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Abstract 

Modulation of the blood-brain barrier (BBB) using transcranial focused ultrasound with intravenous microbubbles (FUS) has progressed 
to clinical trials. Guided by magnetic resonance imaging (MRI), FUS significantly increases local BBB permeability for approximately 6-24 
h in mice, with an ensuing mild inflammation. Microglia, as the immune cells of the brain, are stimulated by FUS-BBB modulation, although 
the timing and nature of their responses remain unclear. In this study, we characterized the cellular (i.e., density, distribution, and 
morphology) and subcellular (i.e., ultrastructure) microglial alterations early after FUS-BBB modulation. 
Methods: We targeted the hippocampi of adult, male mice with MRI-guided FUS in the presence of intravenous microbubbles. At 1 h 
and 24 h after FUS-BBB modulation, we investigated i) the density and distribution of ionized calcium-binding adaptor molecule 1 (Iba1)-
positive (+) microglia; ii) the morphology of Iba1+ soma and processes; and iii) the microglial organelles and contacts using scanning 
electron microscopy. 
Results: Microglial density and distribution were unchanged at 1 h and 24 h. However, FUS-BBB modulation was associated with 
elongated microglial cell bodies at both time points. At 1 h, microglia shifted to compact shapes with stubby processes, whereas at 24 h, 
they were larger, with fewer processes. At the nanoscale, microglia preserved interactions with blood vessels, but they increased their 
contacts with swollen astrocytic endfeet at 1 h and 24 h. By 24 h after FUS-BBB, microglia contacted pre-synaptic elements and 
extracellular space pockets less frequently, with ultrastructural indications of changes in metabolic demand and lysosomal activity. 
Conclusion: At 1 h and 24 h after FUS-BBB, traits of microglial surveillance were maintained, despite a shift in morphology associated 
with injury shielding in a subset of cells. FUS-BBB modulation appears to temporarily modify lysosomal, but not phagocytic properties, 
of microglia and to reduce ultrastructural indications of pre-synaptic remodeling early after treatment. 
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Introduction 
Microglia are the resident immune cells of the 

central nervous system (CNS) [1,2]. Changes in 
microglial activity, commonly known as reactivity, can 

alter CNS surveillance, synaptic remodeling, and 
blood-brain barrier (BBB) maintenance [3,4]. Microglia 
coexist in a spectrum of states differing in their 
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molecular expression, ultrastructure, morphology, 
distribution, and density [3–5]. These levels of 
complexity determine microglial functions [4], making 
their detailed characterization necessary for 
identifying strategies to retain beneficial physiological 
roles. 

Transcranial focused ultrasound combined with 
intravenously injected microbubbles (FUS) is a 
cutting-edge technology that modulates the BBB, and 
improves numerous neurological conditions [6–8]. 
The BBB is a dynamic border checkpoint of the CNS, 
regulating the flux of molecules and cells [9–11]. FUS 
transiently increases BBB permeability, improving the 
entry of therapeutic drugs into the CNS of rodents [12], 
non-human primates [13] and humans undergoing 
clinical trials [12]. 

In rodent models of neurodegenerative diseases, 
FUS-BBB modulation has been associated with 
beneficial microglial responses days after treatment, 
possibly facilitating the phagocytosis of deleterious 
molecules [14]. In the healthy brain, reduced 
microglial proximity and cellular processes were 
found in the targeted compared to non-targeted 
hippocampi of mice, 7 days after FUS-BBB modulation 
[15]. Evidence regarding microglial changes early after 
FUS-BBB modulation is lacking. Moreover, transient 
shifts in microglial morphology associated with 
reduced homeostatic parenchymal surveillance may 
be a contentious point of FUS-BBB modulation [8]. 

During acute inflammation, microglia shift their 
ultrastructure and present increased markers of 
cellular stress [16], including dilated endoplasmic 
reticulum (ER)/Golgi cisternae and enlarged 
mitochondria [17,18]. Microglia showing 
ultrastructural markers of stress in neurodegenerative 
mouse models interact less with the vasculature [19], 
and healthy microglia seem to be required for timely 
closure of the BBB following FUS [20]. Thus, during 
the window of FUS-induced BBB permeability, 
microglia under cellular stress could alter their 
physiological functions and impact the resolution of 
BBB properties involving other cellular players. 

To provide insights into the early changes in 
microglial features, including surveillance and 
phagocytosis, following FUS-BBB modulation in adult 
male mice, we targeted the hippocampus, a memory 
and learning hub. We collected brains at 1 h and 24 h 
post-FUS-BBB modulation following a protocol 
previously shown to increase BBB permeability from 4 
to 6 h in mice [10,21]. Sections were stained for ionized 
calcium-binding adaptor molecule 1 (Iba1), a 
microglia/macrophage marker, and immunoglobulin 
(Ig)G, which we used as an indicator of increased BBB 
permeability [14,22]. Using brightfield microscopy, we 
measured the density, distribution, and morphology 

of Iba1+ cells. With chip mapping scanning electron 
microscopy (SEM), we assessed microglial 
intracellular organelles (e.g., phagosomes) and 
contacts with the BBB and neuronal elements. 

In male mice, our findings support that FUS-BBB 
modulation does not modify the density and 
distribution of hippocampal microglia in the first 24 h 
of treatment. Microglial cell bodies were enlarged, and 
a subset of cells shifted to larger shapes, with fewer 
processes. Moreover, there were more frequent 
microglial contacts with vessels presenting swollen 
astrocytic endfeet, but reduced microglial interactions 
with presynaptic elements and extracellular space 
pockets. In addition, as metabolic demand features 
increased (i.e., elevated mitochondrial alterations), 
microglia appeared to also reduce their lysosomal 
efficiency. Therefore, our results suggest that FUS-BBB 
modulation does not disrupt measures of microglial 
surveillance and phagocytosis and that a subset of cells 
adapts to BBB permeability, with potential effects on 
synaptic plasticity and other physiological roles. 

Results 
FUS-BBB modulation increased hippocampal 
BBB permeability 

Given their roles in vascular regulation, BBB 
surveillance, and response to blood antigens, we 
examined the early responses of microglia to FUS-BBB 
modulation [8]. Adult mice (n = 6 animals) received 
unilateral hippocampal FUS, with the contralateral 
region serving as a control. Post-FUS, gadolinium-
enhanced MRI confirmed increased BBB permeability 
(Figure 1A, dashed circle), without significant 
differences in average voxel intensity ipsilaterally at 1 
h and 24 h (Figure 1B, Table S1). We assessed 
permeability post-mortem with IgG immunostaining 
[14,22], observing it exclusively in the ipsilateral 
hippocampi (Figure 1C), particularly in the cornu 
ammonis 1 (CA1). Accordingly, IgG staining optical 
density increased in the 24 h ipsilateral hemisphere 
compared to the 1 h ipsilateral hemisphere, and the 1 
h and 24 h contralateral hemispheres post-FUS-BBB 
modulation (Figure 1D, main effect, F = 17.49 and p = 
0.0001, post-hoc contralateral 1 h vs ipsilateral 24 h p ≤ 
0.0001, post-hoc ipsilateral 1 h vs ipsilateral 24 h p ≤ 
0.0001, post-hoc contralateral 24 h vs ipsilateral 24 h p 
≤ 0.0001, Table S1). The CA1 is organized in four strata 
with distinct neuronal, microglial and vasculature 
compositions, but there was no significant difference 
in IgG optical density across layers (Table S1). These 
results suggest that FUS-BBB increases hippocampal 
permeability, enabling gadolinium and IgG entry in 
the male mouse brain parenchyma. 
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Figure 1. FUS-BBB modulation increased hippocampal BBB permeability. A. T1-weighted images confirmed increased blood-brain barrier (BBB) permeability 
indicated by gadolinium detection (dashed circle) in the ipsilateral (ipsi-) hippocampi parenchyma at 1 h and 24 h after FUS-BBB modulation. B. When quantified, the average 
voxel intensity of the gadolinium signal was comparable in the ipsilateral compared to the contralateral (contra-) hippocampi. The bar graph shows the mean, standard error 
of the mean, and individual data points (n = 3 animals/hemisphere/time point), analyzed with a mixed effects 2-way ANOVA. C. Representative images of ionized calcium-binding 
adapter molecule 1 (Iba1), a marker of microglia/macrophages, and immunoglobulin (Ig)G immunoperoxidase staining imaged in the cornu ammonis 1 (CA1) at 40x with a 
brightfield microscope. IgG was only detected in the ipsilateral parenchyma and was often circular (dashed circle), indicative of the area targeted by the FUS-BBB modulation. 
Scale bars 400 mm. D. IgG optical density was significantly increased across time (main effect of time not shown) with higher values at 24 h compared to 1 h and contralateral 
hippocampus, irrespective of layer (LMol, Rad, Py, Or, CA1). The bar graphs show the mean, standard error of the mean, and individual data points (n = 3 animals/hemisphere/time 
point), analyzed with a mixed-effects 2-way ANOVA and Šídák’s multiple comparison tests. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. a.u.: arbitrary unit, LMol: 
stratum lacunosum-moleculare, Or: stratum oriens, Py: stratum pyramidale and Rad: stratum radiatum. 

 
Microglial density and distribution were 
maintained 

Microglia may rearrange their distribution over 1 
and 3 days [20] or 7 weeks [15,23] after FUS-BBB 
modulation. To assess earlier effects, we quantified 
Iba1+ cell density, cluster cell density (<12 µm apart), 
nearest neighbour distance (NND, nearest cell to every 
other cell), and spacing index (NDD and density 
compiled) in ipsilateral and contralateral CA1 layers at 
1 h and 24 h (Figure 2A-D). No significant differences 
were found between hemispheres in any layer (Figure 
2E-F, Table S2). In the pooled CA1 layers, there was a 
significant effect of time in modulating the NND 
(Figure 2G, main effect, F = 5.5390, p = 0.0464), 

indicating the distance between cells changed over the 
24 h after FUS-BBB modulation. 

Microglial density was inversely correlated 
with parenchymal IgG 

Because microglial somas and processes may be 
attracted to blood molecules extravasation [8], we 
correlated parenchymal IgG optical density and 
microglial properties in the ipsilateral CA1. At 1 h and 
24 h, IgG optical density correlated negatively with 
microglial density (Figure S1A, r = -0.94 and p = 0.02, 
Table S3) and positively with microglial NND (Figure 
S1A, r = 0.89 and p = 0.03, Table S3). These results 
suggest that the quantity of IgG entry into the brain 
was associated with decreases in density and 
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proximity of Iba1+ cells in male mice. Longitudinal 
imaging of microglia during the hours following FUS-
BBB modulation is warranted to verify this association 
[24,25]. 

Microglial soma perimeter increased 
Microglia soma enlargement occurs 7 days after 

FUS-BBB modulation in male mice [15]. We tested 
whether earlier changes appear in the CA1 stratum 
lacunosum-moleculare (LMol), a vessel-rich layer [26] 
possibly more affected by FUS [27]. Manual tracing of 
cell bodies (Figure 3A-D) revealed an increased 
average soma perimeter ipsilaterally at 24 h (Figure 3E, 
main effect F = 15.4300 and p = 0.0171, interaction 
effect F = 8.0070 and p = 0.0474, post-hoc contralateral 
vs ipsilateral at 24 h p = 0.0175 and t = 4.7780, Table S4), 
without changes in soma area, aspect ratio, solidity, 
roundness, or circularity (Figure 3F-J, Table S4). Thus, 
the microglial soma perimeter increased by 24 h of 
FUS-BBB modulation, producing elongated or 
complex cell body shapes. 

To capture subtle morphological shifts across the 
cell population [4], we analyzed the distribution of 
soma descriptors via nonlinear regression (See 
Supplementary Methods for a detailed description) 
[28,29]. The ipsilateral distribution of microglial soma 
perimeter, area, aspect ratio, solidity, and roundness 
was significantly different from controls at both time 
points (Figure 3K-O, all p < 0.0001), though only at 1 h 
for soma circularity (Figure 3P, p < 0.0001). Based on 
the amplitude and mean of the regression curves, 
which increase with less heterogeneous but larger 
values across cells, ipsilateral microglia deviated to 

larger, rounder and more porous somas at 1 h and 24 
h, resulting in diverse distributions for all shape 
descriptors at 24 h (Table S5). Our findings indicate 
FUS-BBB modulation in male mice increased soma 
perimeter broadly and promoted large and varied 
microglial somas after 1 h and 24 h. 

