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Revealing in vivo cellular mechanisms
of cerebral microbleeds on neurons
and microglia across cortical layers

Qianru Yang,1,2,3 Alberto L. Vazquez,3,4,5,* and X. Tracy Cui2,3,5,6,*

SUMMARY

Cerebral microbleeds (CMBs) are associated with higher risk for various neurological diseases including
stroke, dementia, and Alzheimer’s disease. However, the understanding of cellular pathology of CMBs,
particularly in deep brain regions, remains limited. Utilizing two-photonmicroscopy andmicroprism implan-
tation, we longitudinally imaged the impact of CMBs on neuronal and microglial activities across cortical
depths in awake mice. A temporary decline in spontaneous neuronal activity occurred throughout cortical
layers, followedby recoverywithin aweek. However, significant changes of neuron-neuron activity correla-
tionspersisted forweeks.Moreover,microglial contactwithneuronsomasignificantly increasedpost-micro-
bleeds, indicating an important modulatory role of microglia. Notably, microglial contact, negatively corre-
lated with neuronal firing rate in normal conditions, became uncorrelated after microbleeds, suggesting a
decreased neuron-microglia inhibition. These findings reveal chronic alterations in cortical neuronal net-
works andmicroglial-neuronal interactions across cortical depths, shedding light on the pathology of CMBs.

INTRODUCTION

Cerebral microbleeds (CMBs) are focal ruptures of small vessels in the brain. They have been identified as significant indicators of aging,1

cognitive dysfunction,2,3 and various neurovascular and neurodegenerative diseases.4–8 For instance, CMBs are present in 5% of healthy

adults, 29%of individuals with Alzheimer’s disease, 52%of patients experiencing a first-ever intracerebral hemorrhage (ICH), and 83%of those

with recurrent ICH.9,10 In the field of neural engineering, the implantation of penetrating neural electrodes for brain–computer interfaces inev-

itably leads to blood vessel disruption,11 while the presence of stiff implants can lead to spontaneous capillary damage or persistent blood-

brain barrier (BBB) leakage. Higher levels of BBB damage have been associated with more pronounced inflammatory responses and compro-

mised performance of neural interfaces.11–13 BBB disruption not only impairs normal substrate circulation but also triggers the release of

neurotoxic blood-derived products, cells, and pathogens into the brain, initiating inflammatory responses and neurodegenerative path-

ways.14,15 Understanding the intricate relationship between the vascular system and brain health is crucial for unraveling the mechanisms un-

derlying these pathologies and developing effective therapeutic strategies.

Microglia, the resident immune cells in the brain parenchyma, play essential roles in maintaining brain homeostasis. They engage in bidi-

rectional communication with neurons through various immunomodulatory factors and signaling pathways, influencing both normal physi-

ology and pathological conditions.16–18 During brain development, microglia are involved in the pruning of excessive synapses.19,20 In the

healthy brain, microglia dynamically survey their surroundings through ramified processes.21,22 Microglia can suppress excessive neuronal

activity by sensing and catabolizing extracellular ATP.23 Also, healthy neurons can inhibit microglial immune activation via direct cell-cell con-

tact or ligand-receptor interaction.24,25 Neuronal activity can steer microglial processes toward the highly active neuron soma, which in turn

downregulates the activity of contacted neurons.26 Under pathological conditions such as ischemic stroke, the disappearance of neuronal

inhibition signals leads to microglial activation.24,25 Damaged neurons can also produce signals to activate microglial functions.27 Activated

microglia undergomorphological changes, including extending processes,migration toward the injury, and transformation into enlarged cell

bodies with retracted processes for phagocytosis.28–31 The role of activatedmicroglia is 2-fold, as they can release proinflammatory cytokines

and cytotoxic substances detrimental to neuronal survival,32–35 while also promoting tissue repair through phagocytosis and production of

anti-inflammatory factors and growth factors.36–38 The absence of microglia in a mouse stroke model resulted in increased infarct size and

neuronal death, highlighting their protective role after brain injury.36 Microglial activation preconditioning has shown to protect the brain
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from subsequent injuries.39,40 The concept of microglial differential polarization suggests that microglia can shift between pro-inflammatory

and anti-inflammatory phenotypes, depending on the nature and duration of the stimulus.41,42 However, more in vivo research is needed to

fully elucidate the process and mechanisms underlying microglial phenotype transformations.42,43

