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Angiotensin-II drives changes in
microglia–vascular interactions in rats
with heart failure

Check for updates
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Activation of microglia, the resident immune cells of the central nervous system, leading to the
subsequent release of pro-inflammatory cytokines, has been linked to cardiac remodeling, autonomic
disbalance, and cognitive deficits in heart failure (HF). While previous studies emphasized the role
of hippocampal Angiotensin II (AngII) signaling in HF-induced microglial activation, unanswered
mechanistic questionspersist. Evidencesuggests significant interactionsbetweenmicroglia and local
microvasculature, potentially affectingblood–brain barrier integrity and cerebral blood flow regulation.
Still, whether the microglial-vascular interface is affected in the brain during HF remains unknown.
Using a well-established ischemic HF rat model, we demonstrate the increased abundance of vessel-
associated microglia (VAM) in HF rat hippocampi, along with an increased expression of AngII AT1a
receptors. Acute AngII administration to sham rats induced microglia recruitment to brain capillaries,
along with increased expression of TNFα. Conversely, administering an AT1aR blocker to HF rats
prevented the recruitment of microglia to blood vessels, normalizing their levels to those in healthy
rats. These results highlight the critical importance of a rather understudied phenomenon (i.e.,
microglia-vascular interactions in the brain) in the context of the pathophysiology of a highly prevalent
cardiovascular disease, and unveil novel potential therapeutic avenues aimed at mitigating
neuroinflammation in cardiovascular diseases.

Heart failure (HF) is a complex clinical syndrome characterized by the
inability of the heart to adequately pump blood and meet the body’s
metabolic demands1. It represents a significant public health concern
worldwide due to its high prevalence, morbidity, mortality, and associated
healthcare costs1,2. The burden of HF on society is substantial. According to
theWorldHealthOrganization (WHO), an estimated 65million people are
affected by HF globally, and its prevalence is projected to increase due to
aging populations and the rising prevalence of risk factors like obesity and
diabetes3,4. Despite the clinical and economic impact of HF on society2,3,5,
precise mechanisms explaining the manifold peripheral, central, and sys-
temic effects of this disease, aswell as novel (sub-)cellular therapeutic targets
are missing.

Research has increasingly highlighted the association between HF and
cognitive deficits6–9, with a spotlight on the hippocampus6,10–13, a key player
in memory and cognitive functions14. Studies have demonstrated that HF
patients often exhibit structural and functional alterations in the
hippocampus6,12, contributing to cognitive impairment. The hippocampus

is particularly vulnerable due to its sensitivity to changes in cerebral blood
flow15,16 and its susceptibility to the effects of neuroinflammation17,18.
Emerging evidence suggests that neuroinflammation and microglial acti-
vation play a significant role in the progression of various cardiovascular
diseases, includingHF19–24.Microglia, the resident immune cells of the CNS,
are known to become activated in response to injury, infection, or
inflammation25–27. Importantly, their activation and the consequent release
of pro-inflammatory cytokines have been shown to contribute to the pro-
gression of HF by affecting autonomic control, cardiac remodeling, and
neuronal dysfunction19,23,24. The early stage of HF involves a myriad of
different signaling cascades. One of the most important and best-studied
signals overactivated during HF is the Angiotensin II (AngII)-AT1a
receptor (AT1aR) cascade28,29 including excessive AngII production and
elevated circulating AngII levels29–33.

Notably, a growing body of evidence supports the role of microglial
AngII signaling in cognitive deficits associated with HF19,34–36. For example,
activation of microglia by elevated levels of AngII induced
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neuroinflammation in the hippocampus of HF rats, disrupting synaptic
plasticity and impairing memory consolidation10,19. Moreover, we recently
demonstrated that microglial AngII-AT1aR signaling precedes cytokine
production in the hippocampus of HF rats, and that administration of the
AT1R antagonist losartan improved various cellular, molecular, and
behavioral endpoints in HF rats19. This interaction between AngII-AT1aR
signaling, neuroinflammation, and cardiac dysfunction underscores the
intricate link between the cardiovascular and central nervous systems inHF.

