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Erythrocyte–brain endothelial interactions 
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Abstract 

Background  Cerebral microhemorrhages (CMH) are associated with stroke, cognitive decline, and normal aging. 
Our previous study shows that the interaction between oxidatively stressed red blood cells (RBC) and cerebral 
endothelium may underlie CMH development. However, the real-time examination of altered RBC–brain endothelial 
interactions in vivo, and their relationship with clearance of stalled RBC, microglial responses, and CMH development, 
has not been reported.

Methods  RBC were oxidatively stressed using tert-butylhydroperoxide (t-BHP), fluorescently labeled and injected 
into adult Tie2-GFP mice. In vivo two-photon imaging and ex vivo confocal microscopy were used to evaluate 
the temporal profile of RBC–brain endothelial interactions associated with oxidatively stressed RBC. Their relationship 
with microglial activation and CMH was examined with post-mortem histology.

Results  Oxidatively stressed RBC stall significantly and rapidly in cerebral vessels in mice, accompanied by decreased 
blood flow velocity which recovers at 5 days. Post-mortem histology confirms significantly greater RBC–cerebral 
endothelial interactions and microglial activation at 24 h after t-BHP-treated RBC injection, which persist at 7 days. 
Furthermore, significant CMH develop in the absence of blood–brain barrier leakage after t-BHP-RBC injection.

Conclusions  Our in vivo and ex vivo findings show the stalling and clearance of oxidatively stressed RBC in cer-
ebral capillaries, highlighting the significance of microglial responses and altered RBC–brain endothelial interactions 
in CMH development. Our study provides novel mechanistic insight into CMH associated with pathological condi-
tions with increased RBC–brain endothelial interactions.
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Introduction
Cerebral microhemorrhages (CMH), the pathological 
substrates of cerebral microbleeds (CMB), are micro-
scopic accumulations of blood degradation products 
in the brain. CMH can be identified by magnetic reso-
nance imaging (MRI) detection of ferromagnetic iron, 
and histologically by using Prussian blue staining that 
detects hemosiderin-iron. CMH are common findings 
in hypertension, cerebral amyloid angiopathy, Alzhei-
mer’s disease, chronic kidney disease, cerebrovascular 
disease, and normal aging [1–4]. Age is the most signifi-
cant independent risk factor for CMB, with increasing 
CMB prevalence among older populations [5, 6]. CMB 
are associated with increased risk of ischemic and hem-
orrhagic stroke, cognitive decline, and dementia [7–9], 
making them increasingly clinically relevant for aging 
populations.

Despite considerable interest in CMH, the exact mech-
anisms underlying their formation are not fully elucidated 
[10]. CMH occur at the cerebral capillary and arteriolar 
levels [3, 10] and are understood to arise from brain ves-
sel wall disruption leading to extravasation of red blood 
cells (RBC) into brain parenchyma [2, 11]. Once within 
brain parenchyma, RBC can be phagocytosed by micro-
glia, which orchestrates the release of hemoglobin and 
subsequent heme and iron from RBC [12]. Iron derived 
from extravasated RBC then produce CMB signatures, 
which are identified using MRI or post-mortem histol-
ogy [13]. In addition, disruption in brain iron homeo-
stasis and the release of iron following ischemic damage 
can produce CMH [11, 13]. Our recent work shows the 
involvement of brain endothelial erythrophagocytosis in 
producing CMH [14, 15].

While brain endothelial cells are not categorized as 
professional phagocytes, their phagocytic phenotype has 
been reported in  vitro and in rodent models [16–18]. 
Specifically, the erythrophagocytic phenotype of brain 
endothelium makes this phenomenon relevant to CMH 
development. Our previous work using in  vitro and 
in  vivo rodent models shows that oxidatively stressed 
RBC can adhered to and be engulfed by brain endothe-
lium [14, 15, 19]. This increased brain endothelial eryth-
rophagocytosis is associated with increased abluminal 
presence of iron-rich hemoglobin and iron across an 
intact endothelial monolayer in vitro, and with CMH sig-
natures in  vivo in the absence of brain endothelial dys-
function [14, 15]. However, the real-time examination of 
altered RBC–brain endothelial interactions in  vivo, and 
its relationship with clearance of stalled RBC, micro-
glial responses, and CMH development, has not been 
reported.

In the current study, RBC were artificially aged using 
tert-butylhydroperoxide (t-BHP), an oxidative stressor 

known to induce changes consistent with RBC aging and 
rheological changes observed under pathological condi-
tions [16, 20–22]. Fluorescently labeled t-BHP- or phos-
phate-buffered saline (PBS)-treated RBC were injected 
into adult Tie2-GFP mice that express green fluorescent 
protein (GFP)-labeled endothelial cells. In vivo two-pho-
ton imaging was used to evaluate the temporal profile of 
RBC–brain endothelial interactions and changes in cer-
ebral blood flow velocity associated with altered RBC–
brain endothelial interactions. Two-photon microscopy 
analysis was followed up with post-mortem histological 
analysis of brain sections for a comprehensive exami-
nation of altered RBC–brain endothelial interactions, 
extravasation of t-BHP-treated RBC into the brain paren-
chyma, microglial response, and CMH development. 
Our results demonstrate that t-BHP-treated RBC stall in 
brain blood vessels rapidly after being injected in mice. 
Mice injected with t-BHP-treated RBC show significantly 
increased RBC–brain endothelial interactions at the cer-
ebral capillary level that coincide with persistent micro-
glial responses and significant CMH burden, without 
overt blood–brain barrier (BBB) leakage. Our in vivo and 
ex vivo findings show the stalling and clearance of oxida-
tively stressed RBC in cerebral capillaries, highlighting 
the significance of microglial responses and altered RBC–
brain endothelial interactions in CMH development.

Materials and methods
Animals
Male Tie2-GFP mice and genetic background matched 
FVB/NJ mice were purchased from the Jackson Labora-
tory (Bar Harbor, ME, USA). Mice were acclimated for 
one week in the vivarium before experiments and had 
free access to food and water. The temperature of the 
vivarium was maintained between 21 and 23  °C, and 
humidity was maintained between 40% and 70%. All the 
animal experiments were approved by the University of 
California, Irvine, Institutional Animal Care and Use 
Committee and carried out in accordance with the Guide 
for the Care and Use of Laboratory Animals.

Erythrocyte purification and treatment
Blood was harvested from anesthetized 8- to 12-week-
old male FVB/NJ mice into heparinized tubes and cen-
trifuged at 500 × g for 10 min at 4 °C. The RBC-rich pellet 
was washed and resuspended three times with sterile 
phosphate-buffered saline (PBS without Ca2+ and Mg2+; 
Invitrogen, Waltham, MA, USA) while discarding the 
supernatant. RBC were counted and 1 × 109 RBC were 
treated with either PBS or 3 mM t-BHP (Sigma-Aldrich, 
St. Louis, MO, USA) for 30 min in a water bath at 37 °C, 
spun down at 500 × g for 10  min, and counted using a 
hemocytometer to derive the desired cell concentration 
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for labeling [14, 15]. t-BHP treatment was used to stimu-
late phosphatidylserine externalization and reduce RBC 
deformability and membrane CD47 to artificially age 
RBC in vitro [14–16, 22, 23].

PKH26 labeling and RBC injection
Treated RBC were labeled with PKH26 Red Fluorescent 
Cell Linker Kit (Sigma, St. Louis, MO, USA) as per ven-
dor instructions. PKH26 was selected due to its long 
elution half-life from labeled RBC which is optimal for 
in vivo studies [24]. Briefly, RBC were washed with sterile 
Dulbecco’s modified Eagle’s medium (DMEM; American 
Type Culture Collection, Manassas, VA, USA) (without 
fetal bovine serum (FBS)) and spun down at 400 × g for 
5 min prior to discarding the supernatant. PKH26 stain 
was added to the RBC (at 4 µL of stain for every 2.5 × 108 
RBC in a total of 2 mL of diluent with cells) and stained 
in the dark for 4  min, before inactivating with an equal 
volume (2 mL) of DMEM with 10% FBS to the stain vol-
ume for one minute. After spinning at 400 × g for 10 min, 
the supernatant was discarded, RBC were resuspended 
in fresh sterile DMEM with 10% FBS and then counted 
using a hemocytometer. A total of 5 × 108 to 1 × 109 of 
PKH26-labeled RBC suspended in 150 µL of sterile saline 
were injected intravenously (retro-orbital) into male 
Tie2-GFP mice (10–12-week-old).

Craniotomy
To perform in  vivo  imaging, we made a round cranial 
window over the somatosensory (S1) area. Tie2-GFP 
mice were anesthetized with isoflurane and placed on a 
stereotaxic frame. A midline incision was made in the 
scalp and the soft tissue on the skull was cleaned with a 
cotton tip. After locating the bregma, a 4-mm-diameter 
circle was drawn on the skull of the right side, centered at 
anterior posterior (AP) − 0.5 mm and lateral (L) 2.5 mm. 
Then the cranial window was carefully drilled to avoid 
damaging the dura. Gel foam was applied to stop bleed-
ing when necessary. A piece of round cover glass was 
placed on the window and secured in place with super 
glue and dental cement. A head bar was attached to the 
skull with dental cement. Mice were subcutaneously 
injected with 3  mg/kg carprofen as analgesia for 3  days 
after surgery.