In vivo two-photon microscopy (TPM) has emerged as a valuable tool for observing cellular activities in live animals.44,45 Additionally, the use

of ultra-short high-power laser pulses allows for controlled ablation of single microvessels in the brain, providing a reliable model for studying

microbleeds.46–48 Previous studies have focused on understanding the responses of neurons and glial cells in the superficial cortex (L2/3) to mi-

crobleeds. These studies have shown that in the vicinity of microbleeds, there is a temporary loss of astrocytes and a decrease in evoked neuron

calcium responses, which quickly recovers within one day.49 However, no degenerative morphological changes were observed in neural den-

drites near the micro hemorrhage.50 Microglia, on the other hand, respond quickly to microbleeds by extending processes, followed by migra-

tion and proliferation over hours to days.30 However, the tissue responses to microbleeds in the deep cortex remain largely unknown.51 Due to

light scattering and absorption in the tissue, high-quality TPM is typically limited to superficial layers (up to layer 2/3 of the cortex) in chronic

setups. It is important to note that the responses observed in superficial layers may not necessarily be the same as those in deep layers. The

neocortex consists of six laminar layers, each with diverse compositions of neuron subtypes and distinct anatomical structures that contribute

to diverse roles in cortical neuronal network computations.52–54 Simultaneousmonitoring of neuronal activity across all the cortical layers is essen-

tial for a comprehensive understanding of the cortical network.55–57 In addition, cortical neurons in different layers possess diverse connections to

other brain regions. Layer 2/3 pyramidal neurons extensively project parallel axons to other cortical regions, while layer 5/6 pyramidal neurons

extend axonal projections to not only other cortical regions, but subcortical regions including striatum and thalamus.58 The presence of micro-

bleeds in deep cortical layers may have consequences influencing the functional integrity of these distant brain areas. The cortical vasculature is

also depth dependent, with main arteries and veins located on the brain’s surface penetrating down into the deep cortex for blood circulation.

The blood flow speed and the topological structure of blood vessels differ significantly between superficial layers and deep layers of the cor-

tex.59,60 As a result, the pathological tissue responses to microbleedings in superficial layers and deep layers could be substantially different.

This work aims to investigate the influence of deep cortical microbleeds on the function of neurons andmicroglia across all cortical depths.

To achieve this, we employed amicroprism implantation to visualize cellular activities across all cortical layers simultaneously.Microprism is an

optical device that turns the optical path by 90�, allowing in-plane imaging along depth.29,61,62 A 1mmmicroprism can technically reach 1mm

deep into the brain, covering all cortical depths and potentially some white matter regions in mice. Previous research has shown that the in-

flammatory responses associated with chronic microprism implantations resolve within several weeks using intravital TPM imaging in mice.29

In the current study, we investigated the consequences of deep cortical microbleedings on both neuronal and microglial activities across all

cortical depths in live mice for a period of up to 4 weeks. We found an initial decline in the spontaneous neuronal activity and a reduction in

neuronal firing rates, followed by a subsequent recovery within a week. However, there was a persistent and significant decrease in the activity

correlation between neuron pairs within the same layer and across different layers following microvessel injury. This finding suggests that mi-

crobleeds in the deep cortex can disrupt the functional connectivity of neurons throughout all cortical depths, impairing the coordinated ac-

tivity of neuronal networks. Additionally, microglial contact with neuronal soma increased substantially after one week, while the overall sur-

veillance level of microglia remained unchanged, suggesting that microglia specifically target and interact with neuronal soma in response to

microbleeds. Prior to the injury, there was a negative correlation between microglial contact and neuronal firing rate, but this relationship

underwent significant changes shortly after the onset of microbleeds. This indicates that microbleeds alter microglia-neuron interactions,

which can impact neuronal function. Overall, this work significantly enhances our understanding of the chronic influence of deep cortical mi-

crovessel injury on neuronal networks and the interaction between neurons and microglia across cortical depths.

RESULTS

Experiment setup

To image both microglia and neurons simultaneously, we crossed CX3CR1-GFP mice with Thy1-jRGECO1a mice. We performed microprism

implantation surgery on three adult mice (8–20 weeks) and let them recover for �5–8 weeks before we generated a microbleed in the deep

cortex by laser ablation of the vessel wall. During the recovery period, the animal was habituated toweekly head-fixed for two-photon imaging

on a treadmill. Two-photon imaging in awake animals was conducted at multiple time points before and after laser ablation as shown in Fig-

ure 1A. The surgical procedure for microprism implantation has been previously described in several publications.29,61,62 In our study, a 3 by

3 mm craniotomy was performed, followed by the implantation of a 1mmmicroprism oriented toward the visual cortex. Themicroprism turns

the light path by 90� to present a vertical plane that allows imaging of all cortical layers at the same time. The cranial window was sealed with

Kwik-Sil and dental cement for longitudinal imaging (Figure 1B). In accordance with previous studies using microprism implantation, we have

a clear, stable imaging window for many weeks. After the recovery period, the distribution of microglia and firing neurons exhibited minimal

disparities when assessed one week apart (Figure 1C).

