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Abstract

Our understanding of biomaterials in the brain have been greatly enhanced by advancements of 

in vivo imaging technologies such as two-photon microscopy. However, when applied to chronic 

studies, two-photon microscopy enables high-quality imaging only in superficial regions due 

to inflammatory responses introduced by the craniotomy and insertion of foreign biomaterials. 

Microprisms provide a unique vertical view from brain surface to ~1mm deep or more (depending 

on the size of the microprisms) which may break through this limitation on imaging depth. 

Although microprism has been used in the field of neuroscience, the in vivo foreign body 

responses to the microprism implant have yet to be fully elucidated. This is of important 

concern in broader applications of this approach, especially for neuroinflammation-sensitive 

studies. In this work, we first assessed the activation of microglia/macrophages for 16 weeks 

after microprism implantation by using two-photon microscopy in awake CX3CR1-GFP mice. 

The imaging window became clear from bleedings after ~2 weeks and the maximum imaging 

distance (in the horizontal direction) stabilized at around 500μm after ~5 weeks. We quantified 

the microglial morphology from week 3 to week 16 post-implantation. Compared to non-implant 

controls, microglia near microprism showed higher cell density, smaller soma, and shorter and 

less branched processes in the early-chronic phase. After week 5, microglial morphology further 

than 100μm from the microprism was generally similar to microglia in the control group. In 

*Corresponding author: X. Tracy Cui, Ph.D., Department of Bioengineering, University of Pittsburgh, 5057 Biomedical Science Tower 
3, 3501 Fifth Avenue, Pittsburgh, PA 15260, Ph: 412-383-6672, Fx: 412-648-9076, xic11@pitt.edu.
Qianru Yang: Conceptualization; Data curation; Formal analysis; Investigation; Methodology; Software; Visualization; Writing­
original draft. Alberto L. Vazquez: Resources; Writing-review & editing. X. Tracy Cui: Funding acquisition; Project administration; 
Resources; Supervision; Writing-review & editing.

Declaration of interests
☒ The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Biomaterials. Author manuscript; available in PMC 2022 September 01.

Published in final edited form as:
Biomaterials. 2021 September ; 276: 121060. doi:10.1016/j.biomaterials.2021.121060.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



addition, time-lapse imaging confirmed that microglial processes were actively surveying by 

week 3, even for microglia at 50 μm. Our morphological and dynamic results suggest that 

microglia eventually exhibit normal phenotypes around chronically implanted microprisms. Next, 

we examined inflammatory responses after laser induced micro-vessel hemorrhage. Through the 

microprism, we captured microglia/macrophage polarization and migration, as well as reduced 

blood flow over an additional 16 weeks. To our surprise, microglia/macrophage aggregation 

around the insult site sustained over the 16-week observation period. This work demonstrates 

the feasibility of using microprisms for long-term characterizations of inflammatory responses to 

other injuries including implantable devices at deeper depths than that achievable by conventional 

two-photon microscopy.
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1. Introduction

An important and straightforward way to assess the performance of biomaterials is to test 

them on live animals and monitor the tissue responses over time prior to human applications. 

In vivo two-photon laser scanning microscopy enables imaging neuronal and glial activities 

in the brain of live animals with sub-micron resolution and sub-second scanning rate [1–5], 

which dramatically enhanced our understandings of physiological process and mechanisms 

of how neural tissue responds to biomaterials [6–8]. One of the greatest limitations of 

two-photon microscopy, however, is that the light scattering in a heterogeneous tissue, such 

as the brain, makes the image quality degrade quickly with increasing depth [9]. Therefore, 

two-photon microscopy has best imaging quality only in superficial brain regions. Moreover, 

except for retina [10], direct imaging of CNS usually involves surgical preparations such as 

cranial window or skull thinning [11, 12]. Biological complications like bone regrowth, 

meningeal thickening, and inflammatory cell infiltration can drastically deteriorate the 

imaging quality and depth. Although in vivo two-photon microscopy is able to reach 

~600μm into the brain acutely [1–4, 13, 14], when there are foreign body responses in the 

brain, the imaging depth declines rapidly to 300 μm (layer II/III) within a week, and retains 

at around 150 μm thereafter [15]. Therefore, traditional two-photon microscopy generally 

unable to fulfill longitudinal evaluations of biomaterials in the deep cortex, where most of 

intracortical neural electrodes target to record and stimulate for neural circuit research or 

clinical applications [16–18].

Micro-prism implantation has provided a novel way of imaging the surface and the deep 

brain simultaneously [19, 20]. By reflecting the light on the slant surface of the micro-prism 

(1×1×1 mm glass prism), it presents a vertical view of the brain from the surface to ~1mm 

deep. Several studies have realized imaging vasculature, neuronal morphology, and calcium 

activities across all six layers of cortex in a single view [20–22]. Despite its great potential, 

concerns should not be overlooked that the surgical trauma and the inflammatory responses 

induced by the implanted microprism may confound the scientific questions being studied, 

as glial cells are essential for keeping homeostasis and normal neuronal functions [23–26].
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A few histological studies indicate a low level of glial scarring at 27 days post implantation 

(DPI) [20, 27, 28]. However, microprism studies of brain inflammatory responses, especially 

those to different biomaterials, require a more careful and comprehensive characterization 

of the temporal evolution and extent of inflammatory responses induced by the microprism 

implantation itself. This is vital for the proper design and evaluation of inflammatory 

responses with minimal or no influence from the microprism. To evaluate inflammatory 

responses to microprisms in the brain, we used CX3CR1-GFP transgenic mice, a classic 

animal model of neuroinflammation and leukocyte trafficking. These transgenic animals 

express green fluorescent protein in microglia and peripheral monocytes, which can 

differentiate into macrophages and dendritic cells [29–31]. The physiological status of 

microglia is highly correlated with their morphology and behavior. In the normal brain, 

microglia continuously survey their surroundings with long, thin, and dynamic processes 

[32]. In pathological conditions, reactive microglia undergo drastic morphological and 

dynamic changes, such as sending processes toward the injury site, shortened and thickened 

processes, enlarged soma, and increased cell motility and proliferation [5, 33–36]. Two­

photon microscopy has been successfully used by us and others to track the morphology and 

activity of CX3CR1-GFP cells with sub-micron resolution in vivo.

In the present study, we first characterized the evolution of the microglia response 

to microprism implantation by inserting microprisms into the somatosensory cortex 

of CX3CR1-GFP mice and tracking the inflammatory responses to the microprism 

device for 16 weeks. Quantification of microglial density and morphology as well as 

qualitative microglial mobility suggest that despite an acute activation of microglial reaction 

and proliferation near the microprism, the microglial phenotype eventually returned to 

homeostatic status after several weeks. After verifying that the microprism implant has no 

major chronic influences on the behavior of microglia/macrophages, we then characterized 

the inflammatory response to evoked microvascular injury as an example application of 

this microprism chronic imaging setup. We chose the laser-induced vascular injury model 

due to its capability to precisely target micro-blood vessels [29, 30, 37], and monitored 

inflammatory responses for another 16 weeks. Cerebral micro blood vessel injuries are very 

common in aged and diseased brains [38–40]. This type of injury may underlie cognitive 

dysfunction, but its pathological mechanisms remain to be carefully elucidated [7, 8, 41]. 

