserstein test provided by R package WaddR 134 v1.16.0. 

For p ∈ [1; + ∞) and two Borel probability measure μ, ν with finite p-moments on ℝ, we have the Wasserstein distance in the 

following formulation as

W p (μ; ν) = 

(∫ 1

0

⃒
⃒ F − 1 (t) − G − 1(t) 

⃒
⃒ P dt 

) 1=p

; (Equation 7)

where F − 1 (⋅) and G − 1 (⋅) are quantile functions of measures μ and ν , respectively. Consider two discrete samples sampled from two 1D

Borel probability measures μ and ν with n and m samples, respectively. Let F − 1 
n (t) = inf x {F n (x) ≥ t} be the empirical quantile func-

tion, where F n(x) = 
1
n

∑ n 
i = 1 I{x i ≤ t} is the empirical cumulative distribution function (ECDF). By plugging the ECDF in the Equation 6,

we could calculate the distances between two empirical distributions, which we used in the subsequent clustering analysis.

In addition, we can construct goodness-of-fit test between two distributions based on Wasserstein distance. Under the null hy-

pothesis H 0 : μ = ν, we have an asymptotic distribution for the following test statistic as

mn

m+n
W pp

( 
G m# μ n ; G # μ 

) 
=

mn

m+n

∫ 1

0 

( 
G m ∘F n − 1 

(t) − t 
) p 

dt→ 
w
∫ 1

0

(B(t)) p dt; (Equation 8)

where G # (μ) is the push-forward measure of μ by function G( ⋅); →w is weak convergence and B(t) is the standard Brownian bridge on 

[0,1]. Based on the conventional usage, we picked p = 2 in our study.

Circular statistics

When analyzing circular data, we considered the periodicity and expected the analysis method holding the rotation invariant property 

in general. Therefore, we used the Watson’s U 2 test, provided by R package Circular v0.5-0, when comparing two distributions of 

circular data. Let F i ; i = 1; 2 be ECDFs of two circular datasets each with n i observations. For null hypothesis H 0 : F 1 = F 2 , consider 

the following Watson statistic

U 2n 1 ;n 2 = 
n 1 n 2

n 1 +n2 

∫ ( 

F 1 − F 2 − 

∫ 

(F 1 − F 2 )dF ∗ 
) 2

dF ∗ ; (Equation 9)

where F ∗ = n 1 F 1 +n 2 F 2
n 1 +n 2

. It can be shown that when n 1 ; n 2 →∞; n 1 = n 2→λ; λ ∈ (0; 1) , the tail probability of U 2n1 ;n 2 
is given by

lim
n 1 ;n 2 →∞

ℙ 
(

U 2n1 ;n 2 
> t 

) 
= 2 

∑∞

k = 1

(− 1) k − 1 
e − 2k 2 π 2 t : (Equation 10)

Besides, we also used the Watson statistic in the clustering of the circular data.

Fluorescence intensity analysis

We drew a 30-μm line ROI on the muti-channel image, covering the position of cellular interactions. We used the ‘‘Plot Profile’’ tool in 

ImageJ to obtain the gray values of each pixel at different color channels. We normalized gray values of each group by the minimax 

method:

X normalized = 
X − X min 

X max − X min

: (Equation 11)
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Spatial association analysis

As a local indicator for spatial association, local Moran’s I index can reflect the variations in the spatial association between regions of 

interest and their neighbors. 146–149 For our image data (Figures 4E–4G, 5E, and 5G), we utilized the bivariate local Moran’s I index to 

evaluate the spatial association between the fluorescence intensities of two channels. We consider the nearby 8 pixels within a 3 × 3 

grid to be the neighbors for the pixel in the center. Let W ij be the spatial weight between the ith and jth pixels. If i and j are not neigh-

bors, we take W ij = 0; otherwise, we take the unnormalized weight as W ij = exp 

(

− 1
2 

⃒
⃒ 
⃒
⃒ p i − p j

⃒
⃒
⃒
⃒2 
2

) 

, where p i ;p j are the coordinate

of pixel i and j. The spatial weights of all neighbors of one pixel are normalized, such that their total sum equals to 1. We defined the 

two channels of the same ROI as X and Y. Let the Z-score normalized intensity of the ith pixel of X and Y to be x i and y i , respectively. 