Microglial processes shifted in a subset of cells 
In addition to soma changes, FUS-BBB 

modulation may influence microglial processes, which 
remodel to survey cellular compartments and 
extracellular space [3]. After tracing LMol Iba1+ 
staining to define convex territories and process masks 
(Figure 4A-D), we measured convex and mask area, 
perimeter, aspect ratio, circularity, and solidity, along 
with descriptors that increase with cell shape 
complexity, i.e. lacunarity and fractal dimension 
(Table S4) [30]. None of these averaged descriptors 
differed between hemispheres and time points (Figure 
4E-J). However, nonlinear regression revealed 
significant ipsilateral shifts in the relative distribution 
of all microglial process shape descriptors at 1 h and 
24 h, except for microglial area at 1 h and circularity at 
24 h (Figure 4K-P, Table S5, all p < 0.02). Ipsilateral 
microglia adopted a diverse distribution of smaller 
and regular process shapes at 1 h, shifting back to a 
relatively homogeneous distribution of larger, 
compact and irregular shapes at 24 h (Supplementary 
Methods). Thus, in a subset of cells, FUS-BBB 
modulation promoted a diverse set of de-ramified 
(from ramified to rounder) process morphologies at 1 
h and of porous morphologies at 24 h (Table S5). 

 

 
Figure 2. Within one day of FUS-BBB modulation, there were no microglial density or distribution changes. A-D. Representative brightfield microscopy images 
taken at 40x illustrate ionized calcium-binding adapter molecule 1 (Iba1) positive (+) cell and immunoglobulin (Ig)G+ parenchymal distribution along the examined cornu ammonis 
1 (CA1) strata. Images were obtained in ipsilateral (ipsi-) and contralateral (contra-) hemispheres at 1 h and 24 h following double immunoperoxidase staining. Scale bar 100 
μm. E-G. In the CA1, the microglial density and spacing index were not altered despite a main effect of time (not shown) in changing the nearest neighbour distance during the 
24 h after FUS-BBB modulation (G). The bar graphs show the mean, standard error of the mean, and individual data points (n = 3 animals/hemisphere/time point). Statistical 
significance was assessed by a mixed-effects 2-way ANOVA with Šídák’s multiple comparison tests. a.u.: arbitrary unit, LMol: stratum lacunosum-moleculare, Or: stratum oriens, Py: 
stratum pyramidale and Rad: stratum radiatum. 
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Figure 3. The distribution of microglial soma shape descriptors shifted one day following FUS-BBB modulation. A-D. Representative brightfield microscopy 
images taken at 40x illustrate mouse ionized calcium-binding adapter molecule 1 (Iba1) positive (+) cells with soma tracings (dashed line) across the contralateral (contra-) and 
ipsilateral (ipsi-) lacunosum moleculare (LMol) 1 h and 24 h following FUS-BBB. Scale bar 10 μm. E–J. The average soma perimeter (E) was significantly increased in the ipsilateral 
vs contralateral LMol at 24 h, according to a main effect of hemisphere, an interaction effect of hemisphere x time (both not shown) and post-hoc effect for contralateral vs 
ipsilateral at 24 h. The mean Iba1+ soma area (F), aspect ratio (G), solidity (H), roundness (I), and circularity (J) did not change in the ipsilateral LMol at 1 h or 24 h, compared 
to the contralateral controls. The bar graphs show the mean, standard error of the mean, and individual data points (n = 3 animals/hemisphere/time point) analyzed by a mixed-
effects 2-way analysis of variance (ANOVA) with Šídák’s multiple comparison tests. K–P. According to nonlinear regression models, the relative distribution of Iba1+ soma 
perimeter (K), area (L), aspect ratio (M), solidity (N), and roundness (O) was significantly distinct in the ipsilateral compared to the contralateral LMol at both 1 h and 24 h, 
though only at 1 h soma circularity (P). Histograms show the relative frequency, and nonlinear regression was analyzed via Wilcoxon comparison tests. * p < 0.05, ** p < 0.01, 
*** p < 0.001, **** p < 0.0001. a.u.: arbitrary unit, IgG: immunoglobulin G. 
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Figure 4. The distribution of microglial processes changed within one day of FUS-BBB modulation. A–D. Representative brightfield microscopy automated cell 
masks obtained from 40x magnification images illustrate ionized calcium-binding adapter molecule 1 (Iba1) positive (+) cells across the 1 h and 24 h contralateral (contra-) and 
ipsilateral (ipsi-) lacunosum moleculare (LMol) following FUS-BBB. Scale bar 10 μm. E–J. Iba1+ automated cell mask area (E), perimeter (F), aspect ratio (G), circularity (H), 
solidity (I), and lacunarity (J) averages did not change in the ipsilateral LMol at 1 h and 24 h, compared to the contralateral controls. Bar graphs show the mean, standard error 
of the mean and individual data points (n = 3 animals/hemisphere/time point) analyzed by a mixed-effects 2-way analysis of variance (ANOVA). K–P. However, according to 
nonlinear regression models, the relative distributions of automated cell mask area (K), perimeter (L), aspect ratio (M), circularity (N), solidity (O) and lacunarity (P) were 
significantly distinct in the ipsilateral compared to the contralateral control at both 1 h and 24 h. Histograms show the relative frequency and nonlinear regression analyzed via 
Wilcoxon comparison tests. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. a.u.: arbitrary unit. 
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Table 1. Summary of mean and amplitude nonlinear regression models in ipsilateral versus contralateral microglia. 

Ipsilateral vs 
Contralateral 

1 h 24 h 
Higher Lower Higher Lower 

Soma Mean area, perimeter, 
roundness, aspect ratio 

solidity, circularity area, perimeter, roundness solidity, aspect ratio 

Amplitude area, roundness, 
solidity, aspect ratio 

perimeter, circularity aspect ratio area, perimeter, roundness, 
solidity 

Territory Mean aspect ratio, 
circularity, roundness 

area, perimeter area, aspect ratio circularity, roundness 

Amplitude circularity, perimeter area, aspect ratio, roundness circularity area, aspect ratio, roundness 
Mask Mean 

 
area, perimeter, roundness, solidity, lacunarity, 
fractal dimension 

area, solidity, lacunarity, fractal 
dimension 

perimeter, roundness 

Amplitude area perimeter, roundness, solidity, lacunarity, 
fractal dimension 

area, perimeter, roundness, fractal 
dimension 

solidity, lacunarity 

Arbor Mean branches junctions, longest shortest path, maximum 
branch length 

longest shortest path branches, junctions, maximum 
branch length 

Amplitude longest shortest path branches, junctions, maximum branch length junctions, 
longest shortest path, maximum 
branch length 

branches 

 
 
When we examined microglial ramification 

further by skeletonizing Iba1+ masks (Figure 5A-D), 
none of the average descriptors associated with 
increased process ramification, i.e., number of 
branches and junctions, maximum branch length and 
the longest shortest path, changed between 
hemispheres and time points (Figure 5E-H, Table S4). 
However, there were significant shifts in their 
ipsilateral relative distribution at 1 h and 24 h (Figure 
5I-L, Table S5, all p < 0.0451). Ipsilateral microglial cells 
had a relatively homogeneous distribution of 
numerous but smaller branches at 1 h, shifting back to 
less ramified and elongated processes at 24 h 
(Supplementary Methods). In summary, FUS-BBB 
modulation did not cause large-scale changes in 
microglial territory or process shape at 1 h or 24 h 
(Table S5). Instead, subsets of ipsilateral cells shifted 
their morphology, adopting diverse distributions of 
larger and elongated somas, as well as compact 
territories with stubby processes at 1 h. At 24 h, this 
reverted to homogeneous distributions of larger 
territories with fewer and simpler processes (Table 1). 

Microglial morphology was not linked to 
parenchymal IgG 

We tested whether ipsilateral microglial 
morphological variation correlated with IgG 
extravasation into the parenchyma at both time points 
[8]. Spearman r correlations between the IgG staining 
optical density and microglial shape descriptors 
showed no significant relationships (Figure S1B, Table 
S3), suggesting that the levels of IgG were not directly 
linked with shifts in microglial shape in male mice. 

To assess variability and the contribution of 
shape descriptors to microglial morphology, we 
subjected all 30 ipsilateral and contralateral shape 

variables to a principal component analysis (PCA, 
Table S7). Six PCs were retained, with PC1 explaining 
39.2 and PC2 13.9% of the variation in the dataset. 
Ipsilateral microglia at 24 h vs 1 h accounted for much 
of this variability (Figure S1C), and arborization 
parameters such as number of branches and junctions 
most strongly correlated with PC1 variation (Figure 
S1D). 

Microglia selectively contacted swollen 
astrocytic endfeet 

Electron microscopy has shown that microglia 
interact with [31,32] and can migrate toward vessels 
upon BBB permeability [4,33,34]. This raised the 
intriguing possibility that after FUS-BBB, microglia 
increase their vascular contacts, particularly in large-
vessel regions such as the LMol [26]. Using chip 
mapping SEM, we quantified the interactions between 
Iba1+ cells and blood vessels, including capillaries, 
veins and arteries (6A-D). While we observed one 
striking case of an ipsilateral Iba1+ process enclosed by 
a capillary at 1 h (Figure 6B), average vessel distance 
(Figure 6E) and number of capillary-associated 
microglia (within <150 nm of a vessel) did not differ at 
1 h and 24 h (Table S8). Instead, FUS-BBB modulation 
may promote microglial probing of specific BBB 
elements [8]. First, we verified microglial cell body 
interactions with the basement membrane (Figure 6A-
D), an extracellular matrix that anchors BBB cells [8]. 
We found a significant interaction between 
hemisphere and time for microglial-basement 
membrane contacts (Figure 6F, interaction effect, F = 
12.31, p = 0.02). The absence of significant pairwise 
differences suggests the overall effect is driven by 
many small, coordinated changes in these contacts, 
rather than one dominant pairwise difference. 
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Figure 5. The length and number of microglial processes fluctuated 1 h and 24 h following FUS-BBB modulation. A–D. Representative brightfield microscopy 
arborizations obtained from 40x magnification images illustrate ionized calcium-binding adapter molecule 1 (Iba1) positive (+) cells across the 1 h and 24 h contralateral (contra-
) and ipsilateral (ipsi-) lacunosum moleculare (LMol) following FUS-BBB. Scale bar 10 μm. E–H. The number of branches (E) and junctions (F), along with the maximum branch 
length (G) and longest shortest path (H) averages, did not change in the ipsilateral LMol at 1 h or 24 h, compared to the contralateral controls. The bar graphs show the mean, 
standard error of the mean, and individual data points (n = 3 animals/hemisphere/time point) analyzed by a mixed-effects 2-way analysis of variance (ANOVA). I–L. By contrast, 
according to nonlinear regression models, the relative distributions of branches (I) and junctions (J) number, as well as maximum branch length (K) and longest shortest path 
(L), were significantly distinct in the ipsilateral LMol compared to the contralateral control at both 1 h and 24 h. Histograms show the relative frequency and nonlinear regression 
analyzed via Wilcoxon comparison tests. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. a.u.: arbitrary unit. 



Theranostics 2026, Vol. 16, Issue 16 
 

 
https://www.thno.org 

9330 

Next, we examined microglial cell body contacts 
with astrocytic endfeet, which link neuronal activity to 
blood flow [8]. Despite many interactions (Figure 6A-
D), contact frequencies were unchanged across 
conditions (Figure 6G). Notably, swollen endfeet, 
which occur in health and disease and are marked by 
large and clear cytoplasm [35], were observed in both 
hemispheres (Figure 6B). There was a significant 
hemisphere effect on the number of microglia-swollen 
endfeet contacts (Figure 6H, main effect, F =16.48, p = 
0.02) and an increased frequency of these interactions 
ipsilaterally at both time points (Figure 6I, 1 h p = 
0.0007, 24 h p = 0.0101, Table S9). Our findings propose 
a selective recruitment of microglia towards swollen 
endfeet after FUS-BBB modulation in male mice.  

Microglia preferentially interacted with larger 
and nearby vessels 

We also tested whether vessel proximity and 
diameter correlated with microglial-BBB interactions 
(Figure S2A, Table S12). We found negative 
correlations between vessel proximity and microglial 
contacts with the basement membrane (r = -0.4722, p ≤ 
0.0001), homeostatic astrocytic endfeet (r = -0.7330, p ≤ 
0.0001), swollen astrocytic endfeet (r = -0.3126, p = 
0.0019), and total astrocytic endfeet containing 
mitochondria (Figure 6C-D, r = -0.6213, p = 0.0000), 
which were shown to attract immune cells [36]. By 
contrast, there were positive correlations between 
vessel area and microglial interactions with 
homeostatic astrocytic endfeet (r = 0.3624, p ≤ 0.0001), 
swollen endfeet (r = 0.3072, p = 0.0001), astrocytic 
endfeet containing mitochondria (r = 0.3151, p = 
0.0001), the basement membrane (r = 0.1793, p = 
0.0276), as well as endothelial cells (Figure 6A-B, r = 
0.1800, p = 0.0270). Therefore, microglial cell bodies in 
male mice appear to preferentially interact with larger, 
nearby vessels, particularly at swollen endfeet, after 
FUS-BBB modulation. 