Two‑photon imaging and data processing
To visualize time-lapsed events that occur between GFP-
positive brain endothelium and PBS- or t-BHP-treated 
PKH26-labeled RBC, RBC and cerebral blood vessels 
were longitudinally imaged at designated time points 
(1–4 h, 24 h, 5 days, and 7 days post-injection). The same 
area or same blood vessels were captured when pos-
sible by image co-registration. Mice were anesthetized 

with isoflurane and placed under a two-photon micro-
scope (Neurolabware, Los Angeles, CA, USA). Imaging 
was performed with 920 nm laser (Coherent, Palo Alto, 
CA, USA), images of blood vessels were collected after 
a 510/84  nm filter, and images of RBC were collected 
after a 607/70  nm filter. Two regions of 600 × 400 µm2 
size, z-depth of 120–180 µm were scanned at 2 µm step 
with a 16 × objective for each mouse. The frame rate was 
16 frames/s. For each z step, 160 frames were acquired 
and averaged, then maximum z-projection was created. 
For the RBC imaging, final images were processed to 
keep stalled RBC only and flowing RBC were removed. 
In each imaged area, a few capillaries were recorded at 
high resolution to image single RBC flow for 3–5  min, 
and the frame rate of the high-resolution imaging was 
32 frames/s. Number of total blood vessel branches and 
number of branches with RBC stalls were counted to cal-
culate the percentage of RBC-stalled vessels. To quantify 
the blood flow velocity, the movement of RBC across 
consecutive frames was analyzed and the speed of flow 
was calculated from distance/time. Approximately 100 
branches were analyzed for each mouse.

Brain harvest, cryopreservation, and sectioning
Mice were deeply anesthetized with isoflurane. Car-
diac perfusions were performed utilizing ice-cold PBS 
for 5 min to clear the cerebral vasculature. For the 24-h 
study, the left cerebral hemisphere was snap frozen, while 
the right cerebral hemisphere was fixed with 4% para-
formaldehyde (PFA) in PBS for 24 h, followed by a 24-h 
serial incubation in 10%, 20%, and 30% sucrose solution 
at 4  °C, frozen, mounted in Tissue-Tek OCT compound 
(Fisher Scientific, Hampton, NH, USA) and sliced into 
20-µm-thick sagittal sections at − 22  °C using a Leica 
CM1850 cryostat (Micron Instruments, San Marcos, 
CA, USA). Three sections per mouse, approximately 
600  μm apart, were used for direct imaging (post-sec-
tioning without immunostaining) of the GFP-positive 
brain endothelium and PKH26-labeled RBC, and immu-
nostaining. For the 7-day study, whole brains were fixed 
in 4% PFA and placed in a series of sucrose solutions for 
cryopreservation, mounted as described above, and then 
sliced into 20-µm-thick coronal sections at − 22 °C using 
the cryostat. Four sections per mouse, approximately 
600  µm apart, were used for direct imaging (post-sec-
tioning without immunostaining) of the GFP-positive 
brain endothelium and PKH26-labeled RBC, and immu-
nostaining of Iba1 or fibrinogen.

Confocal imaging and quantification
To visualize the GFP-positive brain endothelium and 
PKH26-labeled RBC postmortem, brain sections 
were mounted onto glass slides, cover-slipped using 
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VectaMount aqueous mounting media (Vector Labo-
ratories, Newark, CA, USA) and imaged using a Nikon 
ECLIPSE Ti-E confocal microscope (Nikon Instruments 
Inc., Melville, NY, USA) interfaced to the NIS-Elements 
software (Nikon Instruments), with a blue laser to visu-
alize the GFP-positive brain endothelium and green 
laser to visualize the PKH26-labeled RBC. Three to four 
images per brain section from cortical and subcortical 
regions were acquired at a 40 × magnification under oil 
immersion on the confocal microscope to quantify the 
total number of cerebral vessels, diameter of vessels with 
RBC stalls, number of cerebral vessels positive for RBC 
stalls expressed as a percentage of total number of cere-
bral vessels, and extravasated RBC, per field of view using 
the NIH Image J software 1.50-jv6 (NIH, Bethesda, MD, 
USA) by an observer blinded to the experimental groups.

Iba1 immunostaining and quantification
For Iba1 (ionized calcium-binding adapter molecule1) 
immunostaining (to detect microglia), free-floating brain 
sections were washed with PBS, incubated for 60  min 
with PBS containing 0.5% bovine serum albumin (BSA) 
and 0.3% Triton-X100 to block non-specific protein bind-
ing, and then incubated overnight at 4  °C with a rabbit 
anti-Iba1 antibody (1:500 dilution, Wako Chemicals 
USA, Richmond, VA, USA). The next day, sections were 
washed in PBS and then incubated for 2 h in the dark at 
room temperature with a donkey anti-rabbit IgG H&L 
with Alexa Fluor® 647 secondary antibody (1:1000 dilu-
tion, Thermo Fisher Scientific, Waltham, MA, USA). Sec-
tions were then washed in PBS and distilled water before 
mounting and cover-slipping on glass slides. Four images 
per brain section were acquired at a 40 × magnification 
to quantify the total Iba1-positive immunoreactive area, 
total number of microglia, number of resting (ramified-
like) and activated (amoeboid-like) microglia, and the 
number of cerebral blood vessels positive for RBC stalls 
and microglia, using NIH Image J software 1.50-jv6 by an 
observer blinded to the experimental groups.

Prussian blue/iron staining and quantification
Prussian blue staining was used to visualize differences 
in the iron deposited in the brains of mice injected with 
PBS- or t-BHP-treated RBC [25]. For this, brain sections 
were mounted on glass slides, dried, washed with PBS, 
stained for 3  min with an iron staining solution (mix-
ture of equal volumes of potassium ferrocyanide solu-
tion and hydrochloric acid solution; Abcam, Cambridge, 
UK). After removing the staining solution, the slide was 
gently washed in distilled water, counterstained for 5 min 
with nuclear fast red solution (Abcam, Cambridge, UK), 
rinsed in distilled water, dehydrated with alcohol, cleared, 
and sealed. Slides were imaged using a light microscopy 

at a 40 × magnification and the Prussian blue-positive 
area was quantified using the NIH Image J software 1.50-
jv6 by an observer blinded to the experimental groups.

Fibrinogen staining and quantification
To visualize BBB disruption, fibrinogen immunostaining 
was performed. Brain sections were washed with PBS, 
incubated for 60 min with PBS containing 0.5% BSA and 
0.3% Triton-X100 to block non-specific protein bind-
ing, and then incubated overnight at 4  °C with a sheep 
anti-fibrinogen antibody (1:300, USBio, Metairie, LA, 
USA). The next day, sections were washed in PBS and 
then incubated for 2 h in the dark at room temperature 
with a donkey-anti-sheep IgG Alexa Fluor 647 (1:500, 
Thermo Fisher Scientific, Waltham, MA, USA) second-
ary antibody. Sections were then washed in PBS and dis-
tilled water before mounting and cover-slipping on glass 
slides. Four images per brain section were acquired at a 
40 × magnification using a Nikon ECLIPSE Ti-E confo-
cal microscope (Nikon Instruments) to quantify the total 
fibrinogen-positive immunoreactive area (%) per image 
(this includes vascular and extravascular fibrinogen) and 
extravasated fibrinogen-positive sites (a fibrinogen-posi-
tive site was defined as a collection of fibrinogen immu-
noreactive areas within a 20-µm-diameter circle in brain 
parenchyma; this parameter measures extravascular 
fibrinogen only) using the NIH Image J software 1.50-jv6 
by an observer blinded to the experimental groups. Since 
fibrinogen staining detects both fibrin and fibrinogen, 
intravascular staining in the current study was used as an 
indicator of possible intravascular thrombus formation 
due to RBC aggregation.

Statistical analysis
We used the linear mixed effect (LME) model to analyze 
the multiple measures from the same animal. Accord-
ingly, data from multiple in vivo or brain section images 
per mouse were clustered per experimental group 
[26, 27], and analyzed using treatment as a fixed effect 
and mouse as a random effect. Data are presented as 
mean ± SEM of individual images per mouse per experi-
mental group and statistical analysis was conducted in 
the Matlab software. p < 0.05 was considered statistically 
significant.