Then, bivariate local Moran’s I statistic is denoted as

I i = x i 
∑ 

j

W ij y j ; (Equation 12)

where W ij is the spatial weight of Y between pixel i and j. Therefore, we obtained the local spatial association between the ith pixel of X 

and Y as I i .

To further test statistical significance of spatial association for each pixel, we utilized the conditional permutation test. For the chan-

nel Y, we fixed the intensity of pixel i and permutated the rest of the pixels for B times, generating the background distribution with

I ′ ib(1 ≤ b ≤ B). Then we obtained p values as

p i =
1 

B 

∑ 

b

𝕀 
{ 

I ′ib ≥ I i 
} 
; (Equation 13)

where 𝕀{ ⋅} is the indicator function. Considering multiple comparisons, we used the Benjamini-Hochberg method to obtain the 

adjusted p values. In practice, we set the green channel as X, the red channel as Y, and B as 10,000 for conditional permutation test.

Cell density

For immunostaining quantification, at least 3 sections of each brain spanning cortical regions on the rostrocaudal axial were quan-

tified. ROIs were manually defined on E14.5 coronal sections. The 250 μm width ROIs were defined at the corresponding positions 

across sections and brains for the quantification of the numbers of PAX6 + , TBR1 + and PH3 + cells (Figures S2M–S2O, S2S, and S2U), 

while the numbers of DCX + and OLIG2 + cells were calculated in the 250 μm × 500 μm regions at MGE (Figures S2P–S2R). The 

numbers of P2Y12 + , P2Y12 + CD68 + , Cleaved Caspase-3 + , P2Y12 + GFP + , and GFP + cells were quantified in a 1000 μm width ROI 

of each section (Figures S2J–S2L, S2T, S2V, S6B, and S6C). The cell numbers were quantified by ‘‘Cell Counter’’ tool in ImageJ.
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Figure S1. Intravital imaging of the vasculature in the developing mouse cortex, related to Figure 1

(A) Cortical vasculature labeling by IU-ROI and two-photon in vivo imaging.

(B) The top view in vivo images of perineural vascular plexus (PNVP) on the pial side at E14.5 (z = 150 μm). Arrows, penetrating arterioles; arrowheads, pial venules 

that converge to larger draining veins and sinuses; and Sss, superior sagittal sinuses. Scale bars, 200 μm (left) and 50 μm (right).

(C) The top view in vivo images of intraneural vascular plexus (INVP) in the brain parenchyma at E14.5 (z = 100 μm). Arrows, precapillary arterioles branching from 

the penetrating arterioles; arrowheads, capillaries. Scale bars, 200 μm (left) and 50 μm (middle and right).

(D and E) Coronal sections of the E14.5 embryonic brains were labeled by lectin-488 and were stained for IB4 (red) and Hoechst (blue) (D) and PDGFRB (red) and 

Hoechst (blue) (E). Scale bars, 500 μm (left) and 200 μm (right).

(F) The representative in vivo time-lapse sequence showing the flowing of tomato lectin-labeled leukocytes in the Sss. Arrowheads, flowing cells. Scale bars, 100 μm.

(G) Quantification of the flow rate of lectin-labeled leukocytes in the Sss at different time points at E14.5 (n = 4 embryos from 4 dams).

(H–L) Relative mRNA expression levels of Vegfa (H), Acer2 (I), Adm (J), Angpt2 (K), and Depp1 (L) in E14.5 brains quantified by real-time PCR (n = 8 embryos from 8 

dams per group).

Data: mean ± SEM. Statistics: Kruskal-Wallis H test followed by Dunn’s multiple comparisons; n.s., non-significant (p > 0.05).
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Figure S2. Normal development of mouse embryos during IMEE, related to Figure 1

(A) Images of the E14.5 embryos of control and 8-h IMEE groups. Scale bars, 1 mm.