A subset of microglia reduced contacts with 
pre-synaptic elements and extracellular space 
pockets 

The role of microglia in synaptic plasticity is 
further supported by previous electron microscopy 
studies in animal models [37]. Since FUS-BBB 
modulation may trigger synaptic plasticity [8], we 
used chip mapping SEM to examine interactions 
between microglial cell bodies, pre-synaptic (Figure 
7A-B) and post-synaptic (Figure 7A-D) elements, and 
extracellular space pockets (Figure 7A-C), required for 
neuronal remodeling [38,39]. Time modulated the 
average number of microglia-pre-synaptic contacts 

(Figure 7E, main effect, F = 33.0600, p = 0.00), 
suggesting their number changed over 24 h. Across the 
cell population, the relative distribution of microglia-
pre-synaptic contacts shifted between hemispheres at 
1 h and 24 h (Figure 7F all p ≤ 0.0001), with ipsilateral 
microglia showing fewer and variably distributed 
contacts (Supplementary Methods, Table S10). 
Ipsilateral microglia also contacted extracellular space 
pockets less frequently at 24 h after FUS-BBB 
modulation (Figure 7H, p =0.0040, Table S9). We did 
not find significant differences for microglial 
interactions with post-synaptic elements, neuronal cell 
bodies (satellite cells), myelinated axons, degenerating 
myelin, and extracellular space pockets containing 
debris or presenting digestion (Table S8). These results 
suggest a subset of the mouse microglial population 
shifts towards less frequent contacts with pre-synaptic 
elements and extracellular space pockets, potentially 
reflecting a reduced contribution of microglia to 
synaptic plasticity after FUS-BBB modulation [8]. 

Markers of microglial oxidative stress 
increased in a subset of cells 

Microglial organelle density and ultrastructure 
can indicate oxidative stress after BBB permeability 
[35]. Using chip mapping SEM, we examined 
ER/Golgi and mitochondria density (Figure 8A-D), as 
well as hallmarks of metabolic demand, such as 
ER/Golgi dilation, mitochondria elongation (Figure 
8B) and dystrophy (Figure 8D) in microglial cell bodies 
[30]. There were no significant differences in 
microglial densities of ER/Golgi cisternae and 
mitochondria at 1 h or 24 h (Figure 8E-H), despite 
hemisphere-dependent effects on the number of 
homeostatic (Figure 8F, main effect, F = 17.3200, p = 
0.0141) and dystrophic (Figure 8H, main effect, F = 
5.5910, p = 0.0456) mitochondria (Table S8). The 
relative distributions of ER/Golgi cisternae and of 
homeostatic and elongated mitochondria significantly 
differed between hemispheres at 1 h and 24 h (Figure 
8I-K, all p ≤ 0.0001, Table S10). At 1 h, ipsilateral 
microglia exhibited organelle changes indicative of 
higher metabolic demands, with an increasingly 
heterogeneous ER/Golgi distribution, but the reverse 
effect for homeostatic and elongated mitochondria 
(Supplementary Methods). At 24 h, a higher frequency 
of ipsilateral microglia contained dystrophic 
mitochondria (Figure 8L, p = 0.0040, Table S9). In 
summary, FUS-BBB modulation was associated with 
oxidative stress markers in a subset of microglia, 
revealed by increased ER/Golgi activity and 
mitochondrial alterations. 
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Figure 6. FUS-BBB modulation increased the frequency of microglial contact with swollen astrocytic endfeet. A-D. Representative scanning electron microscopy 
(SEM) images of ionized calcium-binding adapter molecule 1 (Iba1) positive (+) cell bodies (purple) and processes (purple asterisk), alongside blood vessels in the ipsilateral (ipsi-
) and contralateral (contra-) stratum lacunosum moleculare (LMol) at 1 h and 24 h after FUS-BBB. Microglial contacts with endothelial cells and astrocytic endfeet contain 
mitochondria, pseudocolored in red and blue, respectively. Scale bar 3 μm. E–H. The average distance between microglia and blood vessels (E), the number of contacts 
between microglia and the basement membrane (F, orange), astrocytic endfeet (G, pink) and swollen astrocytic endfeet (H, green) did not differ between the ipsilateral and 
contralateral LMol of mice at 1 h and 24 h after FUS-BBB modulation, despite an interaction effect between hemisphere and time for basement membrane contacts and a 
hemisphere effect for swollen endfeet contacts (both not shown). The bar graphs show the mean, standard error of the mean, and individual data points (n = 3 
animals/hemisphere/time point) analyzed by a mixed-effects 2-way analysis of variance (ANOVA). I. By contrast, the relative number of contacts between microglia and swollen 
astrocytic endfeet significantly increased in the ipsilateral compared to the contralateral LMol at 1 h and 24 h after FUS-BBB modulation. Relative frequency bar graphs analyzed 
via Fisher’s exact tests. *p < 0.05, **p < 0.01, ***p < 0.001. 
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Figure 7. Microglia interacted less frequently with pre-synaptic elements and extracellular space pockets following FUS-BBB modulation. A–D. 
Representative scanning electron microscopy (SEM) images of ionized calcium-binding adapter molecule 1 (Iba1) positive (+) cells (purple) and blood vessels in the ipsilateral 
(ipsi-) and contralateral (contra-) stratum lacunosum moleculare (LMol) at 1 h and 24 h after FUS-BBB. Microglial contacts with pre-synaptic elements (A, B, pink), post-synaptic 
elements (A, B, D, green) and extracellular space pockets (C, beige). Scale bar 3 μm. E. The average number of contacts between microglia and pre-synaptic elements was 
significantly modulated by time (main effect not shown), suggesting a reduction in contacts during the 24 h after FUS-BBB modulation. The bar graph shows the mean, standard 
error of the mean, and individual data points (n = 3 animals/hemisphere/time point) analyzed by a mixed-effects 2-way analysis of variance (ANOVA) with Šídák’s multiple 
comparisons tests. F. According to nonlinear regression modeling, the relative distribution of ultrastructural interactions between microglia and pre-synaptic elements 
significantly differed between the ipsilateral and contralateral LMol at 1 h and 24 h after FUS-BBB modulation. Histograms show the relative frequency, and nonlinear regression 
analyzed via Wilcoxon comparison tests. G. The average number of ultrastructural interactions with extracellular space pockets did not differ for microglial cell bodies examined 
at 1 h or 24 h after FUS-BBB modulation in the ipsilateral vs contralateral LMol. H. However, at 24 h, the relative frequency of contacts with extracellular space per microglial 
cell body decreased in the ipsilateral LMol compared to the contralateral LMol at 24 h. Histograms show the relative frequency analyzed by Fisher’s exact tests. *p < 0.05, 
**p < 0.01, ***p < 0.001. #: number. 
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Figure 8. Microglia altered their mitochondria and endoplasmic reticulum following FUS-BBB modulation. A–D. Representative scanning electron microscopy 
(SEM) images of ionized calcium-binding adapter molecule 1 (Iba1) positive (+) cells (purple) and blood vessels in the ipsilateral (ipsi-) and contralateral (contra-) stratum lacunosum 
moleculare (LMol) at 1 h and 24 h after FUS-BBB. Pictures highlight microglial homeostatic mitochondria (green) and endoplasmic reticulum/Golgi apparatus (ER/Golgi, orange 
asterisk) cisternae (A, C), elongated mitochondria (A, B, pink), dilated ER/Golgi (B, D, blue arrowhead), and dystrophic mitochondria (D, orange). Scale bars: 3 μm. E–H. 
The average number of microglial ER/Golgi cisternae (E), mitochondria (F), elongated mitochondria (G) and dystrophic mitochondria (H) did not change at 1 h and 24 h after 
FUS-BBB modulation in the ipsilateral and contralateral LMol, despite a main effect of hemisphere for homeostatic and dystrophic mitochondria (both not shown). The bar 
graphs show the mean, standard error of the mean, and individual data points (n = 3 animals/hemisphere/timepoint) analyzed by a mixed-effects 2-way analysis of variance 
(ANOVA). I-K. According to the nonlinear regression models, the relative frequency of ER/Golgi (I), mitochondria (J) and elongated mitochondria (K) differed between the 
ipsilateral vs contralateral LMol at 1 h and 24 h. L. Histograms show the relative frequency and nonlinear regression analyzed via Wilcoxon comparison tests. The number of 
dystrophic mitochondria per cell was significantly different between ipsilateral and contralateral LMol at 24 h. Histograms show the relative frequency analyzed via Fisher’s exact 
tests. *p < 0.05, **p < 0.01, ***p < 0.001. #: number. 
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Alterations to lysosomal properties in 
microglia 

FUS-BBB modulation has been linked to 
microglial phagolysosomal activity, based on an 
increased inclusion of pathological proteins [14,40]. 
We used chip mapping SEM to quantify the number of 
empty and filled phagosomes, autophagosomes and 
primary (Figure 9A), secondary (Figure 9B), and 
tertiary (Figure 9C) lysosomes within microglial cell 
bodies (Figure 9D) following FUS-BBB modulation. 
We found significantly fewer primary lysosomes per 
microglia at 24 h (Figure 9E, interaction effect of 
hemisphere x time F = 12.7200 and p = 0.0235, post-hoc 
contralateral vs ipsilateral at 24 h p = 0.0368 and t = 
3.8340). Secondary lysosomes also showed a 
significant interaction between hemisphere and time 
(Figure 9F, interaction effect, F = 8.6430 and p = 0.0424). 
Since no individual pairwise contrast reached 
significance, this result indicates a group-level pattern 
rather than a singular large difference. No significant 
differences were found for tertiary lysosomes (Figure 
9G). Accordingly, there were fewer microglial cell 
bodies with primary (Figure 9H, p = 0.0259) and 
secondary lysosomes at 24 h (Figure 9I, p = 0.0379), but 
no impact on tertiary lysosomes (Figure 9J, Table S9). 
Primary and secondary microglial lysosomal activity 
decreased 24 h after FUS-BBB independently of 
phagocytosis, as we did not find significant differences 
for the average number and relative frequency of 
empty and filled phagosomes, and autophagosomes 
(Tables S8-9). 

Microglial ultrastructure variability was higher 
at 24 h 

Modifications in microglial contacts with blood 
vessels and the neuropil can coincide with changes in 
their organelles. To address the multidimensionality 
and contribution of each feature to ipsilateral 
microglial ultrastructure, we explored all 30 
ultrastructural variables using PCA (Table S11). The 
analysis selected three PC, with PC1 explaining 13.7% 
and PC2 11.05% of the variance in the dataset. 
Ipsilateral microglia at 24 h accounted for most 
variability (Figure S2C). Parameters such as the 
number of contacts between microglial cell bodies and 
astrocytic endfeet, swollen astrocytic endfeet, 
basement membrane, along with alterations in 
ER/Golgi cisternae and mitochondria, show the 
strongest correlations with variation within PC1 and 
PC2 (Figure S2D and Table S11). 

Discussion 
Several animal model reports have looked at 

microglial transcriptomic and morphological 
responses starting a day after FUS-BBB modulation 
[24,41–43], but similar evidence from the earlier hours 
of FUS-induced BBB permeability is still limited 
[8,14,15,23,43]. Our study explored whether microglial 
properties change early on following FUS-BBB. We 
leveraged hippocampal FUS-BBB to investigate 
microglial density, distribution, morphology, and 
ultrastructure at peak BBB permeability and after its 
resolution at 1 h and 24 h, respectively. We found that 
microglia generally do not change their density and 
distribution in the early stages after FUS-BBB. Cellular 
morphology was largely stable, with subsets of cells 
shifting towards shapes that were compact and stubby 
at 1 h, as opposed to extensive and simple at 24 h. 
Microglia likely increased surveillance of blood 
vessels presenting astrocytic swelling at both time 
points, while microglial contacts with pre-synaptic 
elements and extracellular space pockets tended to 
decrease at 24 h. In parallel, microglial cell bodies 
exhibited increased dystrophic mitochondria and 
reduced primary lysosomes at 24 h, suggesting 
increased metabolic demand and alterations to 
lysosomal properties, such as trafficking, turnover, or 
digestive demands [44]. Thus, we argue that by 24 h 
post FUS-induced BBB permeability there are no 
global changes in proxies of microglial surveillance 
and phagocytosis, raising important questions about 
their response over more chronic time periods. 