Results
t‑BHP‑treated RBC stall significantly in cerebral blood 
vessels, which significantly reduces blood flow velocity 
in vivo
Control PBS- or t-BHP-treated RBC were injected into 
Tie2-GFP mice, and in  vivo imaging was performed at 
1–4 h, 24 h, 5 days and 7 days post-injection to evaluate 
interactions between PKH26-labeled RBC and cerebral 
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blood vessels labeled by Tie2-GFP using two-photon 
intra-vital microscopy (Fig.  1A). In  vivo two-photon 
imaging shows no RBC stalls and robust blood flow in 
the cerebral blood vessels of mice injected with PBS-
treated  RBC (Fig.  1B, Additional file  2: video 1, Addi-
tional file  3: video 2). However, stalled RBC in cerebral 
blood vessels, including capillaries and larger vessels, are 
seen in mice injected with t-BHP-treated RBC, and such 
stalled RBC are observed at significantly greater levels 
relative to those seen in mice injected with control PBS-
treated RBC at 1–4  h and 24  h after injection. Stalled 
RBC occur mostly in the capillaries of the brain (Fig. 1C, 
Additional file 4: video 3, Additional file 6: video 5, Addi-
tional file  8: video 7), but are also sometimes observed 
in relatively larger blood vessels (Additional file  1: Fig-
ure S1A, Additional file  10: video 9). Quantification of 
the number of cerebral blood vessels positive for RBC 
stalls indicates that mice injected with t-BHP-treated 
RBC have significantly more cerebral blood vessels with 
RBC stalls relative to controls between 1 and 24 h after 
RBC injection (Fig. 1D, 1–4 h: 8.3 ± 1.8% vs. 2.5 ± 0.5% in 
PBS group, p < 0.05; 24 h: 6.6 ± 1.4% vs. 2.1 ± 0.7% in PBS 
group, p < 0.05). At 5 days and 7 days after RBC injection, 
we observe very few RBC stalls relative to the numbers 
we see at 24 h after t-BHP-treated RBC injection. There 
are no differences in the percentage of cerebral blood ves-
sels with stalled RBC comparing control PBS- and t-BHP-
treated RBC-injected mice measured by in vivo imaging 
experiments at 5 or 7 days (Fig. 1D, 5 days: 2.3 ± 1.1% vs. 0 
in PBS group; 7 days: 0.13 ± 0.13% vs. 0.37 ± 0.18% in PBS 
group) (Additional file 1: Figure S1B, C). We also meas-
ured the velocity of cerebral capillary blood flow in vivo 
using two-photon imaging (Fig.  1E). At 1–4  h and 24  h 
after RBC injection, the blood flow velocity in t-BHP-
treated RBC-injected mice is significantly lower com-
pared to control PBS-treated RBC-injected mice (1–4 h: 
323.0 ± 18.8 vs. 479.7 ± 19.4 µm/s in PBS group, p < 0.001; 
24  h: 344.7 ± 24.0 vs. 469.5 ± 20.8  µm/s in PBS group, 
p < 0.001). At 5 days and 7 days after RBC injection, the 
cerebral blood flow velocity is comparable between PBS- 
and t-BHP-RBC-injected mice (5 days: 429.0 ± 29.8 vs. 

438.7 ± 25.1  µm/s in PBS group; 7 days: 397.0 ± 28.3 vs. 
464.3 ± 29.7  µm/s in PBS group) without significant dif-
ferences. These results suggest clearance mechanisms 
that facilitate recovery of cerebral blood flow velocity.

We performed in  vivo imaging of the same field lon-
gitudinally and find that RBC stalls following t-BHP-
treated RBC injection are dynamic over time. Most RBC 
stalls are cleared by 24  h post-injection (Fig.  2A, Addi-
tional file 6: video 5, Additional file 7: video 6), but a few 
vessels show persistent RBC stalls at the same or different 
locations (Fig.  2B, Additional file  4: video 3, Additional 
file 5: video 4, Additional file 8: video 7, Additional file 9: 
video 8). Furthermore, by careful examination of interac-
tions between brain endothelium and RBC, we find that 
some stalled t-BHP-treated RBC are co-localized with 
brain endothelial cells at 4 h after injection and those co-
localized RBC are cleared by 24 h post-injection (Fig. 2C, 
D, Additional file 1: Figure S2). In vivo imaging therefore 
reveals that t-BHP-treated RBC stall in cerebral vessels 
rapidly after injection and induce decreased cerebral 
blood flow velocity, an effect that appears to be mitigated 
eventually by clearance of RBC stalls from the circulation.

Post‑mortem assessment confirms robust brain 
endothelial‑RBC interactions within 24 h after 
t‑BHP‑treated RBC injection
Mouse brain sections were examined ex  vivo following 
RBC injections to study the interactions between the 
PKH26-labeled RBC and the GFP-labeled brain endothe-
lium. We first examined whether treatment of RBC with 
an oxidative stressor alters their interaction with brain 
endothelium compared to the control mice injected with 
PBS-treated RBC. 24 h after RBC injection, the brains of 
mice injected with t-BHP-treated RBC show significantly 
more cerebral vessels with RBC stalls compared to PBS-
treated  RBC-injected mice (3.8 ± 0.5% in the PBS-RBC 
mice vs. 13.9 ± 1.3% positive vessels in the t-BHP-RBC 
mice, p < 0.01) (Fig.  3A and E, Additional file  1: Figure 
S3). This increased vessel number with RBC stalls in mice 
injected with t-BHP-treated RBC is not accompanied by 
a change in the total number of cerebral blood vessels 

Fig. 1  t-BHP-treated RBC stall in cerebral blood vessels and impair cerebral blood flow velocity shown by in vivo high-resolution two-photon 
imaging in mice. Schematic of the experimental design (A). RBC were collected from FVB/NJ mice, treated with control PBS or the oxidative 
stressor t-BHP, then labeled with the PKH26 fluorescent dye and injected intravenously into mice with Tie2-GFP-labeled endothelial vasculature. 
RBC (red) and cerebral blood vessels (green) were imaged in vivo using two-photon microscopy. Representative frames are shown at 1-s interval 
durations from control PBS-treated RBC-injected mice (B) and t-BHP-treated RBC-injected mice (C). The boxed areas are shown in the bottom 
panels of B and C, imaged at higher resolution and at different second intervals from parent images. RBC from the control PBS group exhibit robust 
flow in the cerebral blood vessels. In contrast, t-BHP-treated RBC stall significantly in cerebral blood vessels. Percentage of cerebral blood vessels 
with stalled RBC (D) and blood flow velocity (E) were measured at 1–4 h, 24 h, 5 days and 7 days after control versus t-BHP-treated RBC injections. 
Significantly more RBC stalls and reduced cerebral blood flow velocity are measured in mice injected with t-BHP-treated RBC relative to control 
PBS-treated RBC. Data are expressed at mean ± SEM and statistically analyzed with the LME. *p < 0.05, ***p < 0.001

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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Fig. 2  The majority of t-BHP-treated RBC stalls are cleared by 24 h after injection. RBC stalls are dynamic (A, B). Repeated in vivo imaging 
of the same capillaries at 1–4 h and 24 h after t-BHP-RBC injections shows that most stalled RBC are cleared by 24 h after injection (A, B arrowheads). 
A few cerebral vessels show persistent RBC stalls at the same location at 1–4 h and 24 h (B, arrows), or at different locations (B, asterisk). Examples 
of t-BHP-treated RBC stalled in cerebral blood vessels at 4 h and the eventual clearance of those stalled RBC 24 h after injection (C, D). The boxed 
areas are shown as higher resolution images in the right panels of C and D. Images show that RBC adhere to brain endothelial cells (arrowheads, 
red RBC overlapping with the green endothelial cells) at 4 h after injection (top rows). At 24 h at the same cerebral blood vessel site (bottom rows), 
the stalled RBC have cleared. Note in D, the arrowhead indicates that RBC appear to move toward the branch from 4 to 24 h imaging
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(vessels per field of view: 24.2 ± 1 in the PBS-RBC mice 
vs. 21.6 ± 1.2 in the t-BHP-RBC mice, Fig. 3B) or cerebral 
vessel diameter (5.0 ± 0.3  µm in the PBS-RBC mice vs. 
4.8 ± 0.1 µm in the t-BHP-RBC mice, Fig. 3C). All cerebral 
vessels analyzed in the current study are brain capillaries 
with a diameter of < 10 µm. A trend (p = 0.07) of increased 
RBC extravasation into the brain parenchyma is observed 
in the t-BHP-treated RBC injected mice compared with 
the PBS-treated  RBC injected mice (RBC per field of 
view: 0.03 ± 0.03 in the PBS-RBC mice vs. 0.2 ± 0.09 in the 
t-BHP-RBC mice, Fig.  3D). Representative images show 
significantly greater RBC stalls in the t-BHP-treated RBC 
injected mice relative to PBS-treated  RBC injected 
mice (Fig. 3E) and t-BHP-RBC egress from the brain cap-
illary endothelium (Fig. 3Fi-iii). Notably, the brain capil-
lary endothelium appears intact during RBC egress in 
most cases (Fig. 3Fi-ii).