A recent study showed that micro-bleeds in superficial arteries trigger monocyte infiltration 

and microglial migration and proliferation [33, 42]. In this work, our results suggest that 

micro hemorrhages in deep cortex elicit not only acute microglial activation, but also 

long-term aggregation of microglia/macrophages in the ischemic core. Blood brain barrier 

(BBB) disruption is an essential challenge that invasive biomaterials often face in brain 

studies [43–45]. Revealing the consequences of BBB disruption could also provide insights 

to understanding the complex biological responses after implantation of biomaterials. This 

works serves as a proof-of-concept demonstration that this microprism implantation-based 

imaging model enables long-term evaluation of inflammatory responses to injury in the 

deeper regions of brain. In sum, we show the feasibility of using microprisms in CX3CR1­

GFP mice for studies investigating inflammatory tissue responses to vascular injuries and 

biomaterial implantation in live animals chronically.
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2. Methods

2.1. Microprism Assembly

The microprism was assembled following previous publication with minor modifications[19, 

20]. The standard 1 mm borosilicate glass micro prisms were purchased from the Tower 

Optical Corporation(#MPCH-1.0). It has an aluminum coating on hypotenuse to deflect light 

beams at 90°. Three layers of coverglasses (#1 thickness, 0.15 ± 0.02 mm) were glued 

together using Norland Optical Adhesive 71 (NOA 71) and cured with ultraviolet light. The 

bottom two layers were 3×3 mm square coverglasses, and the surface layer was a 5mm 

diameter round coverglass (Warner Instruments LLC). The glass prism was then adhered to 

the bottom of the three layers of coverglasses with NOA 71 (Figure 1b).

2.2. Animals

Microprism implantation surgeries were performed on seven male B6.129P-Cx3cr1tm1Litt/J 

transgenic mice (The Jackson Laboratory, Bar Harbor, Maine). All animals were at the 

age of 10 to 20 weeks old at the time of microprism implantation. One animal (#2) 

died after one-week post-surgery, one animal (#4) had poor imaging quality because the 

prism detached from the coverglass soon after the surgery, thus their data were not used. 

The microprism device on animal #7 was coated with a zwitterionic polymer for a pilot 

study, so it was excluded from the analysis of inflammatory responses to microprism. 

All experimental protocols were approved by the University of Pittsburgh, Division of 

Laboratory Animal Resources and Institutional Animal Care and Use Committee in 

accordance with the standards for humane animal care as set by the Animal Welfare Act 

and the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

2.3. Surgical procedure

Mice were anesthetized with a cocktail of ketamine(75mg/kg)/xylazine(10mg/kg) injected 

intraperitoneally (IP). The anesthesia status was maintained with periodic updates of 

ketamine(22.5mg/kg). After the hair was shaved off, mice were placed into a stereotaxic 

apparatus and above a heating pad. The head was cleaned with 70% isopropyl alcohol and 

betadine, and the skull was exposed. A rectangular stainless-steel chamber frame (#CF-10, 

Narishige International USA) was bonded to the skull with dental cement. The animal 

was then transferred to a stereotaxic frame that can hold the chamber frame. A 4×4 mm 

craniotomy was performed mainly over somatosensory cortex with a high-speed dental drill. 

The dura was carefully removed with fine forceps. A 1 mm long, 1 mm deep incision 

was made perpendicularly at the targeted region free of large surface blood vessels with a 

28-gauge needle or a lance-shaped 0.1 mm thick razor blade (#72000, Electron Microscopy 

Sciences), manipulated by a stereotaxic arm. The exposed brain was rinsed with sterile 

saline and gently covered with wet Gelfoam until major bleedings stop. Then the blade was 

replaced with a vacuum line that suck up the surface coverglass of the microprism assembly 

with a blunt syringe tip. The microprism was slowly lowered into the brain, following the 

previous incision. Finally, when the prism was fully inserted, tiny drops of a silicone sealant 

(Kwik-sil, World Precision Instruments) were applied between the surface coverglass and 

brain to seal the window. The microprism assembly was further affixed to the skull with 

dental cement. The animals were treated with intraperitoneal (IP) injection of 5 mg/kg 
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ketofen (100 mg/ ml, Zoetis Inc., Kalamazoo, MI) and intramuscular (IM) antibiotic Baytril 

solution (10mg/kg BW, Henry Schein Inc.) for 3 days post-surgery.

2.4. Two-photon imaging

In vivo fluorescent images were acquired using a previously described two-photon laser 

scanning microscopic system[20–22, 46]. The components include a scan head (Bruker, 

Madison, WI), an ultrafast laser (Insight DS+; Spectra-Physics, Menlo Park, CA) tuned to 

a wavelength of 920 nm, non-descanned photomultiplier tubes (Hamamatsu Photonics KK, 

Hamamatsu, Shizuoka, Japan), and a 16X, 0.8 numerical aperture water immersion objective 

lens (Nikon Instruments, Melville, NY). Animals were IP injected with sulforhodamine 101 

(SR101) (~0.05 cc; 1 mg/ml) right before imaging for visualization of blood vessels, and 

were head-fixed on a treadmill during imaging. For measurements of blood flow, two-photon 

line scans along the center of the target blood vessel were acquired at high frequency (0.8 to 

2 kHz) [23–27]. Other than that, two types of images were collected: Z-stack images scan 

from the surface of the prism to the furthest imageable region over a field of view of 815 × 

815 μm (1024 × 1024 pixels); ZT-series scans over a z-stack of 407.5 × 407.5 × 189 μm (512 

× 512 × 63 pixels) were also continuously acquired for 15 to 40 min. The laser power was 

tuned linearly with z axis in order to partially compensate for the light loss in further areas, 

but was kept below 40 mW to avoid thermal damage.

2.5. Laser disruption of microvasculature

Photo disruption of microvasculature (point ablation) was created using the same laser 

source as two-photon imaging, but focused on a single point inside the vessel. The laser 

was tuned to 800 nm of wavelength, and point scanned at 1 kHz[20, 37]. The power and 

duration of the point scan started at around 10 mW for 1 s and were increased gradually until 

hemorrhage occurred or microglia being activated (extending processes). Live imaging was 

checked after each point scan session to assess the damage.

2.6 Post-mortem immunohistochemistry

Two animals (#5 and #6) were sacrificed at the end of the study for histology evaluations. 