To our knowledge, this is the first study to 
characterize early changes in microglial morphology 
quantitatively following FUS-BBB modulation. Only 
microglial soma perimeter was significantly increased 
in the treated hemisphere at 24 h after FUS-BBB. This 
finding contrasted with the elevated microglial soma 
area previously observed in cells adjacent to the 
targeted hippocampi a week after FUS-BBB [18]. An 
early increase in perimeter not accompanied by 
changes in area could indicate an elongated soma 
shape reminiscent of rod microglia [45], which are 
proposed to shield dendrites and axons, notably after 
traumatic brain injury in rats [46]. It could also be an 
indication of membrane ruffling associated with 
cellular motility, receptor internalization and other 
activities [47]. Indeed, there was an increase in the 
relative distribution of large, round and porous 
microglial somas at 1 h and 24 h, based on nonlinear 
regression. Combined with the increased 
heterogeneity in the relative distribution of most 
microglial soma shape descriptors within the 
population at 24 h, we speculate that individual 
microglia could diversify their cell body shape, some 
ultimately adopting an elongated or complex 
morphology 24 h after FUS-BBB modulation. 
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Figure 9. Microglia had fewer primary lysosomes following FUS-BBB modulation. A–D. Representative scanning electron microscopy (SEM) images of ionized 
calcium-binding adapter molecule 1 (Iba1) positive (+) cells (purple) and blood vessels in the ipsilateral (ipsi-) and contralateral (contra-) stratum lacunosum moleculare (LMol) at 
1 h and 24 h after FUS-BBB. Pictures highlight primary (A, orange), secondary (B, pink) and tertiary (C, blue) lysosomes and microglial cell bodies without visible lysosomes 
(D). Scale bars: 3 μm. E. The average number of primary lysosomes was significantly decreased in microglial cell bodies of the ipsilateral vs contralateral LMol at 24 h after FUS-
BBB, according to both an interaction effect between hemisphere and time (not shown) and post-hoc comparison. F. A significant interaction effect (not shown) that did not 
pass pairwise comparisons was observed for the average of secondary lysosomes between ipsilateral and contralateral LMol. G. The average number of tertiary lysosomes did 
not change between ipsilateral and contralateral LMol at 1 h and 24 h after FUS-BBB. The bar graphs show the mean, standard error of the mean, and individual data points 
(n = 3 animals/hemisphere/time point) analyzed by a mixed-effects 2-way analysis of variance (ANOVA) with Šídák’s multiple comparisons tests. H–J. The relative frequency of 
primary (H) and secondary lysosomes (I) was also significantly different between ipsilateral and contralateral LMol at 24 h after FUS-BBB, with no changes in tertiary lysosomes 
(J). Histograms show relative frequencies analyzed via Fisher’s exact tests. *p < 0.05, **p < 0.01, ***p < 0.001. 
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Microglia can also use their processes to shield 
damage; only 30 min after a BBB lesion, cortical vessel-
associated microglia were seen extending their 
processes to reduce BBB permeability in mice [48]. Our 
findings suggest that FUS-BBB does not drive 
immediate and global changes in microglial 
ramification. However, microglia did shift their 
stubby processes at 1 h to larger, fewer and simpler 
processes at 24 h. Selective modulation of arborization 
aligns with early observations that microglia 
constantly modify their morphology, and this can be 
intensified with BBB damage [49]. The shift towards 
de-ramification that we observed could support the 
rod-like state mentioned before; however, it is also 
likely that these cells adopt more than one type of 
arbour morphology in response to FUS-BBB [3]. Cells 
transitioning from a ramified to an ameboid microglial 
morphology after lesion generally undergo 
withdrawal of processes, followed by soma 
enlargement and process protrusion [50]. In the 
putamen of non-human primates, a qualitative 
increase in microglia was observed, associated with a 
decreased cell territory at 3 h and 7 days but not 30 
days after FUS-BBB modulation [51]. Hence, the 
heterogeneous relative distribution of process shape 
descriptors we observed within the microglial 
population at 1 h may also reflect a push to maintain 
the diverse, specialized roles of microglia, in parallel 
to a partial transition toward ameboid cells, which 
may serve a protective role in the parenchyma [8,50]. 

Following previous evidence of microglia 
dynamically approaching blood vessels [4,33,34], and 
potentially sealing BBB leakages [34,36], we did not 
identify significant differences in the average distance 
or number of microglial cell bodies associated with 
blood vessels at 1 h and 24 h after FUS-BBB. Similarly, 
our light microscopy findings suggested the 
distribution of microglia did not change, despite a 
main effect of time in modulating the overall distance 
between cells, or NND. A significantly reduced NND 
of hippocampal microglia was previously observed in 
mice one week after FUS-BBB modulation [15]. 
Moreover, single-cell sequencing analysis of mouse 
hippocampal microglia at 24 h after FUS-BBB 
modulation revealed a molecular profile indicative of 
cell proliferation [20]. It is plausible that changes in 
microglial density and distribution after FUS-BBB take 
longer than 24 h. Contrary to rapid process 
movements [48], rodent microglial cell bodies are 
much less mobile, both under healthy conditions and 
after BBB lesion [49], with only 7.5% of microglial cell 
bodies shifting >5 μm toward vessels over several 
days [52]. We found that microglial cell bodies do not 
migrate toward vessels in the 24 h after FUS-BBB in 
mice, in contrast to the results obtained in non-human 

primates at a 48 h time point where migration was 
observed using light microscopy [42]. Future studies 
considering FUS parameters, species, sex and time 
post-FUS are, therefore, warranted prior to 
generalization of the findings. 

In addition, changes in microglial distribution 
may occur in relation to plasma extravasation into the 
CNS [53]. In rodent studies where microglial cell 
bodies quickly approached vessels, e.g. after daily 
injection of lipopolysaccharide [34] or stroke [36], the 
BBB suffered more intense insults compared to a single 
FUS-BBB [6]. Similar to previous studies, IgG from the 
blood, endogenous or administered intravenously, can 
be detected at the FUS-BBB treated sites following 
their entry and prior to their clearance from the 
parenchyma, which can take up to a week [14,54–58]. 
Correspondingly, there was a correlation between IgG 
optical density and NND 1 h and 24 h after FUS-BBB, 
suggesting elevated BBB permeability pushes 
microglia closer to one another or to damaged areas. 
Plasma extravasation, in turn, may differ based on 
vessel type, as arterioles were proposed to undergo 
more active vesicular transport than capillaries and 
venules during FUS-BBB [9]. Indeed, of all CA1 strata, 
the LMol, with its abundant large vessels [59], was the 
main region to visually show parenchymal IgG at 1 h 
and 24 h. We also found a positive correlation between 
vessel area and interactions between microglia and 
BBB elements. Moreover, we observed a significantly 
higher frequency of microglial contacts with swollen 
astrocytic endfeet in the ipsilateral vs contralateral 
LMol at both 1 h and 24 h. Previously, FUS targeted at 
brain tumours was shown to increase astrocytic 
endfeet swelling in rats [60]. However, swollen 
endfeet can occur naturally in the LMol, that is, in 
healthy, non-treated mice [43]. Our findings suggest 
that larger vessels bearing swollen endfeet are likely to 
recruit microglia after FUS-BBB, necessitating further 
longitudinal analyses. 

Increased recruitment of microglia towards 
vessels could hinder physiological surveillance of 
synapses and help explain the reduction in contacts 
between microglial cell bodies and pre-synaptic 
elements we observed for subsets of cells in the 
targeted LMol. Shifts in microglial morphology 
towards rod or ameboid cells are typically associated 
with reduced surveillance [31]. Based on the current 
literature, reduced microglia pre-synaptic interactions 
may decrease instances of trogocytosis, a process by 
which microglia partially engulf pre-synaptic 
elements and extracellular matrix components [37,61]. 
However, this interpretation remains speculative, as 
we did not empirically evaluate this mechanism. 
Accordingly, we observed decreased the frequency of 
microglial contacts with extracellular space pockets in 
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the ipsilateral compared to contralateral LMol at 24 h 
after FUS-BBB, raising the possibility that FUS-BBB 
modulation has immediate effects on micro-
surveillant activities in the parenchyma.  

Following stereotaxic injection of plasma into the 
brain, microglia increased their expression of genes 
related to oxidative stress [53]. Although restricted, 
due to a lack of vessel damage as in stereotaxic 
injections [8], penetration of plasma molecules into the 
CNS following FUS-BBB modulation may also induce 
cellular stress and impact the metabolism of microglia. 
We found that microglial mitochondrial damage was 
more frequent in the ipsilateral vs contralateral LMol 
24 h after FUS-BBB, that is, while the number of 
microglial homeostatic mitochondria decreased with 
time in the ipsilateral hippocampi, the number of 
dystrophic microglia increased, as did their frequency 
per cell. This was supported by nonlinear regression 
models, where the distribution of microglial cells with 
ultrastructural markers of higher metabolic demands 
increased in the ipsilateral LMol at both time points. 
Accordingly, elevated [18F] DPA-714 binding to the 
translocator protein, non-selectively present in 
microglial mitochondria and typically upregulated 
with inflammation, was identified at 24 h after FUS-
BBB in rat hippocampi [41]. In our study, indications 
of mitochondrial stress were accompanied by 
significantly fewer immature lysosomes, but stable 
phagosome density at 24 h in the ipsilateral LMol. 
These findings suggest that microglia maintain regular 
phagocytic intake but may undergo acute alterations 
to cellular metabolism and organellar stress early after 
FUS-BBB. Sequencing of mouse hippocampal 
microglial 1 and 3 days after FUS-BBB indicated an 
enrichment for lysosomal and phagocytic pathways 
[20]. Despite not observing changes in microglial 
phagosomal content, acute alterations to lysosomal 
properties early after FUS-BBB modulation indicate an 
acute metabolic response, which may stimulate 
alterations to phagocytic activity at later time-points. 
This microglial response is essential to maintaining 
homeostasis, and disruptions can contribute to brain 
pathology as observed through colocalization of 
microglial markers and misfolded proteins in 
Alzheimer’s disease pathology mouse models 
[8,14,62]. 

Overall, we show that within the microglial 
population, subsets of cells shift to elongated, less 
ramified shapes that potentially shield the brain 
parenchyma from blood-antigens or mechanical stress 
one day after FUS-BBB modulation. This shift is in line 
with more frequent interactions between microglia 
and vessels showing astrocytic alterations, as well as 
increased ultrastructural indications of microglial 
metabolic alterations and organellar stress. In parallel, 

microglia reduced their frequency of interactions with 
pre-synaptic elements and extracellular space pockets. 
Despite limitations to our work (discussed below), our 
findings suggest that some microglia are engaged in 
restoring the properties of the BBB instead of their 
roles in pre-synaptic plasticity, and astrocytes at the 
BBB are characterized by swollen astrocytic endfeet. 

Limitations 
Our cellular and subcellular analyses provide a 

detailed characterization of early microglia changes 
after FUS-BBB modulation in male mice; however, 
long-term morphological and functional effects, 
remain to be evaluated. While we used a priori power 
calculations in every analysis, we acknowledge that 
larger cohorts are recommended in future studies. 
Increasing evidence demonstrates that microglia 
exhibit specific phenotypic responses in females 
compared to males, including elevated oxidative stress 
gene expression following BBB permeability in female 
mice [63]. However, similar to the present study, 
previous research in the field used mainly male 
rodents [8]. Future studies investigating female 
cohorts and sex differences are highly encouraged, as 
they may prove beneficial in improving therapeutic 
FUS-BBB modulation for the female population. 
Furthermore, it is clear that the effects of FUS + 
microbubbles, mechanical or otherwise, can contribute 
to, and extend beyond, changes in microglia and 
impact other cells of the neurovascular unit. For 
example, astrocytes can instruct microglia to seal 
astrocytic endfeet gaps within the BBB in certain 
contexts, such as during development [34,64]. Also, 
several studies have provided evidence of astrocytic 
modulation following FUS-BBB [review [65]]. Our 
findings suggest astrocytic endfeet swelling may 
increase microglial contacts with the BBB. Thus, 
assessing the dynamic crosstalk between microglia 
and astrocytes, as well as the remaining cells of the 
neurovascular unit, is warranted to provide full 
mechanistic insight into FUS-BBB modulation [65]. 
Additionally, BBB modulation was induced using 
relatively mild ultrasound exposures, and higher 
exposure levels would be expected to produce more 
pronounced microglial effects. Finally, throughout the 
experiments, Iba1 was used as a universal marker of 
resident microglia. However, Iba1 is also expressed by 
border-associated, perivascular, and circulating 
myeloid-lineage cells [66]. Although the FUS-BBB 
modulation settings we utilized are not typically 
associated with macrophage infiltration, we cannot 
rule out the possible inclusion of non-microglia, 
myeloid-lineage cells in our analyses.  