Deep CMBs result in an acute decrease in spontaneous neuronal activity

To visualize blood vessels in the brain, we injected Cascade Blue dextran dye intraperitoneally (IP) (Figure 2A). Focal microbleeds in layer 5/6

were induced by focusing the two-photon laser over a single point on the wall of small blood vessels (d = 14.87 G 5.20 mm, Figure 2B)

following previously well-established protocols.29,46 The power and duration were gradually increased until a sudden increase in fluorescence

intensity occurred, indicating leakage of the vascular dye. Thesemicrobleeds in the deep cortex (depth = 688G 21 mm, Figure 2C) often show

a dark surrounding acutely (Figure 2D), presumably due to the leakage of light-absorbing red blood cells.
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We first examined how these microbleeds in deep cortex affect neural activity over time. TPM images were acquired about 100 mm away

from the microprism. According to our previous study, microglia located 100 mm away from the microprism took approximately 6 weeks to

recover and return to their homeostatic state.29 Active neurons were identifiedmanually from a 20-min TPM imaging session at a single plane

of spontaneous neural calcium activity at each time point. The same field of view (FOV) was tracked over time using a combination of refer-

ences, including the distance from the microprism surface, vascular landmarks, microglial distribution and the location of the ablation point

(Figure 2D).Wequantified the number of active neurons in three animals, starting oneweek before the laser inducedCMBs and continuing for

a duration of four weeks. In one of the animals, the two-photon imaging data was lost at week 2 due to technical issues. As a result, we

excluded the week 2 data from the quantitative analysis. The total number of active neurons in our 8153 815 mm FOV decreased significantly

at 2 h and 6 h compared to 1h prior to CMBs (Figure 2E). Within 150 mm from the microbleed, the average number of spontaneously active

neurons dropped from 4 to 6 neurons before the damage, to 0–1 neuron between 2 h and 3 days (with 6 h and 1 day showing statistical sig-

nificance compared to -1h) and began to show a trend of recovery from 1 w to 4 w (Figure 2F).

To examine any potential changes in the layer distribution of active neurons within the cortical column of the microbleed over time, we

generated a plot depicting the depth of individual neurons within a 400 mm wide column centered at the microbleed (Figure 2G). Following

the injury, we observed a decrease in the number of active neurons across all the depths from 2 h to 1 day post-injury. Here, depth was normal-

ized to the depth of the injury (0 mm).

Furthermore, to examine whether the firing rates of these neurons alter over time, we quantified the cumulative calcium fluorescence in-

tensity changes (cumulative DF/F) above the threshold (mean +SD) of spontaneously active neurons (Figures 3A and 3B). According to the

previous literature, the DF/F peak amplitude is roughly proportional to the number of spikes.63 Therefore, the cumulative DF/F indicates

the total number of spikes during the imaging session for each neuron. The cumulativeDF/F was significantly reduced at 6 h post blood vessel

damage and then back to normal after 1 day (Figure 3C), indicating a transient decrease of neural firing rate at around 6 h post injury. These

results show that deep cortical microbleeds have the potential to cause acute impairment in both the number and the firing rate of sponta-

neously active neurons surrounding the injury.

Deep CMBs induce prolonged alterations in neuron-neuron activity correlations post-recovery of neuronal spontaneous

activity

To investigate the functional changes in cortical neural circuits, we conducted an analysis of calcium activity correlations among paired neu-

rons within the same layer and across different layers. To ensure an adequate number of neurons for analysis, we categorized neuron depth

into three major layers: superficial layer (S; >400 mm), middle layer (M; >200 mm and <400 mm), and deep layer (D; <200 mm) according to the

depth of the neuron relative to the CMB (Figure 4A).

During the pre-injury period, the six types of paired correlation (SS, MM, DD, SM, SD, andMD) exhibited similar patterns and showedmin-

imal changes over time. However, at three days post-injury, several types of neuron correlations demonstrated a significant decrease

compared to 1 h before the injury (Figure 4B). Subsequently, at 3 w and 4 w post-injury, there was a recovery in activity correlation among

most depth pairs, except for the SM correlation at 3 w and the SD correlation at 4 w. Notably, we observed a hyper correlation in MM at

both 3 w and 4 w.

A

B C

Figure 1. Microprism implantation enables imaging of neurons and microglia throughout cortical layers

(A) Timeline of experiments.

(B) Schematic of microprism implantation and two-photon imaging in head-fixed, awake mice.

(C) Representative two-photon image of neurons and microglia in transgenic mice expressing CX3CR1-GFP and Thy1-jRGECO1a before laser ablation 100 mm

away from themicroprism. Note the similar distribution of active neurons (magenta arrows) andmicroglia (white arrows) with one week apart. Scale bar = 200 mm.

Abbreviations: h hour, d day, w week, 2P two-photon.
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To explore whether the changes in depth correlations were associated with alterations in neuron firing rates across different layers, we also

quantified the cumulative DF/F for each major layer over time (Figure 4C). The results indicated that, for the most part, the average neuron

firing rates remained similar to those observed before the injury. The only significant change was an increase in neuron firing rate in the

A B C

D

E F G

Figure 2. The number of spontaneously active neurons decreased acutely after deep CMBs

(A) Immediately before and after generation of a microbleed by point-laser ablation. Arrows indicate the laser ablation site. Scale bar = 200 mm. Green: microglia

labeled by CX3CR1-GFP. Magenta: blood vessels labeled by Cascade Blue-dextran dye.