(B) H&E staining of the E14.5 embryos of control and 8-h IMEE groups. Scale bars, 1 mm.

(legend continued on next page)
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(C) Representative images of the E14.5 brains of control and 8-h IMEE groups. Scale bars, 1 mm.

(D) Quantification of the perimeters of the cerebral hemispheres (n = 10 embryos from 10 dams per group).

(E) Wright’s-Giemsa staining of blood cells collected from E14.5 embryos of control and 8-h IMEE groups. Solid arrowheads, neutrophils; hollow arrowheads, 

monocytes. Scale bars, 50 μm and 10 μm (high magnification).

(F) Quantification of the number of neutrophils and monocytes per 1-cm 2 blood smear (n = 8 embryos from 8 dams per group).

(G–I) Relative mRNA expression levels of interleukin (IL)-6 (G), IL-1β (H), and tumor necrosis factor alpha (TNF-α) (I) in E14.5 brain tissues of control and 8-h IMEE 

groups quantified by real-time PCR (n = 8 embryos from 8 dams per group).

(J, M, P, S, and T) Coronal sections of E14.5 brains of control and 8-h IMEE groups were stained for CD68 (activated microglia marker; green), P2Y12 (microglia 

marker; red), and Hoechst (blue) (J); PAX6 (cortical radial glial cell marker; green), TBR1 (cortical newborn neuron marker; red), and Hoechst (blue) (M); OLIG2 

(subpallial radial glial cell marker; green), DCX (migrating neuron marker; red), and Hoechst (blue) (P); PH3 (dividing cell marker; green) and Hoechst (blue) (S); 

and cleaved caspase-3 (apoptotic cell marker; green) and Hoechst (blue) (T). Arrowheads indicate the cleaved caspase-3 + cells. Scale bars, 200 μm (left) and 

50 μm (right).

(K, L, N, O, Q, R, U, and V) Quantification of the number of PAX6 + (N), TBR1 + (O), OLIG2 + (Q), DCX + (R), and PH3 + (U) cells per 250-μm column and P2Y12 + (K), 

CD68 + P2Y12 + (L), and cleaved caspase-3 + (V) cells per 1,000-μm column (n = 10 embryos from 10 dams per group).

(W) AOPI staining of cells dissociated from the developing mouse cortex of control and 8-h IMEE groups at E14.5. Scale bars, 100 μm.

(X) Quantification of cell viability of the developing mouse cortex (n = 10 embryos from 10 dams per group).

Data: mean ± SEM. Statistics: Mann-Whitney U test; n.s., non-significant (p > 0.05).
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Figure S3. The analysis of migration trajectories of cortical interneurons using the TVF, related to Figure 3

(A and B) Modeling of interneuron migration trajectories in MZ (A) and SVZ (B). Each line shows the trajectory of a single neuron, connected by four colored nodes 

that represent the spatial position of the neuron at 0, 20, 40, and 60 min.

(C) The projection of the MZ (left) and the SVZ (right) interneuron migration trajectories on the plane parallel to the imaging top view.

(legend continued on next page)
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(D–F) The distribution of the migration direction (D), angular speed (E), and linear speed (F) of migrating interneurons at 20-min durations (e.g., 0–20, 20–40, and 

40–60 min). Angular speeds are the derivatives of directions, i.e., a 20 to 40 min angular speed corresponds to the measurements of direction from 0 to 20 and 20 

to 40 min. MZ, n = 249 cells; SVZ, n = 70 cells; all cells from one embryo.

(G, H, and I) Heatmaps illustrating the distribution distances of the migration direction (G), angular speed (H), and linear speed (I) of the MZ and SVZ interneurons at 

different time points.

(J and K) The original velocity vector fields constructed by the velocity at which neurons migrate from 20 to 40 min (J) and 40 to 60 min (K), and their three 

decomposed components: curl-free, divergence-free, and harmonic vector fields.