While this work is an important first step to 
understanding acute cellular response following FUS-
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BBB modulation, it remains to be seen if these findings 
differ across health and disease, throughout multiple 
brain regions and repeated treatments, all of which 
would be relevant to human conditions. In healthy or 
Alzheimer’s disease pathology mouse models, 
cortical, thalamic and hippocampal FUS-BBB 
modulation consistently resulted in increased Iba1 
expression, despite inherent differences in the 
microenvironment and microglial populations, such 
as higher density and morphological ramification in 
the hippocampus and frontal brain, compared to the 
midbrain [8,67]. Future work should explore the 
cumulative effects of FUS treatments across brain 
regions with the greatest translational impact, such as 
the hippocampus and cortex, and within both 
homeostatic and disease-related contexts to verify if 
there are more nuanced responses of microglial cells. 

Materials and Methods 
Animals and ethics 

Male (n = 6 animals) C57BL/6J mice, 3 months of 
age, were purchased from the Jackson Laboratory and 
group-housed at 18-22 °C, 40-60% humidity and a 12 h 
light/dark cycle with ad libitum access to food and 
water. All the animal experiments were conducted 
following ethical approval from the Sunnybrook 
Research Institute Animal Care Committee and 
according to the Canadian Council on Animal Care 
Policies & Guidelines and the Animals for Research 
Act of Ontario (AUP788). 

Magnetic resonance imaging-guided focused 
ultrasound sonication with microbubbles 

Mice were anaesthetized using isoflurane at 2–
3% with medical air as the gas carrier for 30 min 
(CP0406V2, Fresenius Kabi, Toronto, Canada). Each 
mouse was placed in a supine position on an MRI-
compatible sled, with an angiocatheter inserted into 
the tail vein. The sled was inserted in a 7.0 T MRI 
(BioSpin 7030, Bruker, Massachusetts, United States of 
America [USA]) used to target the ventral hippocampi 
in the left hemisphere (ipsilateral) with a single focus 
beam, while the right hemisphere (contralateral) 
served as a control. The ultrasound waves were 
generated by a 0.58 MHz spherically focused 
transducer (75 mm outer diameter, 26 mm inner 
diameter, 60 mm radius of curvature) driven at the 3rd 
harmonic (1.78 MHz) and applied for 120 s in 0.01 s 
bursts at a frequency of 1 Hz, while 0.02 mL/kg 
Definity® MB (Lantheus Medical Imaging, 
Massachusetts, USA) were injected via the 
angiocatheter. The acoustic pressure was increased 
incrementally after each burst until subharmonic 
emissions were detected, when the acoustic pressure 

was reduced to 50% and maintained throughout the 
ultrasound treatment [21]. Subharmonic emissions 
were detected by a 16 mm diameter PZT hydrophone 
in the centre of the transducer and analyzed as 
described previously [68]. Immediately after, animals 
were injected with the gadolinium-based MRI contrast 
agent Gadovist (Bayer Inc., Mississauga, ON, Canada) 
[69–71], followed by a 100 mL flush of 0.9% saline 
solution injected through the angiocatheter to ensure 
complete administration. Gadolinium-enhanced T1-
weighted MRI scans were acquired with no delay to 
assess BBB permeability in real-time. The latter was 
quantified post-mortem using Medical Image and 
Processing, Analysis and Visualization software 
(V11.0.17 for Mac OS X 10.7, MIPAV, National 
Institutes of Health, Maryland, USA) and region-based 
analysis, as previously described [70]. Briefly, a 1 × 1 
mm2 square, the theoretical size of the focused 
ultrasound spot, was used to measure the average 
voxel intensity in each ipsilateral targeted and 
corresponding non-targeted contralateral brain region 
for all animals [70]. 

Perfusion and tissue sectioning 
After 1 h and 24 h post FUS, male (n = 3 

animals/time point) adult mice were anaesthetized 
with a mix of ketamine (80 mg/kg)/xylazine (10 
mg/kg) and transcardially perfused with phosphate-
buffered saline (PBS; 50 mM, pH 7.4), followed by 3.5% 
acrolein and 4% paraformaldehyde diluted in 
phosphate buffer (PB; 100 mM, pH 7.4). Brains were 
post-fixed in 4% paraformaldehyde diluted in PBS for 
2 h at 4°C, and the ipsilateral and contralateral brain 
hemispheres were separated. 50 μm longitudinal brain 
sections were next prepared in ice-cold PBS using a 
vibratome (VT1200S, Leica Biosystems, Ontario, 
Canada) at a frequency of 90–100 Hz and a speed of 0.5 
mm/s. The sections were stored at -20°C in 
cryoprotectant (30% (v/v) glycerol and 30% (v/v) 
ethylene glycol in PBS) until further processing. 

Double immunohistochemistry and brightfield 
imaging 

Double immunohistochemistry staining against 
Iba1 and IgG was performed in 3 sections containing 
the ventral hippocampi (Bregma -2.36 mm to -3.44 
mm) from the ipsilateral and contralateral 
hemispheres per animal (n = 3 animals/time point) 
[72]. Sections were first assessed for IgG staining, used 
to delineate regions of increased BBB permeability 
after FUS-BBB modulation [14]. Briefly, free-floating 
sections were washed in PBS and quenched with 2% 
H2O2 diluted in 70% methanol for 10 min, followed by 
0.1% NaBH4 diluted in PBS for 30 min. After 3 
additional PBS washes, sections were incubated in a 
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blocking solution of 10% normal donkey serum and 
1% Triton X-100 in Tris-buffered saline (TBS; 50 mM, 
pH 7.4) for 1 h at room temperature (RT) and 
subsequently with donkey anti-mouse IgG secondary 
antibody (1:500 in blocking buffer, cat# 715-065-150, 
Jackson ImmunoResearch, Philadelphia, USA) for 2 h 
at RT. Following 3 washes in TBS, the sections were 
immersed in an avidin-biotin solution (1:100 in TBS, 
cat# VECTPK6100, VECTASTAIN, Vector Labs, 
California, USA) for 1 h at RT. The staining was next 
revealed by incubation with a HRP substrate kit 
solution (cat# SK-4600, Vector® VIP, Vector Labs, 
California, USA). The next day, the sections were 
stained for the marker Iba1, which is expressed by 
microglia in the brain parenchyma, as well as 
peripheral macrophages and border-associated 
macrophages [3]. It should be noted that the FUS-BBB 
modulation settings we utilized are not typically 
associated with peripheral immune cell infiltration 
into the brain [8], and only parenchymal cells were 
analyzed. We thus designated Iba1+ cells as microglia 
across the manuscript. Briefly, for Iba1 staining, 
sections were immersed in a blocking solution of 10% 
fetal bovine serum, 3% bovine serum albumin and 1% 
Triton X-100 in TBS for 1 h at RT. Subsequently, the 
sections were incubated with a rabbit anti-Iba1 
primary antibody (1:1000 in blocking buffer, cat# 019-
19741, FUJIFILM Wako Chemical, Virginia, USA) 
overnight at 4°C. The following day, after 3 
consecutive TBS washes, the sections were incubated 
in a biotinylated goat anti-rabbit secondary antibody 
(1:300 in TBS, cat# 111-066-046, Jackson 
Immunoresearch) and subsequently in an avidin–
biotin solution for 1 h. Staining was revealed with 
0.05% 3-3′-diaminobenzidine (DAB, D5905-50TAB, 
Millipore Sigma, Massachusetts, USA) and 0.015% 
H2O2 in 100 mM Tris–HCl. After mounting and 
drying, the sections were incubated in ultrapure H2O, 
increasing ethanol concentrations (50%, 70%, 80%, 
90%, 100%) and xylene (cat# 534056, Millipore Sigma) 
for 5 min each at RT. The glass slides were cover-
slipped with distyrene, plasticizer, and xylene 
mounting medium (cat# 13510, Electron Microscopy 
Sciences, Pennsylvania, USA). Each hemisphere was 
imaged (n = 3 animals/time point) in a single z plane 
at 40× with a numerical aperture of 0.65, using a Basler 
area scan camera (2.3 MP; acA1920-40uc) and 
visualized through the Microvisioneer manualWSI 
Scan software (2019B-3S; Microvisioneer, Baden-
Württemberg, Germany). 

IgG qualitative and quantitative brightfield 
analysis 

All analyses were performed blinded to the 
experimental conditions using FIJI software (V2.13.1 

for Mac OS X 10.7, FIJI, National Institutes of Health, 
Wisconsin, USA) [73], as previously described [38]. 
First, the freehand selection tool was used to trace the 
regions of interest (ROI), i.e. CA1 and its strata, Or, Py, 
Rad, LMol [72]. Considering the structural diversity 
within these layers [74,75], each stratum was analyzed 
individually. Next, the IgG staining was visually 
identified in the ROI through Vector® VIP substrate 
deposition and measured in 3 sections (in both the 
ipsilateral and contralateral hemispheres per animal; n 
= 3 animals/time point), using an optical density 
analysis, as previously described [49]. 

Microglial density and distribution analyses 
The Iba1+ cell density and distribution in the CA1 

and its strata were assessed in 3 sections (in both the 
ipsilateral and contralateral hemispheres per animal; n 
= 3 animals/time point) via a semi-automated macro. 
In total, 3,079 Iba1+ cells (minimum of 227 
microglia/layer/time point), were counted, a sample 
size which was sufficient to obtain statistical power 
based on calculations obtained using G*Power 
software (V3.1.9.6 for Mac OS X 10.7, G* Power 
Software, Nordrhein-Westfalen, Germany) (effect size 
of 0.25 and power of 0.8 estimated to 128 individual 
cells) [76]. These numbers are consistent with previous 
literature in the field [39,77,78]. Briefly, each Iba1+ cell 
in focus presenting a minimum of 3 processes was 
marked with the brush tool. Next, the ROIs were 
processed utilizing the grayscale, the thresholding and 
the plugins “analyze particles” as well as “nearest 
neighbour distance, NND”. Microglial density (# 
microglia/μm2) was defined as the total number of 
Iba1+ cells divided by the area. The NND (μm) was 
obtained by quantifying the average distance between 
each Iba1+ cell to its nearest neighbour. The spacing 
index (arbitrary unit, a.u.) was calculated as the square 
of the average NND multiplied by the microglia 
density. Two or more cells less than 12 µm apart were 
considered a cluster and averaged by animal to obtain 
the cluster density (# clusters/μm2) [75]. 

Microglial morphology analysis 
LMol Iba1+ cells were randomly selected in 3 

sections (in both the ipsilateral and contralateral 
hemispheres) (n = 21 cells/hemisphere, N = 3 
animals/time point) for the morphology analysis. This 
sample size was sufficient to obtain statistical power 
based on calculations using the G*Power software [76] 
and is consistent with previous literature in the field 
[39,77,78]. A previously developed semi-automated 
macro was adapted to this analysis [56]. Briefly, after 
tracing the cell body using the freehand selection tool, 
the following shape descriptors were obtained: area 
(μm2), perimeter (μm), circularity 
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(4π × (area/perimeter2)), aspect ratio (major 
axis/minor axis, a.u.), roundness (arbor area/area of a 
circle with same convex perimeter, a.u.) and solidity 
(area/convex cell area, a.u.). A circularity of 1.0 
represents a perfect circle and 0.0 is indicative of an 
elongated cell shape. Similarly, values higher than a 
1.0 aspect ratio correspond to more elongated cell 
shapes. A solidity of 1.0 reflects a less ramified, convex 
shape, whereas 0.0 solidity points to a porous cell 
shape that is more ramified. Moreover, values closer to 
1.0 for roundness represent more circular cell shapes 
[30]. 