(B) Quantification of ablated blood vessel diameters. d = 14.87 G 5.20 mm. Data are presented as mean G standard deviation (STD). N = 3 animals.

(C) The depth of ablation points from the pia. Depth = 688 G 21 mm. Data are presented as mean G STD. N = 3 animals.

(D) Representative TPM images ofmicroglia (green) and spontaneous neural calcium activities (red)max-projected from 20-min long scans. The same field of view

were tracked over time by monitoring the distance from the microprism, microglial distribution (representative white arrows) and the ablated point (orange

arrows). Magenta arrows highlight several representative neurons that are potentially the same cell across multiple time points. Scale bar = 200 mm.

(E) Total number of active neurons in our FOV over time. Data are presented as meanG STD. N = 3 animals. One-way ANOVA (p = 0.0245) followed by Dunn’s

multiple comparison test comparing each time point to �1 h. p = 0.023 (*) at 2 h and p = 0.0083 (**) at 6 h.

(F) Number of active neurons within 150 mm radius from the microbleed. Data are presented as mean G STD. N = 3 animals. One-way ANOVA (p = 0.0133)

followed by Dunn’s multiple comparison test comparing each time point to �1 h. p = 0.0179 (*) at 6 h and p = 0.0179 (**) at 1 day.

(G) Distribution of spontaneously active neurons along depth over time. Data are presented as mean G STD. N = 29 to 132 neurons from 3 animals. One-way

ANOVA (p = 0.0056) followed by Dunn’s multiple comparison test comparing each time point to �1 h.
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superficial layer at week 4, which is unlikely to be the cause for the decrease in SD correlation. These results suggest that the correlation levels

of neuron activity significantly decreased in almost all types of intra-layer and inter-layer neuron pairs after deep CMBs, without affecting the

neuronal firing rates. These decreases in correlations partially recovered over themore chronic phase, but inter-layer correlations (SM and SD)

remained dampened at week 3 and week 4, respectively.

Spatial distribution of microglia and neurons changes after CMBs

Microglia, the resident inflammatory cells in the brain, play important roles in regulating tissue immune responses after injury. We observed

microglia respond first by sending processes toward the damaged blood vessel. Within several hours, they migrated and formed a dense

encapsulation around the CMB by 6 h (Figure 5A). The microglial migration dynamics and time course have been characterized in detail

in our previous study using a similar setup.29 Here, we focus on themicroglia-neuron interactions. We first noticed that the spatial distribution

of microglia and neurons changes after CMBs. Before laser ablation, microglia and active neurons scattered nearly evenly accross all depths

(Figure 5B). 2 h post CMB, the number of active neurons decreased in both deep layers and superficial layers. Meanwhile, the microglial in-

tensity distribution did not change much (Figure 5B). After 6 h, neurons across all layers were more silent and microglia gathered around the

CMB. Fromday 1 to day 7 (1 w), microglial intensity remained high near theCMB, and neuronal activity started to recover,most evidently in the

middle layers. After about 3 weeks, microglial encapsulation went down, but the active neurons were still concentrated in the middle layers.

The sustained changes of the spatial distribution of active neurons along depth suggest that CMBs at the deep cortical layer could introduce

long-term alterations in the cortical network activity.

Neuron-microglia dynamic interaction changes after CMBs

Next, weaimed to investigate the changes in the interactionbetweenneurons andmicroglia followingdeep corticalmicrobleeds. In their homeo-

static state,microgliaestablish frequent contactwith synapses andparticipate in the assay andeliminationof synapses.40,64Microglia also interact

with neuronal somata in healthy conditions, with processes making contact with neuronal somatic cell membrane that can rapidly undergo

A

B

C

Figure 3. The firing rate of spontaneous neural activities decreased acutely after deep CMBs

(A) TPM images of microglia (green) and spontaneous neural calcium activities (red) max-projected from 20-min long scans at -1h and 6h after microbleeds. Three

representative neurons (dotted cyan circles) were identified. Scale bar = 200 mm.

(B) Normalized neuronal calcium fluorescence activity of the three representative neurons at -1h and 6h.