Microglial reactions occur in close proximity to stalled RBC 
in t‑BHP‑treated RBC injected mice 24 h after RBC injection
The interplay between RBC, brain endothelium, and 
microglia was studied in mouse brain sections by per-
forming immunostaining for Iba1, a protein marker of 
microglia and macrophages [28]. 24  h after RBC injec-
tion, the number of activated Iba1-positive micro-
glia is significantly higher (microglia per field of view: 
7.3 ± 0.5 in PBS-RBC mice vs. 9 ± 0.5 in the t-BHP-RBC 
mice, p < 0.05) (Fig.  4A, F, G) while the number of rest-
ing microglia is significantly lower (microglia per field 
of view: 4.5 ± 0.3 in PBS-RBC mice vs. 3 ± 0.3 in the 
t-BHP-RBC mice, p < 0.001) (Fig.  4B, F, G) in the mice 
injected with t-BHP-treated RBC relative to PBS-treated 
RBC. The total number of microglia (microglia per field 
of view: 11.9 ± 0.5 in PBS-RBC mice vs. 12 ± 0.5 in the 
t-BHP-RBC mice, Fig. 4C) and Iba1-positive immunore-
active area (% area: 3.5 ± 0.2 in PBS-RBC mice vs. 5.3 ± 0.3 
in the t-BHP-RBC mice, Fig. 4D) are not statistically dif-
ferent between the PBS-RBC- and t-BHP-RBC injected 
mice. Further, the number of cerebral vessels that are 
positive for microglia and RBC stalls is significantly 
higher in the t-BHP-RBC-injected mice compared with 
PBS-RBC-injected mice 24  h post-injection (per field 

of view: 0.38 ± 0.07 in PBS-RBC mice vs. 1.1 ± 0.2 in the 
t-BHP-RBC mice, Fig. 4E). We observe significant micro-
glial activation in the brains of the mice treated with 
t-BHP-RBC (Fig. 4G); in some instances, microglia enve-
lope brain endothelium at sites that are positive for RBC 
stalls (Fig.  4G). Activated microglia are also seen envel-
oping a cluster of extravasated RBC in the brain paren-
chyma of t-BHP-RBC injected mice (Fig. 4G).

Post‑mortem assessment shows RBC–brain endothelial 
interactions and inflammation responses 7 days 
after t‑BHP‑treated RBC injection
To determine if the altered RBC–brain endothelial–
microglial response observed 24 h after RBC injection is 
an acute or persistent response, we allowed the t-BHP-
treated RBC to circulate for a week and performed post-
mortem analysis 7 days after RBC injection. Similar as 
the results observed at 24 h, there are significantly more 
cerebral vessels with RBC stalls in the mice injected with 
t-BHP-treated RBC compared to PBS-RBC injected mice 
(vessels with RBC stalls: 4.1 ± 0.5% in PBS-RBC mice vs. 
5.8 ± 0.7% in the t-BHP-RBC mice, p < 0.05) (Fig. 5A, B). 
The total number of cerebral vessels (vessels per field 
of view (23.7 ± 0.9 in PBS-RBC mice vs. 20.9 ± 0.9 in the 
t-BHP-RBC mice) is slightly but significantly lower in 
the mice injected with t-BHP-RBC (Fig.  5C), and the 
size of vessels with RBC stalls (4.0 ± 0.2 µm in PBS-RBC 
mice vs. 4.4 ± 0.3  µm in the t-BHP-RBC mice) does not 
differ between the PBS- and t-BHP-RBC-injected mice 
(Fig. 5D). Unlike at 24 h after injection, we do not observe 
similar trend of extravasated RBC in the brain paren-
chyma in mice injected with t-BHP-treated RBC relative 
to PBS-treated RBC mice (per field of view: 0.29 ± 0.07 in 
PBS-RBC mice vs. 0.28 ± 0.09 in the t-BHP-RBC mice) 
(Fig. 5E).

The inflammatory responses in the brain measured by 
microglia Iba1 staining persist at 7 days after the injec-
tion of t-BHP-treated RBC. The number of activated 
microglia continues to be significantly higher (micro-
glia per field of view: 3.5 ± 0.2 in PBS-RBC mice vs. 
4.9 ± 0.4 in the t-BHP-RBC mice, p < 0.01) (Fig.  5F, G), 
while the number of resting microglia continues to be 

Fig. 3  Post-mortem analysis of mouse brain sections shows increased t-BHP-RBC–brain endothelial interactions 24 h after RBC injection. 
NIH ImageJ quantification of the digitized images shows significantly higher percentage of blood vessels with RBC stalls in mice injected 
with t-BHP-treated RBC relative to control PBS-treated RBC (A). No difference is observed in the total number of blood vessels following control 
PBS- versus t-BHP-treated RBC injections (B), and the blood vessels with stalled RBC are capillaries (< 10 µm vessel diameter) (C). A trend 
of increased RBC extravasation is seen following the injection of t-BHP-treated RBC (D). Representative images showing RBC stalls in the t-BHP-RBC 
versus PBS-RBC injected mice (white arrowheads) (E). Scale bar = 50 µm in E. Representative images showing t-BHP-RBC extravasation from brain 
capillary endothelium into brain parenchyma (F). The brain endothelium at the site of t-BHP-RBC extravasation appears intact in Fi and Fii, 
with some alterations in Fiii. Scale bar = 5 µm in F. Data are presented as mean ± SEM of individual images analyzed per experimental group. 
Statistical analysis was performed using the LME. **p < 0.01

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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significantly lower (microglia per field of view 3.7 ± 0.3 
in PBS-RBC mice vs. 1.9 ± 0.2 in the t-BHP-RBC mice, 
p < 0.0001) (Fig.  5F and H) in the t-BHP-RBC mice 
compared with PBS-RBC mice. No changes in the total 
microglia number (microglia per field of view: 7.2 ± 0.4 
in PBS-RBC mice vs. 6.9 ± 0.5 in the t-BHP-RBC mice, 
Fig.  5I) or Iba1-positive microglia immunoreactive 

area (% area: 1.5 ± 0.1 in PBS-RBC mice vs. 1.6 ± 0.07 
in the t-BHP-RBC mice, Fig. 5J) are observed between 
the t-BHP-RBC mice and PBS-RBC mice. These results 
indicate that increased RBC–cerebral endothelium 
interaction and microglial responses persist at 7  days 
after t-BHP-RBC injection.

Fig. 4  Microglial reactions occur in close proximity to cerebral vessels stalled with t-BHP-treated RBC 24 h after RBC injection. Following injection 
of t-BHP-treated RBC, the number of activated microglia in nearby brain tissue significantly increases (A) and the number of resting microglia 
significantly decreases (B). The total number of microglia (C) and microglia-positive area (D) do not significantly differ between the control 
PBS-treated RBC and t-BHP-treated RBC-injected mice. Significantly more stalled RBC and microglia-positive vessels are measured 
in t-BHP-RBC-injected mice relative to control (E). Representative confocal images show GFP-positive blood vessels in green, PKH26-labeled RBC 
in red, and Iba1-positive microglia in blue (F), and show significantly greater RBC stalls and microglial activation in the t-BHP-RBC-injected mice. 
Scale bar = 50 or 20 µm in F. The dotted boxed areas in F are shown at higher resolution in the rightmost panel in F and show cerebral blood vessels 
with stalled RBC (white arrowheads) and extravasated RBC (white arrow). Microglia are labeled by asterisks (in F). Volume z-stack reconstructions 
of confocal images show RBC stalling and extravasation of t-BHP-treated RBC and microglial activation in brain tissue in close proximity to stalled 
RBC in cerebral blood vessel (Gi and Gii represent 180° rotation of the same image). The image shows stalled RBC in cerebral vessels (asterisks), 
activated microglia enveloping what appears to be a site of an extravasating t-BHP-treated RBC (1), and activated microglia enveloping a cluster 
of extravasated t-BHP-treated RBC (2). The dotted boxes (1 and 2) in Gi and Gii are shown at higher resolution for better visualization. Scale 
bar = 10 µm. Data are presented as mean ± SEM of individual images analyzed per experimental group. Statistical analysis was performed using 
the LME. *p < 0.05 and ***p < 0.001
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Injection of t‑BHP‑treated RBC results in CMH development 
in the absence of BBB leakage
CMH in brain sections measured by Prussian blue stain-
ing for hemosiderin-iron show that t-BHP-RBC mice 
have significantly larger Prussian blue-positive area com-
pared to PBS-RBC mice after both 24  h (35 ± 6 µm2 in 
PBS-RBC mice vs. 79 ± 17 µm2 in the t-BHP-RBC mice, 
p < 0.05, Fig.  6A and Additional file  1: Figure S4) and 7 
days (93 ± 32 µm2 in PBS-RBC mice vs. 307 ± 50 µm2 in 
the t-BHP-RBC mice, p < 0.01, Fig.  6B and Additional 
file 1: Figure S4) of circulation of labeled RBC. Notably, 
the Prussian blue lesions are threefold larger at 7 days 
than at 24  h after RBC injection. Further, BBB leakage 
measured by fibrinogen immunostaining 24 h after RBC 
injection (Fig.  7) does not significantly differ between 
mice injected with t-BHP-treated RBC and controls 
injected with PBS-treated RBC. We measured both the 
intravascular and extravascular fibrinogen immunoreac-
tivity combined (Fig.  7B), and the extravascular fibrino-
gen immunoreactivity alone (Fig.  7C); the latter is a 
measure of BBB leakage. No significant difference in the 
extravasated fibrinogen immunoreactivity in the brains 
of the mice injected with t-BHP-RBC is observed, sug-
gesting that CMH develop following injection of t-BHP-
treated RBC in the absence of BBB leakage.