Next, the polygon tool was used to trace the 
endpoints of the microglial processes, creating a 
convex shape that served as a proxy for the cellular 
territory, described through the aforementioned shape 
descriptors. The convex shape was subsequently 
processed to produce an unsharp mask of the cell, 
using the “remove outliers”, “clear outside” and 
“despeckle” functions. When necessary, the unsharp 
mask was manually corrected using the brush function 
to represent the observed cell. Once polished, the mask 
was used to obtain the preceding shape descriptors. 
The same mask was processed with the “analyze 
particles” and “analyze skeleton” commands to 
calculate the number of branches, endpoints, average 
branch length, maximum branch length (μm) and 
longest shortest path (μm), increasing with cell 
ramification. The mask arbour was also converted into 
an outline and analyzed using the FracLac [79] plugin 
to obtain the fractal dimension (a.u.) and lacunarity 
(a.u.), as previously described [30]. Fractal dimension 
and lacunarity are complementary measures [79], with 
higher values indicating a more complex organization 
of branching and more ramified morphological states 
[30]. Albeit informative, morphological analyses can 
be challenging to extrapolate across research teams 
[61] and represent one level of complexity of 
microglial function that should be complemented [7]. 

Scanning electron microscopy staining, 
processing and imaging 

Double immunohistochemistry staining against 
Iba1 and IgG was performed in 3 sections (in both the 
ipsilateral and contralateral hemispheres per animal; n 
= 3 animals/time point) using a similar protocol as 
described above. A few steps in the protocol were 
adapted to improve tissue preservation at the 
nanometric scale [19]. The quenching was performed 
with 0.3% H2O2 in PBS for 7 min; the blocking buffer 
and antibody incubation solutions contained 0.01% 
Triton X-100 and, after the DAB incubations, the 
sections were left in PB overnight at 4 °C. 

The following day, sections were post-fixed flat 
using an osmium-thiocarbohydrazide-osmium 

protocol [30], in which samples were first incubated in 
3% potassium ferrocyanide (cat# PFC232.250, 
BioShop, Ontario, Canada) diluted in PB and 
combined (1:1) with 4% aqueous osmium tetroxide 
(cat# 19170, Electron Microscopy Sciences) for 1 h at 
RT. After washing with ultrapure H2O, the sections 
were immersed in 1% thiocarbohydrazide (cat# 2231-
57-4, Electron Microscopy Sciences) for 20 min and an 
additional layer of 2% osmium tetroxide was applied 
for 30 min, with both solutions diluted in ultrapure 
H2O at RT. This was followed by dehydration with 
ascending concentrations of ethanol (35%, 50%, 70%, 
80%, 90%, 100%) and propylene oxide (cat# 110205, 
Millipore Sigma) for 5 min each at RT. Next, sections 
were embedded in Durcupan ACM resin (cat# 44611-
44614, Millipore Sigma) overnight at RT. The 
following day, sections were polymerized with a thin 
layer of resin between two fluoropolymer sheets 
(ACLAR; cat# 50425-25, Electron Microscopy 
Sciences) placed for 72 h at 55 °C. The CA1 LMol was 
excised from the flat-embedded sections on ACLAR® 
sheets and glued to the top of resin blocks 
(2/hemisphere/animal, n = 3 animals/time point). 
Ultrathin sections (~ 75 nm) were generated with an 
ultramicrotome (ARTOS 3D ultramicrotome, Leica 
Biosystems, Ontario, Canada), collected on a silicon 
nitride chip, and glued onto specimen mounts for 
SEM. In each resin block, 6 levels (~ 5 μm apart) of 
ultrathin sections were collected. One ultrathin section 
was imaged per level using a Zeiss Crossbeam 350 
Focused-Ion Beam SEM (Zeiss, Baden-Württemberg, 
Germany). Iba1+ microglial cell body were selected 
and the images exported as TIFF files with the Zeiss 
ATLAS Engine 5 software (Fibics, Ontario, Canada) at 
a resolution of 5 nm per pixel. 

Ultrastructural analyses 
To quantify ultrastructural changes, we analyzed 

151 microglial cell bodies (n = 11-13 microglial cell 
bodies from each ipsilateral and contralateral 
hemisphere, N = 3 animals/time point). This sample 
size was sufficient to obtain statistical power based on 
calculations using G*Power software [19,76] and is 
consistent with previous literature in the field, in 
which tissue is examined at both the light- and 
electron-microscopy levels [39,77,78]. Images were 
analyzed using QuPath V0.4.3 [80] and FIJI [73], 
adapted for use in previous work from our lab [39]. 
Microglial cell bodies were identified based on DAB 
staining, their smaller cell bodies and nuclei than 
neighbouring astrocytes or neurons, a characteristic 
heterochromatin pattern, long stretches of ER 
cisternae, and the presence of inclusions (e.g., 
lysosomes and lipofuscin granules) dispersed in their 
cytoplasm [19,30,31]. Microglial processes were 
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identified based on their positive staining for Iba1, but 
were only analyzed qualitatively. Prior to analysis, a 
total of 3 trained and blinded observers separately 
agreed on the microglial identity of the selected cells. 

Microglial cell body contacts with other cell 
bodies (i.e., astrocytes and neurons), myelinated 
axons, blood vessels, and synaptic elements (pre-
synaptic axon terminals and post-synaptic spines) 
were quantified by an experimenter blinded to the 
experimental conditions [74,81,82]. The ultrastructural 
criteria used to identify each structure are outlined 
below. Astrocytes and astrocytic endfeet had pale 
nuclei with a thin rim of heterochromatin and pale 
irregular cytoplasm, often containing intermediate 
filaments [83]. Astrocytic endfeet were considered 
swollen when increased drastically in size, showing a 
clear cytoplasm enclosed by a plasma membrane [35]. 
Neurons presented pale nuclei and cytoplasm, and 
direct contacts with pre-synaptic terminals [83]. 
Myelinated axons were characterized by electron-
dense sheaths and granular cytoplasm, often 
presenting mitochondria. Degraded myelin was 
recognized by ballooning, swelling or distancing 
between the well-defined myelin sheaths [83]. Blood 
vessel area (major radius*minor radius*π) was 
recorded using the freehand tool after two orthogonal 
diameters were traced, each delimited by the basement 
membrane, which was identified as an electron-dense 
layer surrounding endothelial cells forming blood 
vessels. The distance between each microglia 
membrane (from either a cell body or process) and the 
closest basement membrane was also traced [19,30,31]. 
Microglia were associated with a blood vessel when 
their distance from the vascular basement membrane 
was under 150 nm [19,30,31]. Moreover, among the 
parenchyma, microglial contacts with erythrocytes, 
which are recognized by their shape, size, lack of a 
nucleus and mitochondria, and completely electron-
dense cytoplasm, were counted. Microglial contacts 
with synaptic elements were categorized as contacts 
with axon terminals or dendritic spines [19,30,31]. Pre-
synaptic axon terminals showed a minimum of five 
synaptic vesicles and were usually in contact with 
post-synaptic spines displaying a visible post-synaptic 
density [83]. Extracellular space pockets, essential for 
microglial motility and neuronal remodeling, were 
classified based on clear spaces without delineating 
membranes directly surrounding the microglia [39,82]. 
Extracellular digestion refers to extracellular space 
pockets containing debris in the vicinity of a microglial 
cell body or process, often in proximity to degraded 
myelin (ballooning, swelling or distancing between 
the well-defined myelin sheaths) [35]. 

The intracellular ultrastructural state of 
microglia, e.g., ER/Golgi apparatus, lysosomes, 

lipofuscin, mitochondria, and phagosomes, were also 
characterized [19,30,31]. ER/Golgi cisternae were 
identified by their long and narrow stretches. 
ER/Golgi apparatus dilation, associated with cellular 
stress, was identified when the distance between 
cisternal membranes was greater than 100 nm [17,19]. 
Mitochondria (homeostatic) were found in the 
cytoplasm, presenting an electron-dense appearance, 
double membrane, numerous cristae, and a circular 
shape. Mitochondria bigger than 1 μm in length were 
established as elongated, a phenomenon typically 
observed in response to cellular stress [77]. Moreover, 
when presenting with deteriorated outer membranes, 
vacuoles or degradation in their cristae membranes 
(electron-lucent pockets), mitochondria were 
classified as dystrophic [19,30,31]. Events of proximity 
between mitochondria and ER/Golgi apparatus 
cisternae, associated with calcium transfer and lipid 
synthesis [78], were quantified. Moreover, endothelial, 
astrocytic endfeet and synaptic elements containing 
mitochondria were counted. Mitochondrial apposition 
to plasma membranes has been proposed to represent 
a component of purinergic signaling attracting 
microglial cell or process contacts [36]. Primary 
lysosomes were identified by their circular and 
homogeneous contents (digestive enzymes) enclosed 
by a single membrane. Secondary lysosomes were 
darker, at least twice larger than primary lysosomes 
and often fused with phagosomes containing digested 
materials. Tertiary lysosomes were the largest, 
presenting residual materials, such as lipofuscin, large 
lipid bodies and phagosomes [19,30,31]. Lipid bodies 
are sites for synthesis and storage of immune 
mediators, including inflammatory cytokines [79], and 
were characterized by their electron-dense circular 
shape and interior. Oval structures with electron-
dense content and a unique fingerprint-like pattern 
were identified as lipofuscin. Phagosomes were 
defined by their ovoid or circular shape with a single 
membrane and electron-lucent interior. They were 
classified as empty (completely electron-lucent) or 
filled (electron-lucent with content) [19,30,31]. 
Autophagosomes, part of an intracellular degradation 
pathway, were instead identified by the presence of 
elements inside circular, double-membrane vacuoles 
with a clear interior, resembling the cellular cytoplasm 
[19,80]. 

Statistics 
Microglial density, distribution, morphology and 

ultrastructural statistical analyses were conducted 
using the software GraphPad Prism (V 8.0.0 for MAC 
OS Ventura 13.4, GraphPad Software, California, 
USA). Normality of the data was assessed using a 
Shapiro-Wilk test. Mixed effects 2-way ANOVA with 
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Šídák’s multiple comparison correction was used to 
compare the animal averages (n) for contrast intensity, 
optical density, microglial density and distribution, 
morphology, and ultrastructure between ipsilateral 
and contralateral hippocampi at the two examined 
time points [39]. As this is an exploratory study, all 
post-hoc pairwise comparisons were done, though 
only analyses comparing ipsilateral vs contralateral 
and 1 h vs 24 h are reported in the text. Both 
nonparametric and parametric data were used for the 
2-way ANOVA, considering the lack of a non-
parametric alternative to this test. The frequency 
distribution of cell values (morphology and 
ultrastructure) was assessed using the Gaussian or 
sum of 2 Gaussian nonlinear regression models for 
modal and bimodal data, respectively. The Wilcoxon 
test was applied to the nonlinear models comparing 
ipsilateral vs contralateral LMol in each time point [74]. 
When the number of recorded events within the cell 
dataset was not high enough to create the nonlinear 
model, we computed the presence vs absence of the 
variable across conditions. The conditional relative 
frequency of ultrastructural changes was measured 
using Fisher’s exact test. Spearman r correlations were 
computed for density and distribution, morphology 
and ultrastructural datasets separately, as described 
below. Mean differences were considered statistically 
significant when p < 0.05, with **** p < 0.0001, *** p < 
0.001, ** p < 0.01, * p < 0.05. All reported values are 
presented as mean ± standard error of the mean 
(S.E.M). 

Correlation analyses 
The ipsilateral CA1 density and distribution (n = 

3 animals/time point) dataset and the optical density 
values (IgG staining) were imported into the 
GraphPad Prism built-in correlation tool to compute 
relationships between measured features. The same 
approach was used to explore the ipsilateral 
relationships between the 30 morphological features 
analyzed and optical density (n = 3 animals/time 
point) (Table S5). In addition, contralateral and 
ipsilateral correlations between the microglial cell 
body distance to the closest vessel and vessel area to 
all microglial ultrastructural features were analyzed (n 
= 151 cells, N = 3 animals/time point) (Table S11). 

Principal component analyses 
The Graph-Pad Prism built-in principal 

component analysis (PCA) was used to reduce 
dimensionality of the ipsilateral and contralateral 
morphology and ultrastructure datasets. Briefly, the 
variables were standardized to have a mean 0 and 
standard deviation of 1 to obtain a correlation matrix. 
The PC were selected based on a parallel analysis. 