(C) Neuronal firing rate indicated by accumulative DF/F over time. Data are presented as meanG STD. N = 29 to 132 neurons from 3 animals. One-way ANOVA

(p = 0.1743) followed byDunn’smultiple comparison test comparing each time point to�1 h. p = 0.0231 (*) at 6 h. The p valuewas adjusted to account formultiple

comparisons.
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alterations in response to brain injury.65 To quantify the extent of microglia-neuron soma contact, we assessed the microglial contact area ratio

within each neuronal soma over a 20-min TPM imaging session at each time point (Figure 6A). Before CMBs, themicroglial contact ratio with the

somaof active neurons is close to 0 (Figure 6B). After CMBs are introduced,microglial contact with neurons significantly increased at 6 h and from

1 w to 4 w (Figure 6B). When examining the depth distribution of the microglia-neuron soma contact ratio over time, we observed that these in-

creases were consistent across different depths (Figure 6C). We then tested whether this overall contact elevation betweenmicroglia and active

neuron soma resulted from a general increase in microglial surveillance. To quantify themicroglial surveillance level, we took standard deviation

A B

C

Figure 4. Activity correlation of cortical neural circuit changes after CMBs

(A) Schematic showing the category of neuronal correlation.

(B) The average absolute value of the correlation coefficient of the six types of neuronal activity correlation over time. N = 4–264 neuron pairs (mean = 73) from 3

animals. One-way ANOVA followed by multiple comparison test, comparing every time point to �1 h within the same correlation type. *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001. Each p value was adjusted to account for multiple comparisons.

(C) The average cumulative DF/F in the three major layers, superficial (S), middle (M), and deep (D) over time. Two-way ANOVA followed by Sidak’s multiple

comparisons test, comparing every time point to �1 h within each layer. **p = 0.0088.

A B

Figure 5. The distribution of microglia and active neurons along depth changes over time

(A) Representative images of microglia superimposed with spontaneously active neurons. Green: CX3CR1-GFP. Red: Thy1-jRGECO1a. Yellow lines indicate the

depth of the microbleed. Scale bar = 100 mm.

(B) Distribution of microglial fluorescence ratio (green) and the average number of active neurons (pink) along the depth. The depths were normalized to the

location of blood vessel damage across different animals. Microglial fluorescence ratio are presented as mean G STD. N = 3 animals.
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A

B C

D

E F

Figure 6. Increased microglial contact with neuron soma but not microglial surveillance after microbleeds

(A) Steps to calculate the microglial contact ratio on neuron soma. Neuron somata (cyan circles) are identified manually over the 20-min time-lapse video.

Microglia images are binarized at each minute and max-projected to a single image. The microglia-neuron contact ratio is calculated by dividing the

microglia area within each neuron soma from the microglial max projection over the total area of the neuron soma. Scale bar = 50 mm.

(B) Themicroglial contact ratio on neural soma over time. Data are presented asmeanG STD. N = 29–132 neurons from 3 animals. One-way ANOVA (p < 0.0001)

followed by Dunn’s multiple comparison test comparing each time point to �1 h. p = 0.0256 (*) at 6 h, p < 0.0001 (****) at 1 w and 4 w, and p = 0.0159 (*) at 3 w.

Each p value was adjusted to account for multiple comparisons.

(C) The heatmap of microglial contact ratio on neural soma along depth over time. The mean value was calculated from 3 animals.
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projections of microglia fluorescence from the 20-min TPM videos (Figure 6D). After applying a threshold, we calculated the average microglial

surveillance ratio across the entire cortical column (Figure 6E) andbinned the data basedondifferent depths (Figure 6F). Beforemicrobleeds, the

microglial surveillance ratio showed higher values in the superficial cortex than the deeper layers, indicating thatmicroglial dynamics could differ

across cortical depths. Surprisingly, the microglial surveillance level did not exhibit an increase but rather a decrease trend, with no significant

differences detected after microbleed onset. Furthermore, the heatmap of the microglial surveillance ratio distribution along depth over time

differed significantly from the heatmap of microglia contact ratio. These results suggest that microglia specifically increase contact with neuron

soma after CMBs.

In order to explore the potential relationship between microglial contact and neuronal activity, we examined the correlation between mi-

croglial contact area ratio and the cumulativeDF/F (firing rate) for all the individual neurons over time (Figures 7A–7I). Prior to the blood vessel

ablation (�1 w and �1 h), there was a significant negative correlation between microglial contact and neuronal activity (p < 0.05) (Figures 7A

and 7B). This negative correlation agrees with previous literature where microglia can suppress neuronal activity.23,26 After the occurrence of

CMBs, the negative correlation remained significant at 2 h post-injury but was not significant from 6 h to 4 w post-injury (Figures 7C–7I). The

Spearman correlation (r) between microglial contact and neuronal firing rate exhibited a steep change from approximately�0.3 to near zero

between 2 h and 6 h post-injury, and the p value increased frombelow 0.05 to around 1, indicating a drastic change in the inhibitorymicroglia-

neuron interaction during this early period. From 6 h to 1 w, the Spearman correlation coefficient remained close to zero and the p value

stayed above 0.4, suggesting that the altered interaction betweenmicroglia and neuronal firing rate could persist for a certain duration. After

1 week, the Spearman correlationgradually decreased, and thep value continuously decreasedaswell, indicating a recovery trend. By 4weeks

post-injury, the correlation coefficient and p value were close to the levels observed before injury. Additionally, themicroglial contact was not

significantly correlated with the depth at any time points (Figure S1).