After the animal was deeply anesthetized with 75mg/kg ketamine and 10mg/kg xylazine 

cocktail, we transcardially perfused the animal with 0.01M phosphate buffered saline (PBS) 

followed by 4% paraformaldehyde (PFA) in 0.01M PBS. The brain was extracted with the 

part of skull attached and the microprism in place, and post-fixed in 4% PFA in 0.01M 

PBS at 4 °C overnight. The tissue was then transferred to 0.01M PBS with 0.02% (w/v) 

sodium azide for storage at 4 °C. Before cryosection, the skull was carefully removed the 

brain tissue was truncated and soaked in 15% sucrose (Sigma-Aldrich Corp., St. Louis, 

Missouri) in 0.01M PBS with 0.02% (w/v) sodium azide at 4 °C until it sunk and then 

30% sucrose solution in the same PBS-azide at 4 °C until it sunk. Later we froze the tissue 

in a cocktail of 2:1 20% sucrose in PBS: optimal cutting temperature compound (Tissue

—Plus O.C.T. Compound, Fisher HealthCare, Houston, TX), immersed in an Isopentane 

bath in a box of dry ice. The frozen brain tissue was then sliced into 25 μm thick sagittal 

sections using a cryostat (Leica CM1950, Buffalo Grove, IL). The staining procedure was 

previously described [47]. We used FOX3/NeuN-Alexa Fluor® 350 conjugated antibody 

(1:300, bs-1613R-A350 Bioss), GFAP antibody (1:500, Z033401 Dako), iNOS antibody 
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(1:250, 482728 Millipore), Arginase-1 antibody (1:500, ABS535 Millipore), and TMEM119 

antibody (1:300, ab209064 Abcam) to label neural nucleus, astrocytes, M1 macrophages, 

M2 macrophages, and resident microglia, respectively. The sections were imaged using a 

Nikon A1 Confocal Microscope at the Center for Biologic Imaging at the University of 

Pittsburgh.

2.7 Data processing

2.7.1. Z-stack image alignment and imaging depth characterization—Two­

photon z-stack images were used for quantifications of imaging depth, surface 

encapsulation, microglia/macrophages density and soma size. The stack was rotated to align 

the prism surface to the x-y plane using the ‘interactive stack rotation’ function in ImageJ. 

For imaging depth characterization, the aligned stack was side projected to the y-z plane 

with the ‘3D project’ tool. We then measured the distance from prism surface to the most 

distal recognizable microglia as the imaging depth.

2.7.2. Surface encapsulation of microprism—Surface encapsulation of microglia/

macrophages on the microprism surface was automatically assessed with a custom Matlab 

script. The thresholding algorithm was based on previous publications on analyzing 

microglial coverage of neural implants[7, 8, 20, 48]. Basically, after alignment, a 30μm thick 

stack image at the prism surface was projected into a 2D image. 15% of the margins were 

removed due to lack of illuminations, leaving the center region of the image for analysis. 

A threshold to distinguish signal from background was set at mean +1*SD. Next, a second 

threshold was set at mean+3*SD of the noise. The surface encapsulation percentage was 

calculated as the ratio of area above the second threshold over the whole analyzing area.

2.7.3. Density and soma size quantification—Using the aligned stack, multiple 

30μm thick substacks were summed to form a 2D image in x-y plane with the ‘z project’ 

function in ImageJ. These substacks were centered at 50μm, 100μm, 200μm, 300μm away 

from the prism. Batch processing was achieved with a Macro script in ImageJ. We selected 

200μm×200μm subregions in the brain parenchyma with good clarity and uniformity for 

the following analysis. The same region was tracked over time as closely as possible. 

We corrected the uneven background illumination by subtracting a Gaussian blurred 

image (sigma=20) from the original image. To extract the soma information, a bandpass 

filter was applied before administering a median filter and the ‘despeckle’ function. For 

particle analysis, a threshold was set at mean+2.5*SD of the processed image, followed 

by ‘despeckle’ and ‘watershed’. The above procedure was optimized based on manual 

supervision of several randomly picked sample images. Finally, we used the ‘analyze 

particles’ function to get the number of cells and the projection area of each cell. Based 

on these numbers, the density of microglia/macrophages was calculated.

2.7.4. Cell morphology analysis—The 200μm × 200μm two-photon images in 2.7.3 

were also used here. An ImageJ Macro script was developed for automatic morphology 

analysis based on previous publications [49, 50]. Briefly, the images were first normalized 

by equalizing the histogram, and then an ‘unsharp mask’ was applied to make the processes 

structure prominent. After setting a threshold by ‘Otsu’ method, the binary image was fed 
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into ‘skeleton analysis’ to quantify the length of processes and the number of junctions. The 

average processes length and number of junctions per cell was calculated by dividing the 

number of cell bodies resulted from particle analysis in 2.7.3.

2.7.5. Blood flow speed measurement—Blood flow speed was measured in a similar 

manner as published studies [27, 28, 46]. Using the line scan acquisition, a fluorescent dye 

(SR101) was pre-injected to label the vasculature, such that red blood cells (RBCs) show as 

shadows flowing in the blood vessel. These line scans were stacked sequentially, forming a 

spatial(x)-temporal(t) image. The motion of RBCs results in dark streaks in the x-t image, 

therefore the moving speed of RBCs can be calculated based on the angle(θ) between these 

dark bands to the horizontal(x) axis:

v = Δx
Δt = arctanθ (1)

The laser scan rate was tuned to around 1ms per line to properly calculate the slope.

2.7.6. Ramification ratio of microglia—After the laser insults, a 30μm thick stack 

centering at the injury plan was projected to a 2D image for the ramification ratio 

analysis. Microglia were categorized into ‘ramified’ (1) or ‘polarized’ (0) on the basis of 

their morphology[6, 7, 27]. Basically, microglia that extend processes roughly equally in 

every direction were considered ‘ramified’ (1), while microglia that preferentially extend 

processes toward the insult were regarded as ‘polarized’ (0). After binning microglia by 

distance from the insult, we calculated the ramification ratio by averaging the categorical 

value of pooled microglia in all biological repeats. A Boltzmann sigmoidal model was used 

to fit the ramification ratio change over distance from the injury site.

2.7.7. CX3CR1-GFP intensity distribution—The same projection image mentioned 

in 2.7.6. was also utilized for the fluorescence intensity quantification. After cropping out 

the meningeal region, we binned the CX3CR1-GFP fluorescence intensity in every 25μm 

radius increase originating from the insult site. The averaged intensity value of each bin 

was normalized by subtracting the mean value of the two most distal bins. The 3D intensity 

distribution plot was generated in Microsoft Excel (Microsoft Office, Redmond, USA).

2.7.8. Statistical analysis—All statistical analysis was done with Prism software 

(GraphPad). Throughout the text, p-value were presented as *: p<0.05, **: p<0.01, ***: 

p<0.001, ****: p<0.0001.

3. Results

3.1. Experimental setup

In this study, we first assessed the recovery of microglia/macrophages after microprism 

implantations for 16 weeks. After the microprism device fully settled, we then tested the 

capability of microprisms for chronic investigations of inflammatory responses upon brain 

injuries by a laser-induced microvessel insult (Figure 1a). We followed previous publications 

for microprism assembly with minor modifications [19, 20, 37]. The implant consists of 
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three layers of coverglass (one 5mm round, two 3mm square) and a 1×1×1 mm right 

triangular prism, adhered together by an optical glue (Figure 1b). We made a 1mm long 

and 1mm deep coronal incision in the somatosensory cortex region, and carefully inserted 

the microprism assembly into the slot (facing the anterior side). Each 2D image taken 

through the prism is essentially an optical coronal section of the brain. When the objective 

of the two-photon microscopy comes closer to the brain, the imaging plane is moving 

farther away from the microprism along the z-axis (Figure 1b and c). The bottom layers 

of square coverglasses were in direct contact with the brain surface to prevent dura and 

bone regrowth underneath, thus allowed chronic imaging through the clear cranial window 