Discussion
Altered RBC–brain endothelial interactions and the 
ensuing thrombotic complications have been well-docu-
mented in infectious and vascular diseases, but the rel-
evance of such altered interactions leading to RBC egress 
into the brain and subsequent cerebral microhemorrhag-
ing has received relatively little attention. Our previous 
work shows robust adhesion and engulfment of t-BHP-
treated RBC by the murine and human brain microvas-
cular endothelial monolayers, which is associated with 
the migration of iron-rich RBC and/or their degradation 

product across intact brain endothelial monolayers 
in vitro [14, 15, 19]. These findings are relevant to CMH 
formation as iron-rich RBC or their degradation products 
can produce CMB signatures [11]. In the present study, 
using two-photon imaging, we demonstrate the tempo-
ral dynamics of t-BHP-treated RBC stalls in the cerebral 
blood vessels in  vivo, and provide evidence of t-BHP-
treated  RBC extravasation into the brain parenchyma, 
subsequent microglial responses, and CMH formation 
in post-mortem mouse brain tissue. First, we show that 
t-BHP-treated RBC stall in the cerebral blood vessels 
very rapidly, as early as 1 h after RBC injection in mice, 
with most RBC stalls clearing by 24 h. Second, increased 
cerebral blood vessel stalls are accompanied by decreased 
blood flow velocity in mice injected with t-BHP-treated 
RBC, presumably due to decreased erythrocyte deforma-
bility after t-BHP stress [16]. Third, post-mortem analysis 
of brain sections corroborates these in vivo imaging find-
ings and reveals that increased RBC–endothelium inter-
actions are localized to the cerebral capillaries. Fourth, 
these altered RBC–brain endothelial interactions with 
t-BHP-treated RBC are associated with microglial activa-
tion and increased CMH burden, in the absence of BBB 
leaks, that persist up to 7 days after RBC injection. Over-
all, our data suggest that altered RBC–brain endothelial 
interactions can induce a persistent microglial response 
and CMH development.

RBC are the most abundant cells in the blood stream 
with a highly regulated life span. Within the blood 
circulation, RBC are constantly exposed to stresses 
and stimuli that trigger their removal from the blood 
circulation by a specialized process known as eryth-
rophagocytosis. Aged and/or damaged RBC are rec-
ognized by professional phagocytes (macrophages) 
with subsequent erythrophagocytosis and clearance 
from the blood circulation [15, 29–31]. Besides pro-
fessional phagocytes, there is increasing evidence that 

Fig. 5  Post-mortem analysis of mouse brain section 7 days after RBC injections shows significantly more RBC stalls in cerebral blood vessels 
and higher brain inflammatory responses in the brain parenchyma following the injection of t-BHP-treated RBC. Representative confocal 
images show GFP-positive blood vessels in green and PKH26-labeled RBC in red (Ai). Scale bar = 50 µm in Ai. The dotted boxed areas 
in the merged channel in Ai are shown as higher resolution images in the rightmost panel in Ai, and cerebral blood vessels with stalled 
RBC are shown by white arrowheads (Ai). A confocal image showing t-BHP-RBC adhesion to and extravasation across brain capillary 
endothelium (Aii). The brain endothelium at the site of t-BHP-RBC extravasation appears intact in Aii. Scale bar = 5 µm in Aii. NIH ImageJ 
quantification of the digitized images shows significantly higher percentage of blood vessels with RBC stalls (B) and a lower number of total 
blood vessels in mice injected with t-BHP-treated RBC (C). The vessels showing stalled RBC are capillaries (< 10 µm blood vessel diameter) 
(D), and no significant difference is observed in the extravasated RBC between the groups under these assay conditions (E). Representative 
confocal images show Iba1-positive microglia (blue) in the PBS- and t-BHP-treated RBC-injected mice (F). Scale bar = 50 µm in F, and asterisks 
show resting microglia in the PBS-RBC-injected mice and activated microglia in the t-BHP-RBC-injected mice (F). Injection of t-BHP-treated RBC 
significantly increases numbers of Iba1-positive activated microglia (G) and significantly reduces numbers of Iba1-positive resting microglia (H), 
which indicate neuroinflammation in t-BHP-RBC-injected mice. The total number of microglia (I) and microglia-positive area (J) do not differ 
between the PBS- and t-BHP-RBC-injected groups. Data are presented as mean ± SEM of individual images analyzed per experimental group. 
Statistical analysis was performed using the LME. *p < 0.05, **p < 0.01, and ****p < 0.0001

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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Fig. 6  Significantly greater brain microhemorrhage load measured by Prussian blue in mice injected with t-BHP-treated RBC relative to controls 
at 24 h and 7 days after RBC injection. The Prussian blue-positive area is significantly higher in the mice injected with t-BHP-treated RBC 
both at 24 h (A) and 7 days (B) after RBC injection compared with the PBS-treated RBC injected mice. The dotted boxed area in A and B are shown 
in a higher resolution image directly left or right of the dotted box to highlight the Prussian blue-positive area. Note the difference in the Y-axis 
scale in A and B. Scale bar = 50 µm. Data are presented as mean ± SEM of individual images analyzed per experimental group. Statistical analysis 
was performed using the LME. *p < 0.05 and **p < 0.01
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endothelial cells, including the cerebral endothelium, 
are also capable of phagocytosis [17, 32]. For exam-
ple, in the case of embolic vessel occlusion, endothe-
lial lamellipodia were found to surround emboli within 
hours, with subsequent engulfment of the emboli by 
brain endothelium followed by extravasation into the 
perivascular space. Extravasated emboli were eventu-
ally phagocytosed and degraded by brain parenchymal 
microglia [17]. Similarly, our previous in  vitro work 
provides evidence for brain endothelial erythrophago-
cytosis and shows that oxidatively stressed RBC adhere 

to and are engulfed by murine and human brain 
endothelial cells [14, 15, 19]. Subsequent work has now 
shown altered brain–endothelial RBC interactions for 
Plasmodium falciparum-infected RBC in vivo [33] and 
glycated RBC in vitro [34]. Consistent with these obser-
vations, our in vivo two-photon microscopy work in the 
current study shows increased localization of t-BHP-
treated RBC to the brain endothelium at 1–4  h after 
RBC injection which recovers over 7  days, compared 
with mice injected with PBS-RBC that show robust RBC 
flow within the cerebral vasculature. This is supported 

Fig. 7  No significant difference in leaky cerebral blood vessels measured by fibrinogen immunostaining in post-mortem mouse brain section 24 h 
after injection of control versus t-BHP-treated RBC. Representative confocal images show GFP-positive blood vessels in green, PKH26-labeled 
RBC in red, and fibrinogen in blue (A). Scale bar = 50 µm. The dotted boxed areas in the merged channels in A are shown as higher resolution 
images in the rightmost panel in A for the PBS- and t-BHP-RBC-injected mice. White arrowheads show extravasated fibrinogen, a marker of BBB 
leakage (A). NIH ImageJ quantification of the digitized images shows no difference in the total fibrinogen-positive area (intra- and extra-vascular) 
(B) and extravasated fibrinogen-positive sites between the PBS- and t-BHP-RBC injected groups, which is a measure of BBB leakage (C). Data are 
presented as mean ± SEM of individual images analyzed per experimental group. Statistical analysis was performed using the LME
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by optical coherence tomography imaging of cerebral 
capillary segments with stalling RBC by Erdener et al., 
who reported that RBC stalls are short-lived in healthy 
mice [35]. Stalls of the t-BHP-treated RBC in the cer-
ebral vasculature are confirmed by closely examin-
ing the two-photon microscopy images, which reveal 
apparent colocalization of t-BHP-RBC (red) with 
the GFP-positive brain endothelial cells (green). Sig-
nificant RBC stalls are observed in mice injected with 
t-BHP-treated RBC at 1–4 h after RBC injection. A few 
RBC stalls persist up to 24 h, while most of them have 
cleared within 24 h. By 7 days, no significant RBC stalls 
are observed by in vivo two-photon imaging. Post-mor-
tem analysis of brain tissue sections supports the two-
photon microscopy findings. We find significantly more 
cerebral blood vessels positive for RBC stalls in post-
mortem analysis for mice injected with t-BHP-treated 
RBC relative to controls injected with PBS-RBC at both 
24 h and 7 days after RBC injection; the small but sig-
nificant increase at 7  days is not observed with two-
photon microscopy, which may be due to the use of 
different imaging modalities (postmortem vs. intravi-
tal) and the measurements from different brain regions 
sampled (somatosensory cortex during the two-photon 
imaging and cortical and subcortical regions during 
post-mortem imaging). There appears to be a tempo-
ral decline in the RBC stalls as fewer t-BHP-treated 
stalled RBC are found in the cerebral blood vessels at 
7  days, compared with 24  h after t-BHP-RBC injec-
tion. The exact mechanism of RBC clearance from the 
cerebral vasculature is unclear; while some RBC stalls 
may be dynamic and move along the vasculature with 
time, RBC that remain in contact with the endothelium 
may be cleared via brain endothelial erythrophagocy-
tosis [14–17, 19], much like the process of angiophagy 
wherein larger fibrin clots and microspheres retained 
by brain microvessels, including arterioles and capillar-
ies, are gradually cleared from the vasculature to recan-
alize blood vessels [17, 18, 32].

t-BHP-treated RBC, a well-studied model of RBC 
senescence [23], have reduced deformability [16], 
increased phosphatidylserine exposure [36], and reduced 
expression of CD47 [15];  these are  key markers of RBC 
aging that are known to trigger erythrophagocytosis 
and RBC clearance. This enhanced clearance of t-BHP-
treated RBC may account for the lower number of RBC 
in the blood circulation compared with PBS-treated 
RBC during the first 24  h. Apart from the significant 
stalls observed in the blood vessels of mice injected 
with t-BHP-treated RBC, we also find evidence for RBC 
attachment to, and extravasation across, the brain cap-
illary endothelium. In some instances, clear egress of 
intact t-BHP-treated RBC from the brain capillaries is 

observed, with the capillary wall appearing intact at the 
site of RBC migration in most instances. Accordingly, 
fibrinogen immunostaining shows no significant dif-
ference in extravasated fibrinogen between the brain 
sections of mice injected with t-BHP-treated RBC and 
PBS-treated RBC, suggesting an absence of substantial 
BBB leakage. Quantification of RBC extravasation shows 
a strong trend toward greater extravasation of t-BHP-
treated RBC from the brain capillaries 24  h after RBC 
injection. These findings are consistent with the migra-
tion of intact microspheres across the brain capillaries in 
rats [18]. Overall, the in vivo and post-mortem findings 
collectively show the temporal dynamics of RBC–brain 
endothelial interactions and subsequent mobilization of 
oxidatively stressed RBC across an intact brain capillary 
endothelium.