Microglia are not only involved in neuroinflammation but also play a
crucial role in interacting with the local microvasculature. For example,
microglia play a critical role in maintaining the integrity of the
blood–brain barrier (BBB)25,37–41. Moreover, a growing body of evidence
supports a direct role of microglia in regulating brain blood flow42,43.
Importantly, a subset of microglia has been shown to have direct anato-
mical interactions with the local microvasculature, particularly brain
capillaries. These include microglia with prominent somatic contact with
blood capillaries, named by several groups as juxtavascular microglia44,45,
aswell asmicroglial cellswhose dynamicprocesses, but not their soma, are
in contact with brain capillaries46 (herein defined as vessel interacting
microglia (VIMs). Together, these microglial cell types displaying inti-
mate interaction with the local microvasculature have been defined as
vessel-associated microglia (VAMs)37,43. In a recent study, Bisht and col-
leagues used in vivo 2-photon imaging to monitor microglial movements
in the mouse cortex and found that microglia-vessel interactions are
highly dynamic43. Moreover, Haruwaka and colleagues showed that
during systemic inflammation, microglia migrate toward blood vessels
and promote BBB stability throughClaudin-537. However, upon sustained
inflammation, microglia begin to phagocytose astrocytic AQP4-positive
endfeet in a CD68-dependent manner, thereby compromising BBB
integrity37. Thus, these studies support the notion that microglia-vascular
interactions are highly dynamic, both under physiological and patholo-
gical conditions. Still, whether the microglial-vascular interface in the
hippocampus is affected in HF, and whether the AngII-AT1aR signaling
cascade is a major contributing factor, remains completely unknown.

To address this major gap in our knowledge, in the current study we
used a well-established rat model of ischemic HF and employed a multi-
disciplinary approach including immunohistochemistry, RNAScope
hybridization, three-dimensionalmicroglia/vascular reconstruction, in vivo
intracarotid infusion of vesselmarkers and fluorescently-labeledAngII, and
administration of the AT1R antagonist losartan. We specifically tested the
hypothesis that the AngII-AT1aR signaling cascade contributes to dysre-
gulation of the microglial-vascular interface in the hippocampus of rats
with HF.

Results
Increased number of vessel-associated microglia (VAM) in
HF rats
To explore the role of microglia-vessel interactions and to determine
whether these interactions were altered in HF (see Table 1), we first stained
brain sections containing the dorsal hippocampus (DH) of sham and HF
rats with antibodies against the microglial marker IBA1 and the indirect
vascular marker aquaporin-4 (AQP437,47,48), to investigate potential differ-
ences in the number of parenchymal vs vessel-associated microglia (VAM)
between the two groups (Fig. 1a, b). We found that AQP4 immunoreactive
levels and distribution were comparable between sham and HF rats
(Fig. S1a–c) However, we observed a significant increase in the proportion
of VAM in HF rats (2.1-fold, Fig. 1c), which was accompanied by a
reduction of parenchymal microglia. Thus, we analyzed the morphological
properties of microglia that were either in close proximity of, or associated
with, blood vessels in detail using Imaris algorithms (see “Methods”). We
observed considerable variation among cells reflected by alterations in the
overall shape and density of microglia-vessel interactions. Based on these
quantitative properties and previously used classifications43,46,49, we further
classified vessel-associated microglia (VAM) into two subgroups (Fig. 1d):
vessel-interacting microglia (VIM, i.e., microglia whose processes are

directly touching brain capillaries46 or juxtavascular (i.e., microglia with
clear somatic vessel contact37,43,45) (see respective samples in Fig. 1d).
Intriguingly, we found that the relative abundance of each individual VAM
subtype was essentially reversed in HF rats. While VIM accounted for the
majority of VAM in sham rats, juxtavascular microglia were themajority in
HF rats (chi-square test, p < 0.0001, Fig. 1e).

Because AQP4 is a marker of astrocytic endfeet and only indirectly
labels blood vessels, we performed a series of experiments involving co-
staining with the endothelial maker CD31 (PECAM-1).We observed near-
complete overlap between AQP4 and CD31 (>94%, Fig. S1d–f), and the
average distance of reconstructed microglia from CD31 or AQP4 surfaces
was virtually identical (Fig. S1h). In addition, and similarly to what we
observedwithAQP4,we replicated thefindingof a significant increase in the
proportion of VAM in HF rats using CD31 as a vascular marker (Fig. S1g).