Statistics: Watson test (D) and Wasserstein test (E and F); ****p < 0.0001, n.s., non-significant (p > 0.05).
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Figure S4. Intravital imaging of sparsely labeled interneurons, depicting their migration patterns in the developing mouse cortex, related to 

Figure 4

(A) Endogenous labeling of MGE-derived cortical interneurons and two-photon in vivo imaging.

(B) The top view in vivo image stack of MGE-derived cortical interneurons at E14.5 (z = 480 μm; left), and the cross-section at a 50 μm depth (right). Scar bars, 

200 μm.

(C–F) Representative in vivo time-lapse sequences showing tangential migration of four cortical interneurons, marked in Figure S5B. Arrows, migratory directions; 

solid arrowheads, leading process branches that guide the migratory direction of interneurons; and hollow arrowheads, leading process branches that retract 

during the interneuron migration. Scar bars, 100 μm.

(G–I) Quantification of the changes of migratory directions (G), cumulative distances (H), and migration speed (I) of interneurons shown in Figure S5B.

(J and K) Representative in vivo time-lapse sequences showing tangential migration of cortical interneurons in the VPA-exposed embryos (J) and the controls

(K) at E14.5. Scale bars, 50 μm (upper panels) and 20 μm (lower panels).

(L) Quantification of the average migration speed of interneurons in control and VPA-exposed embryos (n = 35 cells per group; 2 embryos from 2 dams per group).

(M) Quantification of the average motility of interneuron processes in control and VPA-exposed embryos (n = 29 cells per group; 2 embryos from 2 dams per 

group).

Data: violin plots (L and M). Statistics: Mann-Whitney U test; ****p < 0.0001.
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Figure S5. The expression profiles and functional roles of chemorepulsive cues in the cell-cell interactions, related to Figures 4 and 5

(A) Visualization of different cell clusters by uniform manifold approximation and projection (UMAP).

(B) Heatmap illustrating differentially expressed genes (DEGs) enriched in each cluster.

(C) Ligand-receptor pairing patterns of the Eph-ephrin and plexin-semaphorin (Plxn-Sema) signaling families among embryonic neurons, microglia, and 

endothelial cells.

(D) Heatmap depicting the expression profiles of the Eph-ephrin and Plxn-Sema signaling families among embryonic interneurons, microglia, and endothelial cells.

(E) Heatmaps of the top 10 enriched genes from the Eph-ephrin and Plxn-Sema signaling families in embryonic endothelial cells, interneurons, and microglia.

(legend continued on next page)
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(F) Endogenous labeling of MGE-derived cortical interneurons, followed by vascular labeling (lectin-488) and EphA4 blockade (KYL peptide) by IU-ROI, and two-

photon in vivo imaging after 4 h.

(G) Representative in vivo time-lapse sequences showing the interactions between tangentially migrating interneurons with blood vessels in control and EphA4 

blockade groups at E14.5. Arrows, migratory directions. Solid arrowheads indicate the TC1 of an interneuron with a blood vessel and the subsequent branch 

retraction in control, while hollow arrowheads indicate that an interneuron made TC1 with a blood vessel and subsequently wrapped around this blood vessel in 

the EphA4-blockade group. Scar bars, 50 μm.

(H) Quantification of leading process length change in interneurons (shown in Figure S6G) following TC1 with blood vessels.

(I) Quantification of leading process length retraction per minute following the TC1 of interneurons with blood vessels in the control and the EphA4-blockage 

groups (n = 11 cells per group; 2 embryos from 2 dams per group).

Data: violin plots (I). Statistics: Mann-Whitney U test; ****p < 0.0001.
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Figure S6. The analysis of dynamic motions of CAMs and PCMs in the developing mouse cortex, related to Figure 6

(A) Coronal sections of the E14.5 Cx3cr1 GFP+/− brains were labeled by lectin-594 (red) and were stained for GFP (green), P2Y12 (purple), and Hoechst (blue). Solid 

arrowheads, CAMs; hollow arrowheads, PCMs. Scale bars, 200 μm (left) and 50 μm (middle and right).