DISCUSSION

In this study, we investigated the impact of deep CMBs on the in vivo activity of neurons and microglia across cortical depth. To achieve this,

we employed microprism implantation, which enabled simultaneous visualization of cellular activities from the brain surface to a depth of

approximately 800 mm. This innovative approach not only allowed us to access deeper tissue with high SNR and relatively low power than

conventional TPM, but also facilitated the study of intricate multi-layer cellular network interactions. Our investigation yielded several note-

worthy findings.

First, we observed a temporary loss in the population of spontaneously active neurons and a decrease in their firing rate in the first several

days following the micro vessel injury. This decline in neuronal calcium activity was not localized but occurred universally across all cortical

layers. In the semi-chronic phase (3 days to 1 week), we observed a recovery in neuronal activity, with the number of active neurons and their

firing rates reaching levels comparable to those observed prior to the microbleed. Notably, this recovery period is longer than what has been

observed in superficial microbleeds, where the neural activity typically recovers within one day.49 These findings suggest that microbleeds in

the deep cortex can result inmore severe pathologies compared to those in the superficial cortex. From the spatial distribution of active firing

neurons over time, the observation of better recovery in the middle layers than in the superficial layers seems counterintuitive. We speculate

that there could be due to two potential contributing factors. First, it is possible that different cortical layers consist of distinct subtypes of

neurons, and these different types may vary in their vulnerability to the effects of microbleeds. Some subtypes may be more resilient and

capable of recovering their activity more efficiently than others. Second, the balance of excitation and inhibition (E/I balance) could also

play a role in this phenomenon. For instance, if the deep cortical layers exert more inhibitory input to middle layers, a reduction of overall

activity in the deep layers after microbleeds could lead to increased activity in themiddle layers. To validate these speculations, future studies

could focus on examining different neuronal cell types across different cortical layers to gain a better understanding of their vulnerability and

activity change patterns.

Second, we examined the correlations in neuronal activity between neuron pairs within the same layer and across different cortical

layers. To our knowledge, this is the first study to examine neuron-neuron activity correlation across the entire cortical column following

CMBs. We found that the neuronal activity correlations were significantly lower for both intra-layer and inter-layer neuron pairs from 3 days

to 1 week, while the firing rates of these neurons remained unaffected. This alteration in neuron correlations did not fully recover by week 3

or 4, indicating that deep cortical microbleeds can have a lasting impact on the coordinated activity of cortical neuronal networks. This

novel finding may provide insights into the higher risk of cognitive decline in individuals with microbleeds, as abnormal neuronal synchro-

nization is closely related to cognitive dysfunctions in various neurological disorders such as schizophrenia, epilepsy, autism, Alzheimer’s

disease, and Parkinson’s disease.66 Neuronal synchrony is known to be influenced by several factors, including external long-range input,

local circuit connectivity, network dynamics, and neuromodulatory systems.67–69 In addition, the integration of newly generated neurons

into existing circuits could potentially impact the overall network activity and synchronization patterns.70,71 However, the specific mecha-

nisms underlying the observed changes in neural correlation (or connectivity) after microbleeds requires further investigation.

Figure 6. Continued

(D) Standard deviation projections of microglial fluorescence from a 20 min two-photon imaging over time. Yellow dotted lines indicate the depth of the

microbleed. Scale bar = 100 mm.

(E) Microglial surveillance ratio calculated from the standard deviation projection images over the�300 mmwide cortical column. Data are presented as meanG

STD. N = 3 animals. One-way ANOVA (p = 0.6224) followed by Dunn’s multiple comparison test comparing each time point to �1 h.

(F) The heatmap of microglial surveillance ratio along depth over time. Averaged from 3 animals.
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Lastly, our results revealed significant changes in microglia-neuron interactions following CMBs. Microglial contact with neuronal soma

was significantly elevated at 6 h post-injury and fromweek 1 to week 4 compared to the pre-injury state. Importantly, this increase inmicroglial

contact was specific to neuron soma and not accompanied by an overall increase in microglial surveillance. Furthermore, we observed dra-

matic changes in the correlation between microglia-neuron soma contacts and neuronal firing rates from 6 h post-injury. These changes per-

sisted for several days before gradually recovering from week 1 to week 4. These findings highlight chronic alterations in microglial-neuronal

interactions following CMBs. During the first a few days after the injury, despite the recovery of neuronal firing rates to pre-injury levels and a

similar level of microglial contact as before, the correlation betweenmicroglial contact and neural firing rate became non-significant, suggest-

ing a change of functional communication between microglia and neurons during this period. From one-week post-injury, microglial contact

increased while neuronal firing rates remained stable, and the correlation gradually recovered over time, suggesting that microglial contact

may play a role in the recovery process. The changes observed in microglial contact and neuronal firing rate could be attributed to various

factors, including the phenotypic transformation of microglia or alterations in neuronal physiology. Microglia are highly dynamic cells capable

of transitioning between different states with distinct effects on neuronal function, depending on the type and time frame of the injury.72–75

Additionally, it is possible that neurons in the injured cortical region change the sensitivity or threshold to microglial modulation.