Moreover, loadings and PC scores were visualized 
using scatterplots. Loadings and PC scores were used 
to understand the morphological and ultrastructural 
features that contributed to most of the variability in 
the ipsilateral compared to the contralateral LMol 
datasets. 
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BBB: blood-brain barrier; FUS: transcranial-

focused ultrasound; MRI: magnetic resonance 
imaging; Ig: immunoglobulin; CNS: central nervous 
system; ER: endoplasmic reticulum; Iba1: ionized 
calcium-binding adaptor molecule 1; SEM: scanning 
electron microscopy; CA: cornu ammonis; LMol: stratum 
lacunosum-moleculare; Rad: stratum radiatum; Py: 
stratum pyramidale; Or: stratum oriens; NND: nearest 
neighbour distance; PBS: phosphate-buffered saline; 
PB: phosphate-buffered; RT: room temperature; ROI: 
regions of interest; a.u.: arbitrary unit; S.E.M: standard 
error of the mean; PCA: principal component analysis; 
h: hour; ipsi-: ipsilateral; contra-: contralateral; +: 
positive; ANOVA: analysis of variance. 

Supplementary Material  
Supplementary materials and methods, figures and 
tables. https://www.thno.org/v16p9322s1.pdf  

Acknowledgments 
The authors would like to thank Kristina 

Mikloska, MSc, for aiding in the operation of the FUS 
and MRI equipment, and Dr. Haley A. Vecchiarelli for 
the guidance provided during the project. We 
acknowledge and respect that the University of 
Victoria is located on the territory of the ləkwəŋən 
peoples and that the Songhees, Esquimalt, and 
WSÁNEĆ peoples have relationships to this land. This 
research received funding from the Canada Research 
Chairs program (IA, Canada Research Chair in Brain 
Repair and Regeneration, Tier 1; MET, Canada 
Research Chair in Neurobiology of Healthy Cognitive 
Aging, Tier 1), the Canadian Institutes of Health 
Research (IA, FRNs 168906, 197973), the FDC 
Foundation (IA), Gerald and Carla Connor (IA) and 
the Sunnybrook Foundation. KH holds a Temerty 
Chair in Focused Ultrasound Research at Sunnybrook 
Health Sciences Centre. Funding from the Canadian 
Institutes of Health Research (CIHR; KH, FRN 154272) 
was used to cover expenses for staff and MRI 
procedures. Microglial studies using brightfield and 
electron microscopy were covered through a start-up 
grant from the School of Medical Sciences of the 
University of Victoria to MET. The Tremblay Lab’s 
Zeiss Crossbeam 350 FIB-SEM was acquired with 
funding from a Canada Foundation for Innovation 



Theranostics 2026, Vol. 16, Issue 16 
 

 
https://www.thno.org 

9343 

John R. Evans Leaders Fund grant (39965 Laboratory 
of ultrastructural insights into the neurobiology of 
aging and cognition). EGA was supported by M.Sc. 
scholarships from the Faculty of Graduate Studies and 
the School of Medical Sciences at the University of 
Victoria. JV was supported by a Graduate Scholarship 
from CIHR. RK also acknowledges funding from the 
Reintegration fellowship from the Carlsberg 
Foundation (CF22-1463). The graphical abstract was 
created in https://BioRender.com. In preparing this 
manuscript, the authors used OpenAI ChatGPT (GPT-
4, April 2025 release) to assist with grammar editing 
and text flow. The authors reviewed and verified all 
AI-generated suggestions. 

Contributions 
This study was designed by E.G.A, R.H.K, I.A., 

and M.E.T. The manuscript was written and the 
figures were prepared by E.G.A and J.V., with 
supervision of I.A., and M.E.T. MRI-guided FUS was 
carried by R.H.K. with supervision of I.A. and K.H. 
Perfusions were performed by K.P. Light and electron 
microscopy staining were performed by K.H.P. and 
E.G.A. Light microscopy imaging was performed by 
K.H.P. and E.G.A. Electron microscopy imaging was 
performed by J.V., M.K. and F.G.I. Density analysis 
was performed by K.H.P. Optical density, 
morphology and ultrastructural analyses were 
performed by E.G.A. Experimental training was 
provided by K.P., M.C., M.K., and F.G.I. Supervision 
was provided by I.A. and M.E.T. 

Data and materials availability 
All data generated during this study are included 

in this manuscript and its supplementary information 
files. The datasets analyzed in the current study can be 
made available from the corresponding authors upon 
reasonable request. 

Competing Interests 
The authors declare no other competing interests 

except that KH is an inventor on patent related to the 
topic and is a founder of FUS Instruments. 

References 
1. Sierra A, Paolicelli RC, Kettenmann H. Cien años de microglía: milestones 

in a century of microglial research. Trends Neurosci. 2019; 42: 778-92.  
2. Tay TL, Sagar, Dautzenberg J, Grün D, Prinz M. Unique microglia 

recovery population revealed by single-cell RNAseq following 
neurodegeneration. Acta Neuropathol Commun. 2018; 6: 87.  

3. Šimončičová E, Gonçalves de Andrade E, Vecchiarelli HA, Awogbindin 
IO, Delage CI, Tremblay M-È. Present and future of microglial 
pharmacology. Trends Pharmacol Sci. 2022; 43: 669-85.  

4. Paolicelli RC, Sierra A, Stevens B, Tremblay M-E, Aguzzi A, Ajami B, et 
al. Microglia states and nomenclature: a field at its crossroads. Neuron. 
2022; 110: 3458-83.  

5. Stratoulias V, Venero JL, Tremblay M, Joseph B. Microglial subtypes: 
diversity within the microglial community. EMBO J. 2019; 38: e101997.  

6. Hynynen K, McDannold N, Vykhodtseva N, Jolesz FA. Noninvasive MR 
imaging-guided focal opening of the blood-brain barrier in rabbits. 
Radiology. 2001; 220: 640-6.  

7. Konofagou EE. Optimization of the ultrasound-induced blood-brain 
barrier opening. Theranostics. 2012; 2: 1223-37.  

8. Grewal S, Gonçalves de Andrade E, Kofoed RH, Matthews PM, Aubert I, 
Tremblay M-È, et al. Using focused ultrasound to modulate microglial 
structure and function. Front Cell Neurosci. 2023; 17: 1290628.  

9. Sheikov N, McDannold N, Jolesz F, Zhang Y-Z, Tam K, Hynynen K. Brain 
arterioles show more active vesicular transport of blood-borne tracer 
molecules than capillaries and venules after focused ultrasound-evoked 
opening of the blood-brain barrier. Ultrasound Med Biol. 2006; 32: 1399-
409.  

10. Sheikov N, McDannold N, Sharma S, Hynynen K. Effect of focused 
ultrasound applied with an ultrasound contrast agent on the tight 
junctional integrity of the brain microvascular endothelium. Ultrasound 
Med Biol. 2008; 34: 1093-104.  

11. Badaut J, Ghersi-Egea J-F, Thorne RG, Konsman JP. Blood–brain borders: 
a proposal to address limitations of historical blood–brain barrier 
terminology. Fluids Barriers CNS. 2024; 21: 3.  

12. Meng Y, Hynynen K, Lipsman N. Applications of focused ultrasound in 
the brain: from thermoablation to drug delivery. Nat Rev Neurol. 2021; 
17: 7-22.  

13. Blesa J, Pineda-Pardo JA, Inoue K-I, Gasca-Salas C, Balzano T, Del Rey 
NL-G, et al. BBB opening with focused ultrasound in nonhuman primates 
and Parkinson’s disease patients: targeted AAV vector delivery and PET 
imaging. Sci Adv. 2023; 9: eadf4888.  

14. Jordão JF, Thévenot E, Markham-Coultes K, Scarcelli T, Weng Y-Q, 
Xhima K, et al. Amyloid-β plaque reduction, endogenous antibody 
delivery and glial activation by brain-targeted, transcranial focused 
ultrasound. Exp Neurol. 2013; 248: 16-29.  

15. Silburt J, Aubert I. MORPHIOUS: an unsupervised machine learning 
workflow to detect the activation of microglia and astrocytes. J 
Neuroinflammation. 2022; 19: 24.  

16. Katoh M, Wu B, Nguyen HB, Thai TQ, Yamasaki R, Lu H, et al. 
Polymorphic regulation of mitochondrial fission and fusion modifies 
phenotypes of microglia in neuroinflammation. Sci Rep. 2017; 7: 4942.  

17. El Hajj H, Savage JC, Bisht K, Parent M, Vallières L, Rivest S, et al. 
Ultrastructural evidence of microglial heterogeneity in Alzheimer’s 
disease amyloid pathology. J Neuroinflammation. 2019; 16: 87.  

18. St-Pierre M-K, Šimončičová E, Bögi E, Tremblay M-È. Shedding light on 
the dark side of the microglia. ASN Neuro. 2020; 12: 1759091420925335.  

19. St-Pierre M-K, Carrier M, González Ibáñez F, Šimončičová E, Wallman 
M-J, Vallières L, et al. Ultrastructural characterization of dark microglia 
during aging in a mouse model of Alzheimer’s disease pathology and in 
human post-mortem brain samples. J Neuroinflammation. 2022; 19: 235.  

20. Kline-Schoder AR, Chintamen S, Willner MJ, DiBenedetto MR, Noel RL, 
Batts AJ, et al. Characterization of the responses of brain macrophages to 
focused-ultrasound-mediated blood–brain-barrier opening. Nat Biomed 
Eng. 2024; 8: 650-63.  

21. O’Reilly MA, Waspe AC, Chopra R, Hynynen K. MRI-guided disruption 
of the blood-brain barrier using transcranial focused ultrasound in a rat 
model. J Vis Exp. 2012; 3555.  

22. Sheikov N, McDannold N, Vykhodtseva N, Jolesz F, Hynynen K. Cellular 
mechanisms of the blood-brain barrier opening induced by ultrasound in 
presence of microbubbles. Ultrasound Med Biol. 2004; 30: 979-89.  

23. Kovacs ZI, Kim S, Jikaria N, Qureshi F, Milo B, Lewis BK, et al. Disrupting 
the blood-brain barrier by focused ultrasound induces sterile 
inflammation. Proc Natl Acad Sci U S A. 2017; 114: E75-84.  

24. McMahon D, Hynynen K. Acute inflammatory response following 
increased blood-brain barrier permeability induced by focused 
ultrasound is dependent on microbubble dose. Theranostics. 2017; 7: 
3989-4000.  

25. Poon C, Pellow C, Hynynen K. Neutrophil recruitment and leukocyte 
response following focused ultrasound and microbubble mediated 
blood-brain barrier treatments. Theranostics. 2021; 11: 1655-71.  

26. Choi I, Wang M, Yoo S, Xu P, Seegobin SP, Li X, et al. Autophagy enables 
microglia to engage amyloid plaques and prevents microglial senescence. 
Nat Cell Biol. 2023; 1-12.  

27. Gattegno R, Arbel L, Riess N, Shinar H, Katz S, Ilovitsh T. Enhanced 
capillary delivery with nanobubble-mediated blood-brain barrier 
opening and advanced high resolution vascular segmentation. J Control 
Release. 2024; 369: 506-16.  

28. Waldherr S. Estimation methods for heterogeneous cell population 
models in systems biology. J R Soc Interface. 2018; 15: 20180530.  

29. Zanier ER, Fumagalli S, Perego C, Pischiutta F, De Simoni M-G. Shape 
descriptors of the “never resting” microglia in three different acute brain 
injury models in mice. Intensive Care Med Exp. 2015; 3: 7.  



Theranostics 2026, Vol. 16, Issue 16 
 

 
https://www.thno.org 

9344 

30. De Felice E, Gonçalves de Andrade E, Golia MT, González Ibáñez F, 
Khakpour M, Di Castro MA, et al. Microglial diversity along the 
hippocampal longitudinal axis impacts synaptic plasticity in adult male 
mice under homeostatic conditions. J Neuroinflammation. 2022; 19: 292.  

31. Savage JC, St-Pierre M-K, Hui CW, Tremblay M-E. Microglial 
ultrastructure in the hippocampus of a lipopolysaccharide-induced 
sickness mouse model. Front Neurosci. 2019; 13: 1340.  

32. Bisht K, Sharma KP, Lecours C, Sánchez MG, El Hajj H, Milior G, et al. 
Dark microglia: a new phenotype predominantly associated with 
pathological states. Glia. 2016; 64: 826-39.  

33. Bowyer JF, Sarkar S, Burks SM, Hess JN, Tolani S, O’Callaghan JP, et al. 
Microglial activation and responses to vasculature that result from an 
acute LPS exposure. Neurotoxicology. 2020; 77: 181-92.  

34. Haruwaka K, Ikegami A, Tachibana Y, Ohno N, Konishi H, Hashimoto 
A, et al. Dual microglia effects on blood brain barrier permeability 
induced by systemic inflammation. Nat Commun. 2019; 10: 5816.  