Given that we previously reported morphological changes of hippo-
campal microglia in HF rats19, we were curious whether juxtavascular
microglia display similar alterations. However, while juxtavascular micro-
glia were significantly less complex than parenchymal microglia, we found
that juxtavascular microglia were morphologically not distinct between
sham and HF rats (Fig. S2a).

Microglial AT1aRs overexpression and leaked AngII levels in
HF rats
Circulating AngII levels dramatically increase in HF1,30. Moreover, we
recently showed thatAngII can gain access to the hippocampal parenchyma
in HF rats19, which is then taken up by microglia that overexpress AngII
AT1a receptors (AT1aRs), initiating a neuroinflammatory cascade leading
to neuronal deterioration and apoptosis in HF rats19. However, it remained
unclear whether AT1R overexpression and leaked AngII uptake during HF
occurs in parenchymal microglia or VAM. To this end, we first combined
immunohistochemical staining to label microglia and vessels with RNA-
Scope for AT1aR mRNA (Fig. 2a, b). Intriguingly, our results show that
virtually all VAM were AT1aR mRNA-positive, both in sham and HF rats
(Fig. 2c), a proportion that was significantly higher than that observed in
parenchymal microglia (p < 0.0001, F (3, 21) = 230.8, two-way ANOVA).
Conversely, we found that an increased proportion of microglia expressing
AT1aR mRNA was observed only in parenchymal microglial cells
(p < 0.0001, F (3, 21) = 230.8, two-way ANOVA). Intriguingly, albeit the
proportion of AT1aR-positive VAM did not differ between sham and HF
rats, we observed a significant increase of AT1aR mRNA puncta in this
population in HF rats (Fig. 2d). Collectively, these results support an
increased AT1aR expression in both populations on microglia in HF rats.

To further determine whether the leaked AngII during HF involves
binds to both parenchymalmicroglia and/or VAM,we performed a new set

Table 1 | Echocardiographic assessment of sham and HF rats
used in this study

Sham HF p value

Heart rate, (BPM) 297.53 ± 31.19 270.88 ± 24.44 n.s.

Stroke volume, (uL) 239.28 ± 34.89 126.03 ± 15.74 ****

Ejection fraction, (%) 82.27 ± 3.2 25.22 ± 6.29 ****

Fractional shortening, (%) 50.68 ± 3.92 14.36 ± 1.28 ****

Cardiac output, (mL/min) 70.85 ± 10.82 34.23 ± 5.73 ****

LV mass, (mg) 1846.48 ± 105.62 966.5 ± 113.42 ****

Lvaw, d, (mm) 3.04 ± 0.54 1.46 ± 0.29 ****

Lvaw, s, (mm) 3.67 ± 0.40 15.61 ± 56.36 ****

Lvid, d, (mm) 6.9 ± 0.57 12.3 ± 1.37 ****

Lvid, s, (mm) 4.43 ± 0.54 8.23 ± 0.69 ****

Lvpw, d, (mm) 3.58 ± 0.47 1.55 ± 0.35 ****

Lvpw, s, (mm) 3.68 ± 0.26 1.93 ± 0.26 ****

****p < 0.0001.
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of experiments in which we infused in vivo fluorescently-labeled AngII
(intracarotid AngIIfluo) combined with the fluorescent dye Rhodami-
ne70kDa (Rho70) to label the DH microvasculature, and assessed the
location of the leaked AngIIfluo in microglial subtypes. Most of the extra-
vasated AngIIfluo in the brain parenchyma seemed to accumulate in the
extracellular space or on neuronal surfaces as reported before19,50. However,
some staining was observed to overlap with IBA1-stained microglia. In this
case, the vast majority of microglia-bound AngIIfluo corresponded to VAM
(Fig. 2e–g).

Activation of AT1aRs is a critical signal contributing to the
increased abundance of VAM in HF
To determine whether AngII is a signal that contributes to the increased
abundance of VAMs in HF, we performed a two-pronged approach. In the
first set of experiments, we assessed the effects of an acute increase in cir-
culating AngII levels. To this end, we performed in vivo intracarotid infusions
of AngII (or saline as control) combined with the fluorescent dye Rhodamine
70 kDa (Rho70) to label the DH microvasculature, and allowed both sub-
stances to circulate for 30min (Fig. 3a). Processed brain sections of sham and
HF rats were then used for immunohistochemical staining to quantify the
number of parenchymal microglia and VAM (Fig. 3b). Unexpectedly, we
observed that the acute infusion of AngII was sufficient to significantly

increase the proportion of VAM in sham rats (1.8-fold). In HF rats, as we
reported above, the number of VAM was already significantly higher (2.6-
fold) compared to sham rats. Still, AngII further increased the proportion of
VAM, albeit to a lesser extent than sham rats (HF: 1.3-fold, Fig. 3c).