(Figure 1c). After the animal recovered from the surgery, we transferred it on a treadmill, 

with the head fixed by a metal frame that was attached to the skull (Figure 1c). Subsequent 

chronic two-photon microscopy images were all acquired when the mouse was awake on the 

treadmill

3.2. Vasculature remodeling and recovery after microprism implantations

CX3CR1-GFP mice were imaged on the day of surgery, 1-day post implantation (DPI), 

3 DPI, 7 DPI and then weekly for 16 weeks. Variabilities on the spatial and temporal 

occurrence of bleeding at the brain surface were observed between animals, as the degrees 

of blood vessel disruptions resulted from the microprism implantations varied (Figure 2). In 

more than half of the animals, bleedings exacerbated in the first several days post-surgery, 

but stopped after ~2 weeks and the vascular pattern over brain surface retained stable 

thereafter. A fluorescent dye (SR101) was used to illuminate the vasculature, especially near 

the microprism imaging face. Vasculature remodeling, when observed, was most obvious 

between day3 to week2/3 post-implant at the microprism surface (Figure 2). After 3 weeks, 

the general vasculature remained stable, although minor remodeling may exist, such as 

subtle changes of the vascular curvature (Figure 2). Our observations are consistent with 

previous studies, in one of which the vasculature recovered and stabilized after around 15 

days as revealed by visible-light optical coherence tomography [22], suggesting a good 

reproducibility of microprism implantations and that this setup is suitable for longitudinal 

studies on vasculature disorders.

3.3. Longitudinal imaging clarity after microprism implantations

Through the microprism, we took a z-stack of images from the surface of prism to the 

farthest visible tissue (Figure 3a). 30 μm thick sub-stacks at a series of distances are cropped 

out and averaged to 2D images in the x-y plane for further presentations and quantifications.

To quantify the imaging depth in the Z direction, we projected the 3D stack of images to 

the y-z plane. In the cortex of a healthy brain, microglia distribute near uniformly with 

moderate density [39, 40], which makes them an easy marker for evaluating imaging quality 

and depth than the layer-differentiated neurons. From the side projections, we measured 

the distance from the prism surface to the most distal observable CX3CR1-GFP cell. The 

horizontal direction imaging depth from all four animals followed a similar trend, which 

decreased from d0 (352.8±85.1 μm, mean ± SD) to d3 (143.2±22.7 μm, mean ± SD), then 

increased gradually, exceeded 400 μm at week 3, and stabilized at around 500μm after week 

5 (Figure 3b&c). At 500 μm from the microprism, fine structures such as microvascular and 
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microglial processes are still identifiable, although week 16 showed slightly higher noise 

than week 3 (Figure 3d). Before week 3, brain regions that are equal or farther than 50 μm 

from the microprism were partly dark and blurry (Figure 3b, supplementary figure 1), likely 

due to insertion induced bleedings and cell death. Clear and stable images were observed 

from week 4 to week 16 (Figure 3b, supplementary figure 1), which suggested that the 

tissue largely recovered in 4 weeks. The accessible depth of brain tissue in the vertical 

direction is defined by the size of the microprism. Here the 1mm microprism enabled 

chronic imaging of vasculature and microglial morphology from the brain surface to ~800 

μm deep (supplementary figure 1), allowing for observations of superficial cortex and deep 

layers simultaneously, which is a drastic improvement from the conventional two-photon 

microscopy.

3.4. Foreign body responses to microprism implantations

Previous studies of the foreign body responses to intracortical implants have been 

massively focused on neural electrodes. A dense glial scar accompanied by neural loss 

and degeneration is found up to about 200μm from chronically implanted microelectrodes 

[36, 51, 52]. The microglial coverage to acutely implanted Michigan-style silicon micro­

electrode arrays (4 shanks, each implanted part is 600 μm long, 15 μm thick, 30–55 μm 

wide) is about 40% as quantified by our group [7, 8]. Here, the microglial/macrophage 

coverage at the microprism surface stayed at a much lower value around 10% (Figure 3e&f), 

quantified using the same method.

In addition, at the end of this study (~32 weeks post microprism implantation), we extracted 

the brain tissue for post-mortem histology. Since it was difficult to remove the coverslips 

and prism implants without causing damage to the prism/tissue interface, we were only able 

to obtain two brains with well-preserved tissue interface for immunohistochemistry. In situ 

immunohistochemistry and tissue clearing techniques could be used for ex vivo examination 

of the interface [53, 54], however due to concerns over tissue expansion and deformation we 

decided not to attempt this procedure. The tissue responses observed were similar between 

the two animals and the images shown are representative. The brains were sectioned 

sagittally, perpendicular to the microprism imaging surface. Qualitatively, astrocytes (GFAP) 

fluorescence was elevated up to around 100 μm from the microprism, along with a decrease 

of neuronal (NeuN) density (Supplementary figure 2). The microglial distribution does not 

appear denser than background beyond 10 μm of the microprism surface, and all CX3CR1­

GFP cells are co-labeled with a resident microglia marker (TMEM119) (Supplementary 

figure 2). iNOS (proinflammatory macrophage marker) and Arginase-1 (anti-inflammatory 

macrophage marker) co-localized more in microglia near the microprism (<300 μm), while 

distant microglia are prone to be labeled by just Arginase-1 (Supplementary figure 2).

Taken together, there is a highly confined chronic foreign body response to microprism 

implants. comparable or milder than traditional intracortical microelectrode arrays.

3.5. Detailed evaluation of microglial morphology after microprism implantations

To characterize the recovery progress to microprism implants in vivo, we quantified the 

morphology of microglia over time. Because of bleedings and limited imaging distance in 
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the early period, we analyzed images from week 3 to week 16. Particle analysis quantifies 

the number (density) and size of microglial soma, while skeleton analysis characterizes the 

length and number of junctions for microglial processes (Figure 4). Compared to no implant 

acute craniotomy controls, microglia close to the microprism showed significantly higher 

density, smaller soma size, shorter processes, and reduced number of processes junctions 

in the early phase (Figure 4 & 5). The increase in density and the decrease in the length 

and junctions of processes indicate activated microglia. The smaller soma size is unexpected 

but could be explained by microglial proliferation. From week 3 to week 16, the processes 

length and junctions per cell at ≥100 μm were similar to the control (Figure 5). After week 

5, microglial density and soma size at ≥100 μm were not different from the control in 

general (Figure 5). At 50 μm from the microprism, all the morphology characterizations 

turned to the same level of control after week 12 (Figure 5). These results suggest that future 

neuroinflammation studies involving characterizing microglial morphology should consider 

5 weeks of recovery if imaging at ~100 μm from the microprism or 12 weeks of recovery if 

imaging at ~50 μm.