RBC stalling is associated with a significant reduction 
in the number of brain capillaries with t-BHP-treated 
RBC at 7  days. The exact mechanism involved in the 
reduction of brain capillaries is not clear. However, inter-
action of the t-BHP-treated RBC with the brain capillary 
and subsequent phagocytosis by the brain endothelial 
cells may increase intracellular iron load, which can trig-
ger cellular apoptosis [15]. While our previous work and 
that of others show no change in BBB permeability with 
brain endothelial erythrophagocytosis [15, 34], a modest 
increase in markers of cellular apoptosis with endothe-
lial erythrophagocytosis and increased BBB permeabil-
ity with angiophagy have been reported by others [16, 
18]. Another mechanism contributing to brain capillary 
reduction at 7 days after t-BHP-RBC injection may be 
elimination of brain capillaries that fail to regain blood 
flow due to persistent RBC stalling [37].

Though largely presumed to arise from extravasation of 
RBC due to disruption of cerebrovascular integrity, there 
is increasing evidence for CMH originating from other 
sources that increase brain iron—for example, alterations 
in brain iron homeostasis or non-hemorrhagic migration 
of iron-rich RBC into the perivascular space have been 
suggested to produce CMH [11, 13]. The altered RBC–
brain endothelial interactions and subsequent migration 
of RBC or their iron-rich degradation products across 
the brain capillaries observed in our study are there-
fore relevant to the pathogenesis of CMH as discussed 
below. Abnormal RBC adhesion and engulfment by 
brain endothelium has been shown to be associated with 
increased intracellular and abluminal (brain-side) iron 
and iron-rich RBC degradation product hemoglobin [14, 
15], which may produce CMH signatures. Alternatively, 
apparently intact RBC may be retained by and extravasate 
across brain endothelium. Once in the brain perivascular 
space, RBC can be degraded by microglial cells to release 
iron [38]. Consistent with these observations, we find a 
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significantly increased Prussian blue-positive iron load in 
the brains of mice injected with t-BHP-treated RBC com-
pared with mice injected with PBS-treated RBC, at both 
24 h and 7 days after RBC injection. CMH load is three-
fold higher at 7 days than at 24 h after t-BHP-treated RBC 
injection, which may be due to temporal CMH expansion 
with continued altered RBC–brain capillary endothelial 
interactions and/or may reflect the delay in the release 
of iron following RBC degradation in brain parenchyma. 
Collectively, these results show that increased RBC–
brain endothelial interactions are associated with CMH 
development in vivo. Notably, RBC alterations (including 
phosphatidylserine exposure and RBC membrane altera-
tions, along with increased RBC adherence to the vascu-
lar endothelium, similar to those observed with t-BHP 
treatment) have been observed in chronic kidney disease 
and Alzheimer’s disease [39–42], pathological conditions 
with high CMB prevalence.

Microglia are resident brain immune cells that migrate 
towards the site of injury within the central nervous 
system. Once at the site of injury, microglia perform 
important functions including phagocytosis of invading 
pathogens and are also capable of sealing and repairing 
brain capillary lesions [43]. To elucidate the microglial 
response to altered RBC-endothelial interactions, Iba1 
immunostaining was performed on mouse brain sec-
tions in the current study. We find a shift in the micro-
glial morphology to a more amoeboid versus ramified 
appearance, suggestive of microglial activation [44], in 
the t-BHP-RBC-injected mice compared with the PBS-
RBC-injected mice up to 7  days after RBC injection. 
Interestingly, activated microglia are seen enveloping 
a cluster of extravasated RBC in brain parenchyma and 
stalled cerebral capillaries in the t-BHP-RBC-injected 
mice. Further, cerebral capillaries with RBC stalls are 
frequently associated with juxtavascular microglial cells. 
These findings show that altered RBC–brain endothe-
lial interactions appear to induce a robust microglial 
response and significant microglial association with the 
brain endothelium. Though such a microglial response 
following increased RBC–brain endothelial interactions 
has not been reported previously, these findings are con-
sistent with studies showing altered microglial morphol-
ogy and dynamics with changes in cerebral blood flow 
[45] and with angiophagy [18]. A similar observation has 
been reported in a laser-induced CMH mouse model 
wherein microglia are found to envelop and repair micro-
bleeding vessels, and stimulating microglial response to 
CMH attenuates vessel leakage, suggesting a protective 
role of microglia in CMH development [46]. Further, in 
a model of hemorrhagic arteriolar CMH, microhemor-
rhaging is associated with a rapid inflammatory response 
involving the migration of microglia toward the CMH 

location in vivo [47]. However, apart from the protective 
effects of microglia in CMH development, our previous 
work shows that microglia are associated with increased 
CMH burden [1, 48, 49]. Furthermore, microglial deple-
tion was found to reduce microhemorrhaging in a mouse 
model of chronic kidney disease [1]. Therefore, microglia 
appear to serve dual roles in the context of CMH devel-
opment, with some evidence suggesting a protective role 
[46] while other evidence indicates a shift towards a role 
of inflammation instead of protection [1, 48, 49].

The results from the current study raise some 
intriguing questions that need further investigation. 
First, it is critical to identify how cerebral endothe-
lium engulf RBC and how RBC extravasate in  vivo. 
Since RBC extravasation is a dynamic process and our 
post-mortem data represent only a snapshot at 24  h, 
evaluation of the brain tissue as well as in  vivo imag-
ing at earlier time points may be needed. Second, the 
enhanced interactions of oxidatively stressed RBC to 
cerebral blood vessels are associated with significantly 
decreased cerebral blood flow velocity early after RBC 
injection that normalize by 5  days after RBC injec-
tion. Note that the blood flow velocity measurements 
only reflect the movement of RBC in brain capillar-
ies, and do not measure changes in cerebral blood 
flow (tissue perfusion) resulting from a reduction in 
the number of brain capillaries. In some instances, 
we observe dramatic RBC stalls obstructing a capil-
lary network in mice injected with t-BHP-treated RBC. 
Could these RBC stalls lead to hypoperfusion and sub-
sequent localized ischemia, and does brain endothelial 
erythrophagocytosis represent an RBC-stalled ves-
sel clearance mechanism? A recent study shows that 
RBC aggregation at the cerebral artery level leads to 
thrombosis-induced ischemia and CMH development 
[50]. To rule out thrombus formation, we used intra-
vascular fibrin/fibrinogen immunostaining and do not 
find increased vascular fibrin/fibrinogen immunoreac-
tivity in the mice injected with t-BHP-treated RBC in 
the current study. Third, we used post-mortem brain 
sections to assess BBB injury using fibrinogen immu-
nostaining. Due to the cross-sectional nature of the 
analysis, we cannot rule out transient BBB changes 
during the course of the study. Moreover, fibrinogen 
has a large molecular weight (> 340  kDa), making it 
an appropriate marker to detect large BBB permeabil-
ity changes that might be involved in RBC passage. It 
is possible that smaller BBB leaks were not detected 
in the present study. Fourth, RBC in the current 
study were chemically aged to mimic some of the key 
changes observed with RBC aging, including reduced 
deformability, phosphatidylserine exposure, and 
reduced CD47 expression. Future work will need to 
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focus on naturally aged RBC isolated by methods such 
as density centrifugation or utilize RBC from mouse 
models with known RBC alterations such as sickle cell 
mice [51] or chronic kidney disease [39, 41]. Finally, 
Iba1 is also a marker of macrophages [52], and the 
involvement of microglia versus macrophages (brain 
resident or systemic) [53] was not differentiated in the 
current study.