TNFα is an important cytokine that stimulates microglia (and other
immune cell) recruitment and migration51–53. Thus, we combined
RNAscope and immunohistochemistry to measure TNFα mRNA
expression in microglia cells in sham and HF rats. We found TNFα
mRNA to be predominantly expressed in VAMs compared to par-
enchymal microglia (Fig. S2b), both in Sham (parenchymal: 0.46 ± 0.28
vs 59.24 ± 4.9) and in HF rats (parenchymal: 21.4 ± 4.4 vs 94.08 ± 1.65;
mean number of TNFα positive microglial, n = 4 rats/group in each sham
and HF groups, p < 0.03 for both cases, Mann–Whitney test). Given the
robust predominance of TNFα in VAMs, subsequent analysis was per-
formed in this subpopulation of microglia cells. (Fig. 3d). We observed
that the acute AngII infusion in sham rats increased both the proportion
of VAM expressing TNFα (Fig. 3e), as well as the levels of TNFα mRNA
within individual VAM (Fig. 3f). In HF rats, we found that virtually all
VAM were TNFα mRNA-positive under basal conditions (Fig. 3e), and
while relative levels of TNFα mRNA were 2-fold higher in HF rats
compared to sham (Fig. 3f), AngII infusion failed to increase expression
in this group further.
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Fig. 1 | Increase in the number of vessel-associated microglia in HF rats.
a Confocal images show the distribution of parenchymal and vessel-associated
microglia in the dorsal hippocampus of sham and HF rats. Immunohistochemical
staining against IBA1 (red) and the vessel marker AQP4 (green); white arrowheads
indicate vessel-associated microglia. Scale bars 200 µm and 50 µm. b High magni-
fication confocal images highlight vessel-associated microglia in sham and HF rats.
Scale bar 10 µm. cQuantification of vessel-associatedmicroglia in sham andHF rats
(n = 8 rats per group). ****p < 0.0001. d Exemplary images (three-dimensional

screenshots in Imaris) of Type I–III vessel-associated microglia, which are char-
acterized based on the intensity of microglia-vessel contacts. Type I microglia
contact blood vessels exclusively with their filaments, Type II microglia display
somatic contact with the blood vessel and Type III seem to merge with the blood
vessel along the entirety of the microglial soma. Scale bars, Type I: 25 µm, Type II:
50 µm, and Type II: 25 µm. e Pie charts highlight the respective percentage of Type
I–III vessel-associated microglia (sham/HF pooled). Error bars throughout the
figure represent SEM.
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Finally, and to unequivocally demonstrate that AngII-AT1R signaling
is necessary for the increased abundance ofVAMs inHF rats, we performed
AT1R blockage via administration of losartan, a commonly used AT1R
antagonist delivered in the drinking water, as we recently reported19

(Fig. 4a). The efficacy of the losartan treatment in our hands was verified via
measurements of systolic and diastolic blood pressure (Fig. S3). We found
that losartan did not affect the proportion of VAM in sham rats (Fig. 4b).
Conversely, losartan treatment significantly reduced the proportion of
VAM by more than 2-fold in HF rats, normalizing their incidence to levels
observed in sham rats (Fig. 4c, d, HF: 45%, HF+ Lo: 22%). Moreover,
losartan inHF rats also partially normalized to their relative proportions the
different types of VAM (i.e., decreased numbers of juxtavascular microglia
and a concomitant increase in VIM (chi-square test, p < 0.0001, Fig. 4e).
Thus, these studies further support a key role for AngII-AT1R signaling in
triggering changes in VAM dynamics in the hippocampus of HF rats.