Besides microglia, CX3CR1-GFP is also expressed in monocytes and infiltrated 

macrophages in the brain. Using the microprism implantation setup, we were able to identify 

these types of cells in a vertical view, according to their characteristics described in previous 

studies [20, 42]. From 3D time lapse images acquired by in vivo two-photon microscope, 

we presented the morphology and motile abilities of these cells at 50μm away from the 

prism device with temporal coded color (Figure 6, supplementary movie 1). Microglia are 

the most abundant CX3CR1+ cells in the brain parenchyma. In the first several days after 

surgery, microglia showed an enlarged cell body with short and thick processes, a typical 

phenotype of microglial activation (quantification was difficult over this period due to poor 

imaging quality). After week 4, microglia turned back to small soma with thin and highly 

mobile processes, suggesting that these microglia were surveilling their environment. The 

small and round CX3CR1+ cells in the blood vessels are assumed to be the circulating 

monocytes. They are not frequently seen in 3D time lapse two-photon images probably due 

to their fast movements. Meningeal macrophages were absent in the beginning due to the 

removal of dura during the microprism implantation surgery. They appeared at the surface 

of brain as early as day 3 post-surgery. After 2 weeks, meningeal macrophages aligned in 

the horizontal plane, suggesting the reestablishment of a new sealant at the brain surface 

(supplementary movie 1). Foam-like giant phagocytic macrophages were found sweeping 

near the prism surface at day 3 post-surgery, and missing after week 2, indicating an active 

debris-cleaning period of phagocytic macrophages in the first two weeks (supplementary 

movie 1). Collectively, our results above suggested that although there was a short-term 

activation of microglia and macrophages near the prism, the inflammatory responses largely 

settled down by week 2/3. And from week 4 to week 16, the dynamics behaviors of all the 

above CX3CR1+ cells were generally stable and that microglial motilities were similar to 

that imaged through a thinned skull cranial window, proving the feasibility of using prism 

implantation for dynamic inflammatory studies in vivo.
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3.6. Long-term monitoring of inflammatory responses to microvascular insults

So far, our results suggest that microglial morphology and dynamic activities both restore 

after 4–12 weeks of implantations at ≥50μm from the microprism face. Next, to test 

whether we can apply this microprism setup to study chronic inflammatory responses in 

the cortex, we induced micro vascular insults as described in previous publications [29, 30, 

37]. This injury model can create micro-scale vessel damage in a well-controlled manner, 

so excessive bleedings that may impede observations of inflammatory responses can be 

avoided. Additionally, breakage of micro-vessels is almost an inevitable challenge faced by 

invasive biomaterials. Thus, this work can provide insights for understanding the influence 

of blood vessel damage aside from other issues of neural implants.

800nm laser light was focused on a single point inside the target micro-blood vessel to 

introduce an ischemic injury. The power and duration of the laser light were started at low 

values (10 mW for 1 s at 1kHz) and increased gradually until we found signs of injury. In 

3 of 4 animals, hemorrhagic ischemia of ~100μm in diameter were successfully generated, 

accompanied by leakage of intravascular dye, transient edema, and optical dark rings (Figure 

7a, supplementary movie 2). This vasogenic edema is a common complication in a variety 

of disorders including strokes, brain tumors and brain trauma [37, 55, 56]. The blood 

flow quickly (<1h) diminished and remained significantly lower than the pre-injury level 

throughout our 16-week observation period (Figure 7b). Abundant microglia and microglial 

processes congregated around the damaged site in several hours (Figure 7a). The fluorescent 

intensity, a general indication of microglia/macrophage activation level, climbed gradually 

after the insult, reached the apex at day 3, and then shrank to a small region with a 

diameter of around 50μm after one or two weeks (Figure 7c). To quantify how far away 

the microglia responded by transforming into the polarized morphology, we calculated the 

ratio of ramified cells in the total population of microglia from all three animals and fitted 

Boltzmann sigmoidal curves to the plot of ramification ratio over distance (Figure 7d). The 

polarization radius (defined as the distance where the ramification ratio reaches 0.5 in the 

sigmoidal fitting) increased slightly from 1h to 4h post injury, and then dropped a little from 

4h to 6h (Figure 7e). After one day, large number of CX3CR1-GFP cells emerged around 

the site of injury, but almost none of them showed obvious polarized processes (Figure 7a, 

d, e). Note that cell density quantifications were not conducted because of the difficulties 

to differentiate microglial pseudopodia from microglial soma and to count them in those 

aggregations. However, it was clear that microglia/macrophages density in the penumbra 

gradually decreased after one week, while a microglia/macrophages cluster retained at the 

ischemia core for over 4 months (Figure 7a, c, supplementary movie 2). The inflammatory 

responses were consistent in all three animals who experienced laser-induced hemorrhagic 

ischemia.

In two cases, we administered the same laser insulting method, but each time hemorrhage 

did not occur, even under high laser power and long pulse duration, while microglia 

had been activated (sending processes toward the insulted site). The outcome variability 

may result from micro-motion of the brain tissue that off target the laser. We ceased 

pushing the laser power but monitored inflammatory responses to this milder insult for 4 

weeks. In several hours, the insulted site was wrapped by the pseudopodia of neighbor 
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microglia (Supplementary figure 3a). Except for several directly neighboring microglia, 

most microglia did not send processes toward the insult (Supplementary figure 3a). The 

local blood flow decreased in the first a few hours post-injury and recovered within one day 

(Supplementary figure 3b). The CX3CR1-GFP intensity increased in the first several hours 

post injury and returned to the baseline by week 2 (Supplementary figure 3c). These results 

drastically differ from the laser induced hemorrhagic injury, indicating that while point laser 

ablation itself could induce local and temporal microglial activation, the massive and chronic 

inflammatory responses are most likely related to the BBB breakage rather than the thermal 

damage.

3.7. Dynamics of microglia/macrophages after laser induced micro-hemorrhage

Before the laser insult, brain microglia showed ramified morphology with highly mobile 

processes and static soma, indicating a homeostatic surveilling state (Figure 8a). After 

hemorrhage was generated on a micro vessel, microglia sent out processes towards 

the damaged location in several minutes (Figure 8a). In an hour, we started to 

observe migration of microglial soma along the processes they paved (Figure 8a). The 

moving speeds of migrating microglial soma at <1h, 2h, 4h, 6h, day1 and day3 post 

injury were 1.81±0.59μm/min, 1.36±0.70μm/min, 2.26±1.16μm/min, 1.66±0.98μm/min, 

1.37±0.70μm/min and 1.17±0.42μm/min (mean ± SD), respectively, all of which were 

significantly higher than non-activated microglia (0.21±0.13μm/min), except for day3 

(Figure 8b). No significant difference was found between any two time points after the 

hemorrhage, indicating that the migration speed is time independent. Across all the listed 

time points, the moving speed of migrated microglia we observed was 1.70±0.95μm/min. 

From day7 and beyond, no obvious microglia migration was seen from our 15 min’s 

imaging period (Figure 8a). Moreover, the distance of migrating microglia from the injury 

site at different time points were not significantly different from each other in our field of 

view (Figure 8c). We wondered whether the microglial migration speed is correlated with 

where they located, so we plotted the mean migrating speed of each cell as a function of the 

distance from the injury (Figure 8d). The linear fits at all time points had slopes close to 0 

and R square less than 0.3, showing that the migration speed is unrelated with the microglia 

location. The number of migrating cells in the same view, however, did change over time 

(Figure 8e). From the three animals, we saw a quick increase in the number of migrating 

microglia in the first 6h post injury, followed by a relatively slow decline in several days 

(Figure 8e). Interestingly, we found some microglia migrating away from the injury since 

about 2 hours post hemorrhage. We calculated the mean moving direction index of each 

microglia over the observed migration period, whose value at individual time frame was 

determined by the following equation:

Direction index =
1, Δd < 0
0, Δd = 0
−1, Δd > 0

(2)

where Δd = dt+1 − dt, is the distance change between two consecutive time frames. For 

example, when the cell moves closer to the injury site, Δd<0, a direction index of 1 is then 

assigned to that time frame.
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Therefore, a mean direction index of 1 means that the cell continuously moves towards 

the injury in the 15min observation, and −1 means that the cell keeps migrating away 

from the injury, and 0 means that the cell spend equal times on approaching or leaving 

the hemorrhage core. The retrograde microglia were first noticed at around 2h post injury 

(Figure 8f). Up to day1 post injury, the majority of microglia spent more times migrating 

towards the damaged site, while at day3, most microglia spent more times moving away 

from the injury (Figure 8f). We also plotted the ratio of migrating cells in the total microglia 

population to get an idea of the likelihood that microglia migrate at different distances and 

at different time points (Figure 8g). This analysis revealed a gradually increased migrating 

ratio at around 120–240μm from 1h to 4h post injury in this 407.5×407.5 μm field of view, 

and a decrease trend in that region from 6h to day3. In addition, all migrated microglia were 

seen within a 300μm distance (Figure 8g).