In summary, our study demonstrates that unlike the quick recovery observed after superficial CMBs in previous studies, CMBs in the deep

cortex can result in long-lasting alterations in the functional activities of both neurons andmicroglia across cortical depths. These long-lasting

network changesmay have implications in functional outcomes such as cognitive dysfunctions after microbleeds in various neurovascular dis-

eases such as ICH and cerebral amyloid angiopathy (CAA). Furthermore, this work highlights the importance of vascular health in the context

of invasive neural interfacing implants.

Limitations of the study

In recent years, the development of advanced microscopic systems, including multiphoton microscopy, adaptive optics, fiber optics, micro-

endoscope, and microprism implantation, has enabled imaging of deeper brain regions, larger scales, and with faster speeds.76,77 Among

these technologies, microprism implantation stands out as it provides a unique vertical imaging plane that allows for simultaneous imaging

of all cortical layers at sub-micron resolution without complicated modifications. It is worth noting that microprism implantation does involve

some drawbacks. The implantation process itself causes physical damage to the brain and disrupts the original physiological environment.

However, studies have provided evidence that the tissue damage is limited and resolves after several weeks of recovery. Specifically, the

receptive field of neurons near the microprism remains unchanged compared to before the implantation,62 which is also supported by the

resolution of inflammatory responses, as indicated by the transition to a ‘‘resting state’’ microglial morphology.29

A notable limitation of the present study pertains to the small sample size (n = 3) employed for data analysis. This constraint arose from the

inherent challenges associated with chronic microprism implantation and in vivo TPM imaging experiments, which are known to have a rela-

tively low success rate. Factors contributing to this limitation encompass instances of unforeseen animal mortalities, infections, and the occur-

rence of fibrous tissue growth blurring the imaging window. Despite rigorous efforts to mitigate these variables, it is important to acknowl-

edge that the sample size may impact the generalizability of our findings. Therefore, cautious interpretation of the results is advised,

particularly in the context of broader population-level implications.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, X. Tracy Cui

(xic11@pitt.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� Data reported in this paper will be shared by the lead contact upon request.
� All original code has been deposited at Zenodo and is publicly available as of the date of publication (https://doi.org/10.5281/zenodo.

10602521).
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

CX3CR1-GFP mice (B6.129P2(Cg)-Cx3cr1tm1Litt/J, The Jackson Laboratory, Bar Harbor, Maine) were crossed with Thy1-jRGECO1a mice

(Tg(Thy1-jRGECO1a)GP8.31Dkim/J, The Jackson Laboratory, Bar Harbor, Maine) to generate a mouse strain labeling both neural calcium ac-

tivity andmicroglial morphology. Three animals (twomale, one female) were recruited for this study. All the animals enrolled in the study were

at ages between 8 to 20 weeks at which time they underwent themicroprism implantation surgery. Influence of sex on the results has not been

investigated given the limited sample size in this study. The animals were socially housed until the surgery, residing in a temperature-

controlled (21–23�C) and humidity-controlled (40–65%) environment, following a 12-hour light/dark cycle. They had unrestricted access to

food and water throughout this period. 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.

METHOD DETAILS

Microprism implantation surgery

The microprism was assembled and sterilized before the surgery following previously published procedures.29,62 The 1 mm microprism

(#MPCH-1.0, TowerOptical Corporation) was glued to three layers of cover glass (two 3 x 3mm, one d = 5mm,Warner Instruments LLC) using

optical glue (NOA71, Norland Optical Adhesive). The assembled microprisms were sterilized with ethylene oxide or 70% isopropyl alcohol

before the surgery.

Animal anesthesia was induced by an intraperitoneal (IP) injection of ketamine (75 mg/kg) and xylazine (10 mg/kg) cocktail. Anesthetic up-

dates of ketamine (22.5 mg/kg) were applied as needed during the surgery. The mouse’s hair was shaved off with an animal clipper and the

skin was cleaned with 70% isopropyl alcohol and betadine. Then the animal was head-fixed on a stereotaxic frame (Narishige International

USA) and the body temperature was kept at 37�C with a heating pad. A stainless-steel frame (#CF-10, Narishige International USA) was
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attached to the skull with dental cement (A-M Systems, Sequim, WA) to hold the animal’s head during awake imaging. A 4 x 4 mm cranial

window was created over the region of the somatosensory cortex and visual cortex using a dental drill. We performed a durotomy and

made a 1 x 1 mm incision perpendicular to the brain surface to slide in the microprism. A silicone sealant (Kwik-sil, World Precision Instru-

ments) was applied onto the brain surface that remain uncovered by the cover glass. UV-curable dental cement (# 062066 Henry Shein)

was administered to secure the microprism assembly onto the skull. After surgery, the animal was treated with ketoprofen (5 mg/kg, Zoetis

Inc., Kalamazoo, MI) for pain management for three consecutive days.