Conclusions
Our results show that RBC damaged by oxidative stress 
associate with brain capillary endothelium, and these 
altered RBC–brain capillary endothelial interactions 
(RBC stalls) are dynamic and resolve over time as RBC 
extravasate into brain parenchyma (Fig. 8). These altered 
RBC–brain capillary interactions coincide with reduced 
cerebral blood flow velocity, persistent microglial acti-
vation, and increased CMH load in the absence of overt 
BBB leakage. Increased RBC interactions with brain 

Fig. 8  Schematic of the temporal dynamics of t-BHP-treated RBC interactions with cerebral vasculature and subsequent microglial responses 
and cerebral microhemorrhage. t-BHP-treated RBC stall in the cerebral capillaries early after RBC injection, and are eventually cleared. Stalled 
RBC in cerebral capillaries coincide with decreased cerebral blood flow velocity, which recovers over time as RBC adhere to and extravasate 
from the brain capillary endothelium into the brain perivascular space. Increased RBC–brain capillary interactions/RBC stalling triggers microglial 
activation and cerebral microhemorrhage. The dotted lines indicate predicted profiles and were not studied in the current study
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capillary endothelium may therefore represent an alter-
nate source of CMH development distinct from the tra-
ditional view of RBC extravasation in brain parenchyma 
due to microvascular disruption, and may be clinically 
relevant for conditions associated with increased RBC 
stress such as sickle cell disease [51], chronic kidney dis-
ease [39, 41] and perhaps aged RBC.

Abbreviations
BBB	� Blood–brain barrier
CMB	� Cerebral microbleed(s)
CMH	� Cerebral microhemorrhage(s)
GFP	� Green fluorescent protein
Iba1	� Ionized calcium-binding adapter molecule1
LME	� Linear mixed effects
MRI	� Magnetic resonance imaging
PBS	� Phosphate buffered saline
RBC	� Red blood cell(s)
t-BHP	� Tert-butylhydroperoxide

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12974-​023-​02932-5.

Additional file 1: Figure S1. Images of RBC stalls in mice injected with 
t-BHP-treated but not PBS-treated RBC. Figure S2. Additional examples of 
t-BHP-treated RBC stalls in vessels at 4 h and the clearance of the stalled 
RBC at 24 h after injection. Figure S3. Example of dramatic RBC stalls in 
cerebral capillaries in the brain sections of t-BHP-treated RBC-injected 
mice. Figure S4. Additional examples of Prussian blue-positive stains in 
mice injected with PBS- and t-BHP-treated RBC at 24 h and 7 days after 
RBC injection.

Additional file 2: Video 1. PBS-treated RBC flow through a capillary at 
1 h after RBC injection. Note that control RBC can stall in the blood vessel 
temporarily.

Additional file 3: Video 2. PBS-treated RBC flow through the same capil-
lary shown in Video 1 at 24 h after RBC injection.

Additional file 4: Video 3. t-BHP-treated RBC stall in capillaries at 4 h after 
RBC injection.

Additional file 5: Video 4. t-BHP-treated RBC stall in the same capillaries 
as shown in Video 3 at 24 h after RBC injection.

Additional file 6: Video 5. t-BHP-treated RBC stalls in a capillary at 4 h 
after RBC injection, and some RBC flow slowly through the capillary.

Additional file 7: Video 6. The RBC stall shown in Video 5 is cleared at 
24 h.

Additional file 8: Video 7. t-BHP-treated RBC stall in capillaries at 4 h after 
RBC injection.

Additional file 9: Video 8. The RBC stall in one capillary (shown in Video 
7) is cleared while the other persists at 24 h after RBC injection.

Additional file 10: Video 9. t-BHP-treated RBC stalled in a large blood 
vessel wall and also in nearby capillaries.

Acknowledgements
The authors acknowledge Chuli Roules for assistance with the post-mortem 
image quantifications.

Author contributions
HZ, RKS, RC, JS performed research. HZ, RKS, RC, JS, DHC, MJF, XX analyzed 
and interpreted data. HZ, RKS, RC, TCH, MJF, XX wrote the paper. RKS, MJF, XX 
designed research and oversaw the project.

Funding
R.K.S. is funded by NIA R01AG062840 and R01AG072896. T.C.H. is funded by 
NIH GM R35127102. M.J.F. is funded by NINDS R01NS20989. X.X. is funded by 
NIH RF1 AG065675 and R01 NS121246.

Availability of data and materials
Data and materials are available from the corresponding authors on reason-
able request.

Declarations

Ethics approval and consent to participate
All the animal experiments were approved by the University of California, 
Irvine, Institutional Animal Care and Use Committee and carried out in accord-
ance with the Guide for the Care and Use of Laboratory Animals.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 18 July 2023   Accepted: 13 October 2023

References
	1.	 Fang C, Lau WL, Sun J, Chang R, Vallejo A, Lee D, et al. Chronic kidney 

disease promotes cerebral microhemorrhage formation. J Neuroinflam-
mation. 2023;20:51.

	2.	 Fisher M, French S, Ji P, Kim RC. Cerebral microbleeds in the elderly: a 
pathological analysis. Stroke. 2010;41:2782–5.

	3.	 Fisher MJ. Brain regulation of thrombosis and hemostasis: from theory to 
practice. Stroke. 2013;44:3275–85.

	4.	 Zerna C, Modi J, Bilston L, Shoamanesh A, Coutts SB, Smith EE. Cerebral 
microbleeds and cortical superficial siderosis in patients presenting with 
minor cerebrovascular events. Stroke. 2016;47:2236–41.

	5.	 Caunca MR, Del Brutto V, Gardener H, Shah N, Dequatre-Ponchelle N, 
Cheung YK, et al. Cerebral microbleeds, vascular risk factors, and mag-
netic resonance imaging markers: the northern Manhattan study. J Am 
Heart Assoc. 2016;5: e003477.

	6.	 Poels MM, Vernooij MW, Ikram MA, Hofman A, Krestin GP, van der Lugt A, 
et al. Prevalence and risk factors of cerebral microbleeds: an update of 
the Rotterdam scan study. Stroke. 2010;41:S103–6.

	7.	 Altmann-Schneider I, Trompet S, de Craen AJ, van Es AC, Jukema JW, Stott 
DJ, et al. Cerebral microbleeds are predictive of mortality in the elderly. 
Stroke. 2011;42:638–44.

	8.	 Greenberg SM, Vernooij MW, Cordonnier C, Viswanathan A, Al-Shahi 
Salman R, Warach S, et al. Cerebral microbleeds: a guide to detection and 
interpretation. Lancet Neurol. 2009;8:165–74.

	9.	 Vazquez-Justes D, Aguirregoicoa I, Fernandez L, Carnes-Vendrell A, Dak-
terzada F, Sanjuan L, et al. Clinical impact of microbleeds in patients with 
Alzheimer’s disease. BMC Geriatr. 2022;22:774.

	10.	 Wadi LC, Grigoryan MM, Kim RC, Fang C, Kim J, Corrada MM, et al. 
Mechanisms of cerebral microbleeds. J Neuropathol Exp Neurol. 
2020;42:1093–9.

	11.	 Fisher M. Cerebral microbleeds: where are we now? Neurology. 
2014;83:1304–5.

	12.	 Pan P, Xu L, Zhang H, Liu Y, Lu X, Chen G, et al. A review of hematoma 
components clearance mechanism after subarachnoid hemorrhage. 
Front Neurosci. 2020;14:685.

	13.	 Janaway BM, Simpson JE, Hoggard N, Highley JR, Forster G, Drew D, 
et al. Brain haemosiderin in older people: pathological evidence for an 
ischaemic origin of magnetic resonance imaging (MRI) microbleeds. 
Neuropathol Appl Neurobiol. 2014;40:258–69.

	14.	 Chang R, Castillo J, Zambon AC, Krasieva TB, Fisher MJ, Sumbria RK. Brain 
endothelial erythrophagocytosis and hemoglobin transmigration across 

https://doi.org/10.1186/s12974-023-02932-5
https://doi.org/10.1186/s12974-023-02932-5


Page 19 of 19Zhang et al. Journal of Neuroinflammation          (2023) 20:265 	

brain endothelium: implications for pathogenesis of cerebral micro-
bleeds. Front Cell Neurosci. 2018;12:279.

	15.	 Sun J, Vyas P, Mann S, Paganini-Hill A, Nunes ACF, Lau WL, et al. Insights 
into the mechanisms of brain endothelial erythrophagocytosis. Front Cell 
Dev Biol. 2021;9: 672009.

	16.	 Fens MH, van Wijk R, Andringa G, van Rooijen KL, Dijstelbloem HM, 
Rasmussen JT, et al. A role for activated endothelial cells in red blood cell 
clearance: implications for vasopathology. Haematologica. 2012;97:500–8.

	17.	 Grutzendler J, Murikinati S, Hiner B, Ji L, Lam CK, Yoo T, et al. Angiophagy 
prevents early embolus washout but recanalizes microvessels through 
embolus extravasation. Sci Transl Med. 2014;6:226ra31.

	18.	 van der Wijk AE, Georgakopoulou T, Majolee J, van Bezu JSM, van der 
Stoel MM, van Het Hof BJ, et al. Microembolus clearance through angi-
ophagy is an auxiliary mechanism preserving tissue perfusion in the rat 
brain. Acta Neuropathol Commun. 2020;8:195.

	19.	 Sun J, Ou W, Han D, Paganini-Hill A, Fisher MJ, Sumbria RK. Compara-
tive studies between the murine immortalized brain endothelial cell 
line (bEnd.3) and induced pluripotent stem cell-derived human brain 
endothelial cells for paracellular transport. PLoS ONE. 2022;17:e0268860.