3.8. Microglial plasticity and degeneration

During imaging, we observed some novel microglial behaviors that have not been reported. 

In one case, we induced a second hemorrhage damage of a blood vessel at 5 hours after 

the first injury and at ~150μm away. Polarized microglia were still responsive to new 

damages. Specifically, microglia that were closer to the second damage retracted their 

former processes and projected new processes towards the second injury site by 20 min 

(Supplementary figure 4, supplementary movie 3). Meanwhile, microglia closer to the 

first injury remained polarized to the first damaged site. These findings suggest that the 

polarization of microglial processes is reversible, and that the direction of polarization 

is related to the distance from the injury. Another interesting observation was microglia 

degeneration near the hemorrhage (Supplementary figure 5, supplementary movie 4). The 

degenerating microglia pulled back their processes first, and then the fluorescent signal 

faded away within 30min after the hemorrhage. We confirmed that the microglia did not 

migrate to a different z plane but just disappeared in place. These qualitative observations 

raise awareness of microglia plasticity and degeneration, while profound understandings of 

these behaviors require future investigations.

4. Discussions

4.1. Inflammatory responses to the microprism implant

Although the morphology of microglia was first illustrated more than a century ago [57], 

people regarded microglia as static cells until in vivo two-photon microscopy imaging 

techniques revealed that microglia survey the surrounding environment with highly mobile 

processes at the so called ‘resting’ state [32]. Upon sensing damage, microglia respond 

quickly with series of morphological and molecular changes, depending on the severity of 

injury [33, 58]. A local brain injury such as focal laser insults or microelectrode insertions, 

trigger immediate movements of microglial processes toward the injury [5, 6, 55, 56]. Later 

on, microglia may proliferate and migrate to the insulted site from hours to several days 

post injury [33, 57]. More severe insults, for example, traumatic brain injuries, systemic 

infection and major neurovascular diseases, can induce larger microglial morphological 

transformations into amoeboid-like cells, rod-shaped cells, foamy phagocytic macrophages 

[59, 60], etc. As one of the first-line defensive cells in the brain, microglia present antigens, 
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and secret chemokines and cytokines to orient other immune cells [34, 58]. Molecular-level 

studies revealed diverse phenotypes of microglia, and that the microglia population may 

shift their profile from neuro-supportive to pro-inflammatory and neurotoxic in a short 

period after brain injury [5, 6, 61–63].

To our surprise, the microglial responses to the microprism implant (1mm ×1mm ×1mm) 

were comparable to microelectrodes, despite hundreds of times difference in size. Extensive 

studies have reported higher amount of microglial signal persisting around chronic intra­

cortical microelectrodes [33, 47, 51, 64]. Specifically, at 4 weeks, Iba-1 immunostaining 

revealed a higher reactive microglia region that extend to 100~150μm around implanted 

microelectrodes [47, 51, 59, 60, 64]. By 8 weeks, that region shrank gradually to ~50μm [34, 

64]. In this work, we observed higher density of microglia up to ~200 μm at 4 weeks; at 8 

weeks, microglial density beyond 50μm also returned to the baseline level. The microglia 

surface coverage remained at ~10%, significantly lower than that on silicon microelectrode 

devices (~40% as observed in acute studies).

We speculate two potential reasons for the low level of inflammation to microprism as 

follows. First, although the relative larger volume of prism disrupts more blood supply and 

induces more initial trauma, it presents no sharp edges nor free cantilever end as in the 

case of micro neural electrodes. As a result, the tissue nearby experiences less micromotion 

induced injuries. Second, the material of the prism—silicate glass (BK-7: silica (70%wt), 

boron oxide (11.5%wt), sodium oxide (9.5%wt), potassium oxide (7.5%wt), barium oxide 

(1%wt), titanium oxide, calcium oxide and impurities in small quantities)—may well be 

in good biocompatibility with brain tissue. Many types of silicate glass have been widely 

used clinically in dental and bone applications demonstrating scar-free bone integration and 

ability to stimulate new bone growth [61–63, 65, 66]. This study provided an example 

of good brain tissue integration with silicate glass, which is worth further investigation to 

explore the applications of silicate glass material for intra-brain devices.

4.2. Pathology of the insults in micro blood vessels

The laser induced micro-blood vessel insults mimics pathological micro-ischemia and 

micro-hemorrhage in the brain. In clinical studies, the prognosis of intracerebral hemorrhage 

is much worse than ischemic strokes of similar sizes [47, 51, 64, 67–69]. Our preliminary 

data are consistent with these clinical observations. We found quick microglial polarization 

within several minutes and microglial migration in the first week post hemorrhage insult. 

These findings are corroborated by numerous previous studies without a microprism 

implant: in the penumbra region of focal cerebral ischemia, activated and proliferating 

microglia increase in the first week [35, 70]. Multiple acute in vivo two-photon microscopy 

studies observed immediate microglial polarization in response of injuries in the shallow 

brain regions [6–8]. Evidence of microglial migration and proliferation have been found near 

the brain surface after laser damage of a major penetrating blood vessel [33, 64]. However, 

the chronic microglial activation for over 16 weeks to a single capillary breach has not been 

reported before. This may be due to the lack of proper tools to track microglial responses 

in the deep brain for several months. Past two-photon microscopy work found an increase 

in CX3CR1-GFP intensity for one or two weeks after similar laser ablation of penetrating 
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blood vessel in layer II/III [71]. The location and the diameter of the insulted blood vessel 

may also contribute to different inflammatory responses, as the superficial tissue is more 

exposed to cerebrospinal fluid and peripheral macrophages, and that larger blood vessels are 

more difficult to be occluded. Micro-infarcts are frequently seen in asymptomatic elderly 

people, and are correlated with higher risk of stroke [72, 73]. Our data showed that a 

micro-hemorrhage triggers not only transient microglial polarization and migration, but also 

chronic microglial activation for over four months. This indicated that a micro-hemorrhage 

in deep cortex can induce long-term activation of the inflammatory system and may be 

related with other neurodegenerative diseases.

4.3. Blood flow speed and microglial scar

Mild ischemia and micro-hemorrhage showed different patterns of blood flow post insults. 