Two-photon imaging

After recovering from the microprism implantation surgery, the animal was subject to weekly head-fix two-photon imaging on a treadmill.

Two-photon fluorescence images were acquired using a two-photon microscopy system (Ultima IV, Bruker Nano, Inc.) with a 16 x 0.8 NA

objective lens (Nikon, Inc.). The ultra-fast tunable laser (Insight X3, Newport Spectra-Physics, Inc.) was set to 1025 nm for simultaneous imaging

of Thy1-jRGECO1a and CX3CR1-GFP, and 800 nm for imaging the Cascade Blue blood vessel dye (Dextran, 3000 MW, Invitrogen.). Cascade

Blue dextranwas used as vascular dye and it was injected IP immediately prior to imaging. Time-series imagingwas conducted over a field-of-

view spanning 815 x 815 mmandmatrix size of 512 x 512 pixels at 1 Hz for a total of 20min. The first 30 s of every acquisition was used for further

quantifications. The laser power was kept below 40 mW to prevent potential tissue thermal damage.

Laser ablation of blood vessel

A focal microbleed was generated at around 100 mm from the microprism and at 600�700 mm deep (layer 5/6) following previous publica-

tions.46,60 Briefly, the laser was tuned to 800 nm and scanned over a short line along a micro-sized vessel at 1000 Hz. The power and duration

of the laser initiated at 20 mW for 1 s and was increased gradually until the microbleed occurred. A sudden increase in fluorescence intensity

and a dark region (red blood cells leakage) around the focused blood vessel were the usual signs of micro bleed generation.

QUANTIFICATION AND STATISTICAL ANALYSIS

All the two-photon imaging data were processed and analyzed using ImageJ or MATLAB. The time-series imaging sequence was first

denoised with amedian filter and processedwith ‘‘Correct 3D drift’’ plugin in ImageJ to correct themicromotion artifact. For the identification

of firing neurons, we subtract the mean image of the whole stack from every image and manually labeled the neuron soma using the ‘‘oval

selection’’ tool in ImageJ. Using these regions of interest (ROIs) for neuron soma, we recorded the location and the calcium fluorescence ac-

tivity of each ROI from the raw image sequence (after motion correction).

Cumulative DF/F

In MATLAB, we calculated the mean and standard deviation (STD) of the calcium fluorescence intensity for each neuron ROI over the whole

20 min scan. A neural firing threshold was set at mean + STD. Only the calcium fluorescence intensity above that threshold was considered for

the calculation of accumulativeDF/F to indicate the neural firing rate. TheDF/F ratio was calculated by subtracting the averaged fluorescence

intensity from the raw traces and then divided by the mean value. The accumulative DF/F was the summation of all the DF/F above the

threshold during the whole imaging session.

Correlations of neuronal activity

All the neurons in the cortical column of the microbleed (within 150 mm laterally) were included in this analysis. The locations of neurons were

categorized into three groups: superficial (> 400 mm), middle (>200 mm and <= 400 mm), and deep (<= 200 mm), based on their depth relative

to the micro bleedings. The correlation of neurons was calculated for each pair of neurons using their DF/F traces over the 20 min scan.

Microglia intensity distribution

A 300 mmwide subregion around the micro bleed location was selected as the field of interest. The images for microglia fluorescent intensity

quantification were averaged from 30 images at a single plane. TheOtsu algorithmwas used to set a threshold to binarize the image. Amicro-

glia ratio was calculated using ‘‘plot profile’’ function in ImageJ, which calculated the ratio of pixels containing microglia fluorescence in

each row.

Microglia contact ratio

At every minute, we averaged 30 images of microglial fluorescence in every minute and applied a threshold using the Otsu method. A max

intensity projection image was then generated by overlaying 20 binary images over a 20 min scan. From this max projection image, we

measured the area covered by microglia over each neuron soma ROI as its microglia contact ratio (Figure 6A).

Microglial surveillance

At every minute, we again averaged 30 images of microglial fluorescence and then applied a standard deviation (STD) projection over the

20 min scan. A higher value in the standard deviation projection indicates where the microglial fluorescence changed more drastically.
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TheOtsu thresholdingmethodwas used to binarize the STDprojection image. A 300 mmwide subregion around themicro bleed locationwas

selected for quantification. Then we used ‘‘plot profile’’ function in ImageJ to calculate the ratio of pixels above threshold in each row along

the vertical depth.

Statistics

All the statistical analysis was done using the Prism software (GraphPad). Specific statistical tests are described in figure captions. Throughout

the text, p-value were presented as *: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001.
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