Discussion
In this study, we used a combination of immunohistochemistry, three-
dimensional reconstructions of the microglia-vascular interface, in vivo
intracarotid infusion of vessel dyes, and fluorescently-labeled AngII,
RNAScope hybridization and pharmacological blockade of AngII-
AT1aRs to study microglia-vessel dynamics in HF rats. Our main find-
ings are: (i) a 2-fold increase in vessel-associated microglia (VAM) in HF

rats; (ii) while AT1aR expression was predominantly confined to VAMs,
we observed an increased expression in both VAM and parenchymal
microglia in HF rats, (iii) recruitment of microglia to brain capillaries was
induced by an acute systemic administration of AngII, and coincided
with TNFα upregulation in VAM; and (iv) administration of the AT1aR
blocker losartan prevented the recruitment of microglia to brain capil-
laries, normalizing their levels and subtypes to those found in sham rats.
These results underscore and support a highly dynamic microglial-
vascular interface in the context of a highly prevalent cardiovascular
disease.

Microglia, traditionally considered resident immune cells of the central
nervous system, have been recognized for their versatile roles in various
pathological conditions beyond the realm of neurological disorders25,26. In
the context of cardiovascular disease, andparticularlyHF, a growingbodyof
research has unveiled the significant involvement of microglia in orches-
trating neuroinflammatory responses and contributing to the initial stages
of the disease19,24,54,55. Through the secretion of cytokines, chemokines, and
reactive oxygen species, microglia are implicated in the amplification and
propagation of neuroinflammatory signals during health and under various
disease conditions25,56–59. Thus, by influencing synaptic plasticity60–62, neu-
ronal excitability63,64, and neurotransmission, microglia mediate neural
circuitrymodifications that can profoundly affect cardiovascular regulation
and homeostasis. Attempting to harness these insights for therapeutic
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Fig. 2 | Vessel-associatedmicroglia are AT1aRmRNA-positive in both sham and
HF rats. a Schematic illustration of the methodological approach to label and
identify AT1aR mRNA-positive, vessel-associated microglia in the dorsal hippo-
campus of sham and HF rats. b Confocal images of AT1aR-positive, vessel-
associated microglia in sham and HF rats; magenta arrowheads highlight co-
localization of IBA1 and AT1aR mRNA. Scale bar 10 µm. c Quantification of
AT1aR-positive, vessel-associated microglia in sham and HF rats (n = 8 rats per
group, two-way ANOVA). d Assessment of individual AT1aR levels on a cellular
level in VAM in sham and HF rats (n = 8 rats per group, t-test). e Schematic

depiction of intracarotid infusions and AngIIfluo uptake by microglia. Confocal
images of IBA-stained, AngIIfluo-infused microglia were used for three-dimensional
reconstruction and analysis. f Confocal images of a typical hippocampus of an HF
infused with Rho70 and AngIIfluo stained for IBA1. Enlarged insets show a repre-
sentative example of a VAM and parenchymal microglia, white arrowhead indicates
VAM, yellow arrowhead indicates a parenchymal microglia. Enlarged insets (right)
show co-localization of AngIIfluo in VAM but not parenchymal microglia. Scale bar
100 µm, 25 µm, and 5 µm. g Pie charts summarize the percentage of parenchymal
and vessel-associated microglia, AngIIfluo-positive microglia in HF rats.
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benefits, researchers have explored strategies targeting neuroinflammation
to ameliorate HF symptoms19,23,54. The rat ischemic HF model has been
instrumental in evaluating the efficacy of potential interventions19,24,28,65–67.
Among the proposed interventions, microglia inhibitors have shown pro-
mise in attenuating neuroinflammatory responses, potentially dampening
the progression of HF19,66,67.

AngII, a critical player in the pathophysiology ofHF, occupies a central
position in the cascade of events leading to neurohumoral activation50,68–72

and cardiac dysfunction32,73,74. As HF ensues, AngII levels surge, triggering a
cascade of events that heighten sympathetic activity and prompt vascular
constriction32,73–75. This response is orchestrated tomaintain blood pressure
in the face of compromised cardiac ejection fraction and to initiate cardiac
remodeling74,75. Angiotensin receptor blockers such as losartan or
angiotensin-converting enzyme (ACE) inhibitors such as captopril arewell-
established pharmacological approaches for the treatment of patients with
HF76–78, and accumulating evidence supports that they can also act centrally
to modulate microglia-mediated neuroinflammation19,34–36. Our own pre-
vious work highlights the interaction between elevated circulating AngII
levels and hippocampal microglial activation, neuronal dysfunction, and
apoptosis, and the contribution of this neuroinflammatory cascade to
cognitive deficits in the ischemic rat HF model19. We further showed that

losartan reliably reversed all neuroinflammation-associated endpoints such
as microglial morphology, astrogliosis, and increase in cytokine levels,
including TNFα, apoptosis, as well as cognitive impairment19. Together,
these results support a critical role formicroglia inmediatingAngII-induced
neuroinflammation during HF.