In the case of mild ischemia, the blood flow speed dropped gradually in 3 hours 

(Supplementary figure 3b). The time delay between the laser insult and the low blood 

flow speed implies an involvement of biological processes such as the platelet aggregation 

[65, 66, 74]. After 1 day, blood flow speed recovered, and became even higher after 3 

weeks. The overshooting may come from hypertension and dilation of the blood vessel. 

In contrast, blood flow almost immediately stopped after laser-induced micro-hemorrhage 

insults, indicating a physical breach on the vessel so that the blood cannot flow through. 

In addition, the low level of blood flow never returned to normal thereafter (Figure 7b). 

Interestingly, the slow blood flow seems correlated with microglial aggregation around the 

targeted vessel in both scenarios, suggesting that microglia may participate in the down 

regulation of blood flow. In the case of mild ischemia, microglial activation preceded the 

decrease of blood flow, supporting that microglial activation might be leading to blood flow 

drop. However, these observations are based on small sample sizes. The exact causality 

relationship between microglial activation and blood flow speed reduction warrants further 

investigations.

4.4. Microglial degeneration

We noticed signs of microglial degeneration after the laser induced micro-hemorrhage. 

Right after the onset of hemorrhage, as the intravascular red fluorescent dye leaking 

out, surrounding CX3CR1-GFP signal quickly faded away in several minutes (Figure 7a, 

supplementary movie 4). The GFP dark region was much larger than the area that the 

leaked intravascular dye covered, indicating mechanisms other than the light absorption of 

the spilled blood. In addition, the remaining CX3CR1-GFP dots in the dark region became 

immobile, suggesting a dysfunction or fragmentation of microglia. Until other surrounding 

microglia later covered the dark region by migrating soma or extending processes in 30 

min to 4 hours, no indication of recovery was found for those dysfunctional or fragmented 

microglia. The vasogenic edema around the insulted vessel indicates increased vascular 

permeability and leaking of blood components to the parenchyma, some of which may be 

toxic to the brain cells [6–8, 75]. In another case, we observed a microglia cell losing 

fluorescence near the micro-hemorrhage (50μm away) in ~10 min. From the 3D time 

lapse video, it was confirmed that the microglia cell did not migrate but just faded away 

(supplementary movie 4). Microglial degeneration and dysfunction have been associated 

with a variety of pathology. For example, microglial fragmentation (dystrophic microglia) 
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was found in the aging brain, Alzheimer’s disease and Huntington’s disease as well as near 

chronic neural implants[76–80]. Additionally, after ischemic stroke, the length and motility 

of microglia processes decrease in the peri-infarct region[50]. These studies are limited 

to postmortem histology or acute slice studies. Here, we revealed in the intact brain of 

live animals, a micro-hemorrhage can lead to microglia degeneration and dysfunction in 

a few minutes, suggesting that the blood brain barrier (BBB) impairment can be a direct 

cause of microglial degeneration and dysfunction, which may play an important role in the 

pathogenesis of neurodegeneration and neurovascular diseases.

4.5. Future applications

In vivo imaging studies can provide invaluable dynamic information of how biomaterials 

interact with the tissue in living organisms. However, chronic in vivo two-photon imaging 

of deep brain in the presence of neural implants has been extremely challenging due to 

the degradation of imaging quality and depth over time [15, 81, 82]. Hence previous in 

vivo imaging work on foreign body responses to neural electrodes have focused on acute 

phase and/or superficial cortex [7, 8, 75, 83]. Here we demonstrated the possibility of using 

microprism implantation for long-term in vivo imaging of inflammatory responses for the 

first time. This use enables easier access to deeper cortical or subcortical regions. While 

deeper regions can also be imaged by novel methods like three-photon microscopy [84, 85], 

microprisms still allow for higher resolution imaging in the vertical direction. This setup 

could be utilized to investigate the tissue responses to different neural implant materials 

in the brain by modifying the surface of microprisms. Furthermore, inserting functional 

microelectrodes next to the microprism or directly attaching flexible and transparent 

electrodes onto the microprism may allow us to correlate the electrophysiological signals 

and electrical modulations with cellular activities observed via two-photon imaging for 

longitudinal studies.

Two-photon microscopy is well suited for imaging genetically expressed fluorescent 

molecules and injected fluorophores, as well as intrinsic molecular signals such as 

NAD(P)H and second harmonic generation (SHG) of collagen [86–89]. In combination 

with microprism implantation, this imaging platform could reveal a variety of in vivo 

physiological processes along depth. For example, collagen rich encapsulation tissue around 

neural implants has been characterized via SHG signals in previous in vivo [83] and 

ex vivo [88, 90] two-photon imaging studies as part of the foreign body reaction. SHG 

signals could also be used to track the meningeal healing and collagen encapsulation near 

the microprism implant or collagen deposition at the site of microhemorrhage. This work 

builds the foundation for future explorations related with brain damage or neurodegenerative 

diseases using microprisms.

The dimension and configuration of microprism implant can be varied for different 

purposes. Microprisms of various sizes (0.5mm~5mm) are commercially available. Larger 

sizes of microprisms could provide access to deeper brain regions while potentially causing 

more severe damage to the tissue.
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Inter-regional studies should benefit greatly from imaging different regions at various depth 

simultaneously, such as studies of inflammation responses and tissue remodeling in grey 

matter and underlying white matter.

5. Conclusion

In this work, we evaluated the inflammatory responses to intra-cortical microprism for 

16 weeks, using in vivo two-photon imaging on awake animals. The imaging window 

is cleared of blood in about two weeks, and the imaging distance from the microprism 

face is stabilized at around 500 μm in about 5 weeks. The morphology and motility of 

microglia were characterized and compared with that from non-implant controls. Near the 

microprism face (50 μm), microglia recovered in 4~12 weeks, and more distant microglia 

returned to the homeostatic status faster. These results prove that chronic imaging through 

microprisms can be used for longitudinal inflammation-related studies after several weeks 

of recovery. Next, as a demonstration of the utility of this method, we characterized the 

inflammatory responses to laser induced micro-blood vessel insults on these microprism­

implanted animals for another 16 weeks. Using microprism and in vivo two-photon 

microscopy, we found that laser-induced micro-hemorrhage led to widespread microglial 

polarization(~250μm) and fast-migration in the acute phase, and blood flow decreases 

and constant aggregations of microglia/macrophages around the insult in the long-term. 

In addition, we reported for the first time that micro-hemorrhage can result in microglial 

degeneration and that polarized microglial processes still have the potential to re-polarize to 

a new injury. This work paves the way for microprism implantations on long-term in vivo 
observations and evaluations of inflammatory responses, vascular remodeling, and other 

cellular activities from the brain surface to deep layer simultaneously.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experiment procedure and imaging setup
(a) Experimental procedure. Two-photon images were taken at the day of microprism 

implantation surgery, 1-day post implantation (DPI), 3 DPI, 7 DPI and then weekly for 

16 weeks. Later, micro blood vessel insults were induced by point laser ablation. The 

surrounding brain tissue were imaged at the day of injury, day1, day3, day7 and then 

weekly for 16 weeks. (b) Schematic of the micro-prism device implanted in the cortex. 