35. Nahirney PC, Tremblay M-E. Brain ultrastructure: putting the pieces 
together. Front Cell Dev Biol. 2021; 9: 629503.  

36. Császár E, Lénárt N, Cserép C, Környei Z, Fekete R, Pósfai B, et al. 
Microglia modulate blood flow, neurovascular coupling, and 
hypoperfusion via purinergic actions. J Exp Med. 2022; 219: e20211071.  

37. Weinhard L, di Bartolomei G, Bolasco G, Machado P, Schieber NL, 
Neniskyte U, et al. Microglia remodel synapses by presynaptic 
trogocytosis and spine head filopodia induction. Nat Commun. 2018; 9: 
1228.  

38. Tremblay M-È, Lowery RL, Majewska AK. Microglial interactions with 
synapses are modulated by visual experience. PLoS Biol. 2010; 8: 
e1000527.  

39. Bordeleau M, Lacabanne C, Fernández de Cossío L, Vernoux N, Savage 
JC, González-Ibáñez F, et al. Microglial and peripheral immune priming 
is partially sexually dimorphic in adolescent mouse offspring exposed to 
maternal high-fat diet. J Neuroinflammation. 2020; 17: 264.  

40. Leinenga G, Götz J. Scanning ultrasound removes amyloid-β and restores 
memory in an Alzheimer’s disease mouse model. Sci Transl Med. 2015; 7: 
278ra33.  

41. Sinharay S, Tu T-W, Kovacs ZI, Schreiber-Stainthorp W, Sundby M, 
Zhang X, et al. In vivo imaging of sterile microglial activation in rat brain 
after disrupting the blood-brain barrier with pulsed focused ultrasound: 
[18F]DPA-714 PET study. J Neuroinflammation. 2019; 16: 155.  

42. Pouliopoulos AN, Kwon N, Jensen G, Meaney A, Niimi Y, Burgess MT, 
et al. Safety evaluation of a clinical focused ultrasound system for 
neuronavigation guided blood-brain barrier opening in non-human 
primates. Sci Rep. 2021; 11: 15043.  

43. Choi HJ, Han M, Seo H, Park CY, Lee E-H, Park J. The new insight into 
the inflammatory response following focused ultrasound-mediated 
blood–brain barrier disruption. Fluids Barriers CNS. 2022; 19: 103.  

44. Sharma J, di Ronza A, Lotfi P, Sardiello M. Lysosomes and brain health. 
Annu Rev Neurosci. 2018; 41: 255-76.  

45. Chen Y, Hong T, Chen F, Sun Y, Wang Y, Cui L. Interplay between 
microglia and Alzheimer’s disease—focus on the most relevant risks: 
APOE genotype, sex and age. Front Aging Neurosci. 2021; 13: 631827.  

46. Ziebell JM, Taylor SE, Cao T, Harrison JL, Lifshitz J. Rod microglia: 
elongation, alignment, and coupling to form trains across the 
somatosensory cortex after experimental diffuse brain injury. J 
Neuroinflammation. 2012; 9: 247.  

47. Bobotis BC, Halvorson T, Carrier M, Tremblay M-È. Established and 
emerging techniques for the study of microglia: visualization, depletion, 
and fate mapping. Front Cell Neurosci. 2024; 18: 1317125.  

48. Lou N, Takano T, Pei Y, Xavier AL, Goldman SA, Nedergaard M. 
Purinergic receptor P2RY12-dependent microglial closure of the injured 
blood–brain barrier. Proc Natl Acad Sci U S A. 2016; 113: 1074-9. 

49. Nimmerjahn A, Kirchhoff F, Helmchen F. Resting microglial cells are 
highly dynamic surveillants of brain parenchyma in vivo. Science. 2005; 
308: 1314-8.  

50. Stence N, Waite M, Dailey ME. Dynamics of microglial activation: a 
confocal time-lapse analysis in hippocampal slices. Glia. 2001; 33: 256-66.  

51. Balzano T, Pineda-Pardo JA, Esteban-García N, López-Aguirre M, 
Reinares-Sebastián A, Trigo-Damas I, et al. Temporal dynamics of 
neurovascular unit changes following blood-brain barrier opening in the 
putamen of non-human primates. J Control Release. 2025; 377: 116-26.  

52. Olmedillas M, Brawek B, Li K, Richter C, Garaschuk O. Plaque vicinity as 
a hotspot of microglial turnover in a mouse model of Alzheimer’s disease. 
Glia. 2023; 71: 2884-901.  

53. Mendiola AS, Yan Z, Dixit K, Johnson JR, Bouhaddou M, Meyer-Franke 
A, et al. Defining blood-induced microglia functions in 
neurodegeneration through multiomic profiling. Nat Immunol. 2023; 1-
15.  

54. Bathini P, Sun T, Schenk M, Schilling S, McDannold NJ, Lemere CA. 
Acute effects of focused ultrasound-induced blood-brain barrier opening 

on anti-pyroglu3 Abeta antibody delivery and immune responses. 
Biomolecules. 2022; 12: 951.  

55. Dubey S, Heinen S, Krantic S, McLaurin J, Branch DR, Hynynen K, et al. 
Clinically approved IVIg delivered to the hippocampus with focused 
ultrasound promotes neurogenesis in a model of Alzheimer’s disease. 
Proc Natl Acad Sci U S A. 2020; 117: 32691-700.  

56. Raymond SB, Treat LH, Dewey JD, McDannold NJ, Hynynen K, Bacskai 
BJ. Ultrasound enhanced delivery of molecular imaging and therapeutic 
agents in Alzheimer’s disease mouse models. PLoS One. 2008; 3: e2175.  

57. Raymond SB, Skoch J, Hynynen K, Bacskai BJ. Multiphoton imaging of 
ultrasound/Optison mediated cerebrovascular effects in vivo. J Cereb 
Blood Flow Metab. 2007; 27: 393-403. 

58. Jordão JF, Ayala-Grosso CA, Markham K, Huang Y, Chopra R, McLaurin 
J, et al. Antibodies targeted to the brain with image-guided focused 
ultrasound reduces amyloid-beta plaque load in the TgCRND8 mouse 
model of Alzheimer’s disease. PLoS One. 2010; 5: e10549.  

59. Bordeleau M, Carrier M, Luheshi GN, Tremblay M-È. Maternal high-fat 
diet modifies myelin organization, microglial interactions, and results in 
social memory and sensorimotor gating deficits in adolescent mouse 
offspring. Brain Behav Immun Health. 2021; 15: 100281.  

60. Yoshino S-I, Fukushima T, Hayashi S, Nonaka M, Ogawa K, Sasaki K, et 
al. Effects of focused ultrasound sonodynamic treatment on the rat blood-
brain barrier. Anticancer Res. 2009; 29: 889-95. 

61. Nguyen PT, Dorman LC, Pan S, Vainchtein ID, Han RT, Nakao-Inoue H, 
et al. Microglial remodeling of the extracellular matrix promotes synapse 
plasticity. Cell. 2020; 182: 388-403.e15.  

62. Sun T, Shi Q, Zhang Y, Power C, Hoesch C, Antonelli S, et al. Focused 
ultrasound with anti-pGlu3 Aβ enhances efficacy in Alzheimer’s disease-
like mice via recruitment of peripheral immune cells. J Control Release. 
2021; 336: 443-56. 

63. Dion-Albert L, Cadoret A, Doney E, Kaufmann FN, Dudek KA, Daigle B, 
et al. Vascular and blood-brain barrier-related changes underlie stress 
responses and resilience in female mice and depression in human tissue. 
Nat Commun. 2022; 13: 164.  

64. Choi JJ, Selert K, Gao Z, Samiotaki G, Baseri B, Konofagou EE. 
Noninvasive and localized blood–brain barrier disruption using focused 
ultrasound can be achieved at short pulse lengths and low pulse 
repetition frequencies. J Cereb Blood Flow Metab. 2011; 31: 725-37.  

65. Chen S, Nazeri A, Baek H, Ye D, Yang Y, Yuan J, et al. A review of 
bioeffects induced by focused ultrasound combined with microbubbles 
on the neurovascular unit. J Cereb Blood Flow Metab. 2022; 42: 3-26.  

66. Goldmann T, Wieghofer P, Jordão MJC, Prutek F, Hagemeyer N, Frenzel 
K, et al. Origin, fate and dynamics of macrophages at central nervous 
system interfaces. Nat Immunol. 2016; 17: 797-805.  

67. Tan Y-L, Yuan Y, Tian L. Microglial regional heterogeneity and its role in 
the brain. Mol Psychiatry. 2020; 25: 351-67. 

68. McMahon D, Oakden W, Hynynen K. Investigating the effects of 
dexamethasone on blood-brain barrier permeability and inflammatory 
response following focused ultrasound and microbubble exposure. 
Theranostics. 2020; 10: 1604-18. 

69. Kofoed RH, Dibia CL, Noseworthy K, Xhima K, Vacaresse N, Hynynen 
K, et al. Efficacy of gene delivery to the brain using AAV and ultrasound 
depends on serotypes and brain areas. J Control Release. 2022; 351: 667-
80.  

70. Xhima K, McMahon D, Ntiri E, Goubran M, Hynynen K, Aubert I. 
Intravenous and non-invasive drug delivery to the mouse basal forebrain 
using MRI-guided focused ultrasound. Bio Protoc. 2021; 11: e4056. 

71. Kofoed RH, Noseworthy K, Wu K, Sivadas S, Stanek L, Elmer B, et al. The 
engineered AAV2-HBKO promotes non-invasive gene delivery to large 
brain regions beyond ultrasound targeted sites. Mol Ther Methods Clin 
Dev. 2022; 27: 167-84.  

72. Paxinos G, Franklin KBJ. Paxinos and Franklin’s the mouse brain in 
stereotaxic coordinates. Academic Press; 2019. 

73. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch 
T, et al. Fiji: an open source platform for biological image analysis. Nat 
Methods. 2012; 9: 676-82.  

74. Bordeleau M, Carrier M, Luheshi GN, Tremblay M-È. Microglia along sex 
lines: from brain colonization, maturation and function, to implication in 
neurodevelopmental disorders. Semin Cell Dev Biol. 2019; 94: 152-63.  

75. Enlow W, Bordeleau M, Piret J, Ibáñez FG, Uyar O, Venable M-C, et al. 
Microglia are involved in phagocytosis and extracellular digestion during 
Zika virus encephalitis in young adult immunodeficient mice. J 
Neuroinflammation. 2021; 18: 178.  

76. Faul F, Erdfelder E, Lang A-G, Buchner A. G*Power 3: a flexible statistical 
power analysis program for the social, behavioral, and biomedical 
sciences. Behav Res Methods. 2007; 39: 175-91. 

77. González Ibáñez F, Halvorson T, Sharma K, McKee CG, Carrier M, Picard 
K, et al. Ketogenic diet changes microglial morphology and the 
hippocampal lipidomic profile differently in stress susceptible versus 



Theranostics 2026, Vol. 16, Issue 16 
 

 
https://www.thno.org 

9345 

resistant male mice upon repeated social defeat. Brain Behav Immun. 
2023; 114: 383-406.  

78. Kongsui R, Beynon SB, Johnson SJ, Walker FR. Quantitative assessment 
of microglial morphology and density reveals remarkable consistency in 
the distribution and morphology of cells within the healthy prefrontal 
cortex of the rat. J Neuroinflammation. 2014; 11: 182.  

79. Karperien A, Ahammer H, Jelinek HF. Quantitating the subtleties of 
microglial morphology with fractal analysis. Front Cell Neurosci. 2013; 7: 
3.  

80. Bankhead P, Loughrey MB, Fernández JA, Dombrowski Y, McArt DG, 
Dunne PD, et al. QuPath: open source software for digital pathology 
image analysis. Sci Rep. 2017; 7: 16878.  

81. Choi JJ, Wang S, Tung Y-S, Morrison B, Konofagou EE. Molecules of 
various pharmacologically-relevant sizes can cross the ultrasound-
induced blood-brain barrier opening in vivo. Ultrasound Med Biol. 2010; 
36: 58-67.  

82. Hui CW, St-Pierre A, El Hajj H, Remy Y, Hébert SS, Luheshi GN, et al. 
Prenatal immune challenge in mice leads to partly sex-dependent 
behavioral, microglial, and molecular abnormalities associated with 
schizophrenia. Front Mol Neurosci. 2018; 11: 13.  

83. Peters A. The fine structure of the nervous system: neurons their support 
cells. Oxford University Press; 1991; 211-8. 

 