	20.	 Hierso R, Waltz X, Mora P, Romana M, Lemonne N, Connes P, et al. Effects 
of oxidative stress on red blood cell rheology in sickle cell patients. Br J 
Haematol. 2014;166:601–6.

	21.	 Otogawa K, Kinoshita K, Fujii H, Sakabe M, Shiga R, Nakatani K, et al. Eryth-
rophagocytosis by liver macrophages (Kupffer cells) promotes oxidative 
stress, inflammation, and fibrosis in a rabbit model of steatohepatitis: 
implications for the pathogenesis of human nonalcoholic steatohepatitis. 
Am J Pathol. 2007;170:967–80.

	22.	 Hannemann A, Rees DC, Brewin JN, Noe A, Low B, Gibson JS. Oxidative 
stress and phosphatidylserine exposure in red cells from patients with 
sickle cell anaemia. Br J Haematol. 2018;182:567–78.

	23.	 Turpin C, Meilhac O, Bourdon E, Canonne-Hergaux F, Rondeau P. Meth-
odologies and tools to shed light on erythrophagocytosis. Biochimie. 
2022;202:166–79.

	24.	 Healey G, Veale MF, Sparrow RLA. fluorometric quantitative erythrophago-
cytosis assay using human THP-1 monocytic cells and PKH26-labelled red 
blood cells. J Immunol Methods. 2007;322:50–6.

	25.	 Chang R, Sumbria RK. Quantitative evaluation of cerebral microhemor-
rhages in the mouse brain. Methods Mol Biol. 2023;2616:181–90.

	26.	 Grieco SF, Qiao X, Zheng X, Liu Y, Chen L, Zhang H, et al. Subanesthetic 
ketamine reactivates adult cortical plasticity to restore vision from 
amblyopia. Curr Biol. 2020;30(3591–3603): e8.

	27.	 Yu Z, Guindani M, Grieco SF, Chen L, Holmes TC, Xu X. Beyond t test and 
ANOVA: applications of mixed-effects models for more rigorous statistical 
analysis in neuroscience research. Neuron. 2022;110:21–35.

	28.	 Jurga AM, Paleczna M, Kuter KZ. Overview of general and discriminat-
ing markers of differential microglia phenotypes. Front Cell Neurosci. 
2020;14:198.

	29.	 Gottlieb Y, Topaz O, Cohen LA, Yakov LD, Haber T, Morgenstern A, et al. 
Physiologically aged red blood cells undergo erythrophagocytosis in vivo 
but not in vitro. Haematologica. 2012;97:994–1002.

	30.	 Kiefer CR, Snyder LM. Oxidation and erythrocyte senescence. Curr Opin 
Hematol. 2000;7:113–6.

	31.	 Lizarralde-Iragorri MA, Lefevre SD, Cochet S, El Hoss S, Brousse V, Filipe A, 
et al. Oxidative stress activates red cell adhesion to laminin in sickle cell 
disease. Haematologica. 2021;106:2478–88.

	32.	 Lam CK, Yoo T, Hiner B, Liu Z, Grutzendler J. Embolus extravasation is an 
alternative mechanism for cerebral microvascular recanalization. Nature. 
2010;465:478–82.

	33.	 Adams Y, Olsen RW, Bengtsson A, Dalgaard N, Zdioruk M, Satpathi S, et al. 
Plasmodium falciparum erythrocyte membrane protein 1 variants induce 
cell swelling and disrupt the blood-brain barrier in cerebral malaria. J Exp 
Med. 2021;218: e20201266.

	34.	 Catan A, Turpin C, Diotel N, Patche J, Guerin-Dubourg A, Debussche X, 
et al. Aging and glycation promote erythrocyte phagocytosis by human 
endothelial cells: potential impact in atherothrombosis under diabetic 
conditions. Atherosclerosis. 2019;291:87–98.

	35.	 Erdener SE, Tang J, Sajjadi A, Kilic K, Kura S, Schaffer CB, et al. Spatio-
temporal dynamics of cerebral capillary segments with stalling red blood 
cells. J Cereb Blood Flow Metab. 2019;39:886–900.

	36.	 Chang R, Al Maghribi A, Vanderpoel V, Vasilevko V, Cribbs DH, Boado 
R, et al. Brain penetrating bifunctional erythropoietin-transferrin 

receptor antibody fusion protein for Alzheimer’s disease. Mol Pharm. 
2018;15:4963–73.

	37.	 Mehina EMF, Taylor S, Boghozian R, White E, Choi SE, Cheema MS, et al. 
Invasion of phagocytic Galectin 3 expressing macrophages in the dia-
betic brain disrupts vascular repair. Sci Adv. 2021;7:eabg2712.

	38.	 Liu J, Zhu Z, Leung GK. Erythrophagocytosis by microglia/macrophage 
in intracerebral hemorrhage: from mechanisms to translation. Front Cell 
Neurosci. 2022;16:818602.

	39.	 Bonomini M, Sirolli V, Gizzi F, Di Stante S, Grilli A, Felaco M. Enhanced 
adherence of human uremic erythrocytes to vascular endothelium: role 
of phosphatidylserine exposure. Kidney Int. 2002;62:1358–63.

	40.	 Nakagawa K, Kiko T, Kuriwada S, Miyazawa T, Kimura F, Miyazawa T. 
Amyloid beta induces adhesion of erythrocytes to endothelial cells and 
affects endothelial viability and functionality. Biosci Biotechnol Biochem. 
2011;75:2030–3.

	41.	 Bonomini M, Sirolli V, Settefrati N, Dottori S, Di Liberato L, Arduini A. 
Increased erythrocyte phosphatidylserine exposure in chronic renal 
failure. J Am Soc Nephrol. 1999;10:1982–90.

	42.	 Carelli-Alinovi C, Dinarelli S, Sampaolese B, Misiti F, Girasole M. Morpho-
logical changes induced in erythrocyte by amyloid beta peptide and 
glucose depletion: a combined atomic force microscopy and biochemi-
cal study. Biochim Biophys Acta Biomembr. 2019;1861:236–44.

	43.	 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.

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

	45.	 Masuda T, Croom D, Hida H, Kirov SA. Capillary blood flow around micro-
glial somata determines dynamics of microglial processes in ischemic 
conditions. Glia. 2011;59:1744–53.

	46.	 Taylor S, Mehina E, White E, Reeson P, Yongblah K, Doyle KP, et al. Sup-
pressing interferon-gamma stimulates microglial responses and repair of 
microbleeds in the diabetic brain. J Neurosci. 2018;38:8707–22.

	47.	 Ahn SJ, Anrather J, Nishimura N, Schaffer CB. Diverse inflammatory 
response after cerebral microbleeds includes coordinated microglial 
migration and proliferation. Stroke. 2018;49:1719–26.

	48.	 Sumbria RK, Grigoryan MM, Vasilevko V, Krasieva TB, Scadeng M, 
Dvornikova AK, et al. A murine model of inflammation-induced cerebral 
microbleeds. J Neuroinflammation. 2016;13:218.

	49.	 Sumbria RK, Grigoryan MM, Vasilevko V, Paganini-Hill A, Kilday K, Kim 
R, et al. Aging exacerbates development of cerebral microbleeds in a 
mouse model. J Neuroinflammation. 2018;15:69.

	50.	 Jin Y, Shi P, Wang Y, Li J, Zhang J, Zhao X, et al. Precise control of 
embolic stroke with magnetized red blood cells in mice. Commun Biol. 
2022;5:136.

	51.	 Wang HL, Zhang CL, Qiu YM, Chen AQ, Li YN, Hu B. Dysfunction of the 
blood-brain barrier in cerebral microbleeds: from bedside to bench. 
Aging Dis. 2021;12:1898–919.

	52.	 Sasaki Y, Ohsawa K, Kanazawa H, Kohsaka S, Imai Y. Iba1 is an actin-cross-
linking protein in macrophages/microglia. Biochem Biophys Res Com-
mun. 2001;286:292–7.

	53.	 Guillemin GJ, Microglia BBJ. macrophages, perivascular macrophages, 
and pericytes: a review of function and identification. J Leukoc Biol. 
2004;75:388–97.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Erythrocyte–brain endothelial interactions induce microglial responses and cerebral microhemorrhages in vivo
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Animals
	Erythrocyte purification and treatment
	PKH26 labeling and RBC injection
	Craniotomy
	Two-photon imaging and data processing
	Brain harvest, cryopreservation, and sectioning
	Confocal imaging and quantification
	Iba1 immunostaining and quantification
	Prussian blueiron staining and quantification
	Fibrinogen staining and quantification
	Statistical analysis

	Results
	t-BHP-treated RBC stall significantly in cerebral blood vessels, which significantly reduces blood flow velocity in vivo
	Post-mortem assessment confirms robust brain endothelial-RBC interactions within 24 h after t-BHP-treated RBC injection
	Microglial reactions occur in close proximity to stalled RBC in t-BHP-treated RBC injected mice 24 h after RBC injection
	Post-mortem assessment shows RBC–brain endothelial interactions and inflammation responses 7 days after t-BHP-treated RBC injection
	Injection of t-BHP-treated RBC results in CMH development in the absence of BBB leakage

	Discussion
	Conclusions
	Anchor 28
	Acknowledgements
	References