Microprism was adhered to two square cover glass (3×3mm) and one round cover glass 

(5mm in diameter) and was inserted facing the anterior side. (c) Top view of the 3×3mm 

cranial window and metal frame on the head of mouse. Note the orientation of images taken 

through the 1mm microprism is upside down due to the reflection of the microprism.
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Figure 2. Vasculature remodeling after micro-prism implantation
Top two rows: representative wide field images of vasculatures at brain surface from two 

animals. Bottom row: representative 2-photon images of vasculatures as labeled in red 

(SR101) at the surface of micro-prism. Note that the vascular structure stabilized after week 

3.
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Figure 3. Image clarity after microprism implantations
(a) Schematics of imaging configuration. Following two-photon images are projected from 

thin slices (30 μm thick) at a series of z locations. (b) Measurements of maximum imaging 

distance in the Z direction over time. Colored lines represent animal #1, #3, #5 and #6 

in (b) and (e). (c) Representative side-projections of two-photon image stacks at different 

time points after microprism implantations. Green: CX3CR1-GFP; Red: intravascular dye 

(SR101). (d) Representative two-photon images showing microglia (green) and vasculature 

(red) at 500μm from microprism surface at week5 and week16 post implantation. (e) 

Characterization of coverage ratio by CX3CR1-GFP cells at microprism surface. (f) 

Representative two-photon images at microprism surface showing the change of microglia/

macrophage coverage in one animal over time.
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Figure 4. Representative microglial morphology and graphical analysis results after chronic 
microprism implantations
First row: representative two-photon images of microglia at 5μm (a(i) & b(i)) and 300μm 

(c(i) & d(i)) from the microprism surface and at week4 (a(i) & c(i)) and week16 (b(i) & 

d(i)) post microprism implantation. Representative control image (e(i)) is taken immediately 

after creation of acute craniotomy. Green: CX3CR1-GFP. Images in the same column are 

originated from the same image. The second row are particle analysis of images in the 

first row for microglial soma quantifications (soma density and area in figure 5). Cyan 

particles are counted for cell soma analysis, while the white particles are excluded because 

of undersize or incomplete shape (on the edges). The third row are skeleton analysis of 

images in the first row for quantification of microglial processes (processes length and 

junction numbers in figure 5). Notice that only the images at 50μm and week4 show obvious 

higher density, smaller soma, shorter processes, and less processes junctions of microglia 

compared to controls of acute craniotomy. Microglia at later time point (50μm-W16) or at 

distant regions (300μm-W4 & 300μm-W16) appear similar to the control.
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Figure 5. Quantification of microglial morphology after microprism implantation in comparison 
to non-implanted control.
(a) Quantifications of microglial density based on particle analysis. Control: acute 

non-implant craniotomy. Two-way ANOVA suggests that the two factors—time after 

implantation and distance from the microprism—both significantly affect the microglial 

density (p<0.0001), and there is an interaction effect (p=0.0186). Dunnett’s multiple 

comparisons which compare every time point to the control within each distance reveal 

significant higher microglial density at multiple early time points at 50μm, week3 and week4 

at 100μm, and week4 at 200μm than the acute craniotomy control. For all the panels in this 

figure, *: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001, the unmarked bars are not 

significantly different from the control. N=6~10 regions (200 × 200 μm2 each) analyzed in 

each group from 4 animals for both the microprism implanted and the control. The exact 

number of regions analyzed are shown above each bar. Data are presented as mean ± SD. 

(b) Quantifications of projected area of microglial soma based on particle analysis. The same 
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two-way ANOVA followed by Dunnett’s multiple comparisons is used in (a)~(d). The time 

factor and the distance factor are significant (p<0.0001), while the interaction of these two 

factors is not (p=0.5056). In the post-hoc tests, the soma size from week3 to week9 at 50μm 

are significantly smaller than the control, as well as week3 to week5 at 100μm and 200μm, 

and week4, 5, 9 at 300μm. (c) Quantifications of average processes length per cell. The time 

factor and the distance factor are significant (p<0.0001), while the interaction of these two 

factors is not (p=0.1932). (d) Quantifications of processes junctions per cell. The time factor 

and the distance factor are significant (p<0.0001), while the interaction of these two factors 

is not (p=0.0575).

Yang et al. Page 28

Biomaterials. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Morphology and dynamics of different types of CX3CR1-GFP cells over time
Representative temporal-code two-photon images of different types of CX3CR1+ cells 

at 50μm from the prism surface. Yellow: intravascular dye (SR101). Rainbow spectrum: 

temporal code of 15 min. Control images were from a non-implant thin skull CX3CR1-GFP 

mouse. First row (cyan outline): microglia became activated with enlarged cell body and 

shortened processes in the first several days post implant, and that ramified microglia with 

thin and motile processes and small soma returned around w2 to w4. Second row (magenta 

outline): small and round monocytes circulating in the blood vessels after microprism 

implantations. Third row (green outline): meningeal macrophages were absent at the 

beginning due to the removal of meninges. They appealed back at 3 DPI and lined up at 

the brain surface since w2. Forth row: giant foam-like phagocytic cells showed up from 

~3 DPI and disappeared after w2 (yellow outline). Small and round monocytes were found 

wandering in the peripheral corticospinal fluid space around w2 (red outline).
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Figure 7. Prolonged microglia activation to micro-blood vessel hemorrhage
(a) Representative images at the damage plane overtime. Green: CX3CR1-GFP; Red: 

SR101. (b) Blood flow stopped quickly and remained significant lower post hemorrhage. 

One-way ANOVA followed by Dunnett’s multiple comparisons test comparing every time 

point to pre-insult group. Data were presented as mean ± SD. N=6 to16 measurements 

from two biological replications. (c) Microglia intensity stayed high around damaged site 

over 16 weeks. Data were presented as the mean value from two biological replications. (d) 

Ramified microglia ratio over distance to the insult. Lines: Boltzmann sigmoidal fitting to 
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the ramification ratio of pooled microglia from two biological replications. (e) Polarization 

radios (the distance where the ramification ratio reaches 0.5 in the sigmoidal fitting) changes 

over time.
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Figure 8. Microglial migration in the first week post micro-blood vessel hemorrhage
(a) Dynamics of CX3CR1-GFP cells post hemorrhage injury. Magenta: the first frame of the 

time-lapse images; green: 15 min later. Lower row: magnified image of the light blue inset 

above. (b) Migration speed of microglia before and after the hemorrhage. One-way ANOVA 

followed by Dunn’s multiple comparisons test comparing every time points to the pre-insult 

group. N=12, 7, 11, 21, 23, 15 and 5 cells in time sequence from 3 animals for (b)~(f). 

(c) The distance between each migrating microglia and the injury site. One-way ANOVA, 

n.s.: no significance. (d) Microglial migration speed is independent from the distance from 

the injury site. Lines: linear regression fitting. All the slopes were not significantly different 

from zero (p=0.2403, 0.8282, 0.6510, 0.7681, 0.6681, 0.4616, respectively). (e) The number 

of migrating CX3CR1-GFP cells in the same imaging view over time. #5, #6, and #7: animal 

labels. Data were presented as mean ± SD. (f) The mean moving direction index of migrated 

cells. Boxes presented median ± quartile and whiskers covered min to max. (g) The ratio of 

migrating cells in all microglia over distance from the insult. Data were presented as mean ± 

SD. N=1 to 3 calculated ratios from 3 animals.
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