(B) Quantification of the proportion of GFP + P2Y12 + cells in all GFP + cells (n = 8 embryos from 2 dams).

(C) Quantification of the proportion of CAMs and PCMs in the GFP + P2Y12 + cells (n = 8 embryos from 2 dams).

(D–G) Quantification of the process length (D), process motility (E), process number (F), and change in the number of processes per minute (G) of CAMs and PCMs 

(CAM, n = 10 cells; PCM, n = 10 cells; 2 embryos from two dams). Data presented for each cell are the averaged value of measurements collected every 10 min 

within a 1-h time window of in vivo imaging.

(H) The morphological profiles of CAMs and PCMs in a 1-h time-lapse sequence.

(I) Schematic illustration of the TVF analysis for each microglial cell.

(J) Representative morphological profiles of CAMs and PCMs at two adjacent time points.

(K) The original vector fields constructed by microglial motions at two adjacent time points, shown in Figure S6J, and their three decomposed components: curl-

free, divergence-free, and harmonic vector fields.

Data: mean ± SEM. Statistics: Mann-Whitney U test; **p < 0.01, n.s., non-significant (p > 0.05).
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Figure S7. The recruitment of immune cells in the brain in response to the environmental stress, related to Figure 7

(A and B) Coronal sections of the E14.5 Cx3cr1 GFP+/− brains were stained for GFP (green), P2Y12 (red), and Hoechst (blue) (A); and GFP (green), KI67 (red), and 

Hoechst (blue) (B). The marked regions indicate the microglial hotspots at the CSA. Scale bars, 200 μm (left) and 50 μm (right).

(C–E and G) Coronal sections of the E14.5 Cx3cr1 GFP+/− brains were acquired 2.5 h after IULs and were stained for GFP (green), KI67 (red), and Hoechst (blue) (C); 

GFP (green), EdU (red), and Hoechst (blue) (D); GFP (green), P2Y12 (red), CD206 (purple), and Hoechst (blue) (E); and GFP (green), FN1 (red), and Hoechst (blue) 

(G). Arrowheads indicate the GFP + P2Y12 + cells (E) and the FN1 + GFP + cells (G). Scale bars, 200 μm (first columns) and 50 μm.

(legend continued on next page)
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(F) Quantification of the proportion of P2Y12 + microglia and CD206 + border-associated macrophages in the recruited GFP + cells at the lesion sites (n = 8 embryos 

from 2 dams).

(H) Endogenous labeling of microglia and IU-ROI labeling of blood vessels followed by IULs and subsequent two-photon in vivo imaging.

(I) The top view in vivo image stack of pial vasculature and CX3CR1 + cells 10 min after IULs at E12.5 (z = 110 μm). Arrow, monocyte in the pial arterioles. Scale bars, 

100 μm (left) and 20 μm (right).

(J) Quantification of the diameter of GFP + cells flowing in the pial vasculature of E12.5 and E14.5 embryos 10 min after IULs (n = 10 cells per group; 2 embryos from

2 dams per group).

(K) A representative horizontal section of E14.5 Cx3cr1 GFP+/− brains that were acquired 10 min after IULs and were stained for GFP (green), IB4 (red), CSF1R 

(purple), and Hoechst (blue). Arrowheads, GFP + CSF1R + cells in the Sss. Scale bars, 100 μm (first columns) and 20 μm.

(L) The top view in vivo images of brain ventricles and CX3CR1 + cells 10 min after IULs at E11.5. Arrowhead indicates the accumulation of CX3CR1 + macrophages 

in the fourth ventricle. Scale bars, 200 μm (left) and 100 μm (right).

(M) Representative horizontal sections of E11.5 Cx3cr1 GFP+/− brains that were acquired 10 min after IULs versus the controls. Brains were stained for GFP (green), 

CD206 (red), and Hoechst (blue). Arrowheads indicate the accumulated GFP + CD206 + cells in the fourth ventricle. Scale bars, 100 μm.

Data: mean ± SEM. Statistics: Mann-Whitney U test; n.s., non-significant (p > 0.05).
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