Themicroglia-vascular interfacehasbeen the focusofnumerous recent
studies. Microglia-vascular interactions play a crucial role in maintaining
the homeostasis and overall function of the brain25,26,37,43 and are vital for
maintaining the BBB that separates the circulating blood from the brain
tissue37–39,41,79.Microglia actively survey the brainmicroenvironment27,80 and
respond to changes in blood vessel integrity37,43. In addition, they contribute
to immune surveillance, modulate inflammation, and participate in the
repair of damaged blood vessels37. Importantly, recent work supports their
ability todirectly regulate local cerebral bloodflow42,43. Finally, dysregulation
of microglia vessel interactions has been implicated in various neurological
disorders, including neuroinflammatory and neurodegenerative
diseases38,41. Still, whether changes in microglia-vascular interactions also
occur in the context of cardiovascular diseases, specifically HF, has yet to be
determined.

Based on the rationale provided above, we focused on this work on
microglial-vascular interactions in the dorsal hippocampus of HF rats.

     Rho70                IBA1               Merge                  Zoom

Rho70
AngII
in vivo

Sham and HF rats

Assessment of 
dorsal hippocampus

Intracarotid infusions

IBA1
IHC Sham

 sa
lin

e

Sham
AngII

HF sa
lin

e

HF AngII
0

20

40

60

80

VA
M

 (%
)

a b c

Sh
am

 A
ng

II 
   

   
Sh

am
 s

al
in

e

e
Sham HF

O
ve

rla
y 

   
 T

N
Fa

 m
R

N
A 

  A
Q

P4
IB

A
1

d AngII infusion

Sham
 bas

eli
ne

Sham
AngII

HF bas
eli

ne

HF AngII
0

50

100

TN
Fa

-p
os

iti
ve

 V
AM

  (
%

)
ns

f

Sham

Sham
AngII HF

HF AngII
0

2

4

6

8

10

VA
M

 T
NF

a 
de

ns
ity

 (%
 a

re
a) ns

Fig. 3 | AngII-triggered and cytokine-mediated migration of microglia to blood
vessels. a Schematic illustration of intracarotid infusions of Rho70 and AngII fol-
lowed by immunohistochemical staining against IBA1 to label blood vessels and
assess the numbers of parenchymal microglia and VAM. b Confocal images show
parenchymal andVAM in a sham rat infused with saline and a sham rat infused with
AngII; white arrowheads indicate the presence of VAM.Highmagnification shows a
VAM in both groups. Scale bars 100 µm and 10 µm. c Quantification of vessel-
associated microglia after intracarotid AngII infusion (n = 6 rats per group,
Mann–Whitney).dHighmagnification confocal images showing the co-localization

of TNFαmRNA and vessel-associated, IBA1-positivemicroglia in sham andHF rats
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We found that under normal physiological conditions, a small (20–30%)
proportion of the hippocampal microglia is directly associated with the
local microvasculature (i.e., vascular-associated microglia, VAM), with
either processes enwrapping the vascular wall (here defined as vascular
interacting microglia, which accounted for the majority of VAMs
~65%, and/or their soma being in direct contact with the vessels
(also known as juxta vascular microglia44,45, which accounted for
~35% of VAMs (Fig. 2). A similar proportion (20%) of VAM was pre-
viously reported in other studies37,43. In rats with HF, we observed a
significant overall increase in the abundance of VAMs (~40%) with a
concomitant decrease in parenchymal microglia. These changes were
observed using two complementary vascular markers (indirect AQP4
and direct CD31). Moreover, the relative abundance of VAM subtypes
reversed in HF rats, juxtavascular being the most predominant (~85%) in
this case.

VAMs are in contact with brain capillaries, while perivascular mac-
rophages (PVM) reside on arterioles and venules44. Our study showsVAMs

predominantly contactingbrain capillaries, butweacknowledge the fact that
PVMalso express IBA144 whereby we cannot fully rule out the contribution
of this macrophage subpopulation to our pool of VAM. However, based on
the fact that the vast majority of analyzed VAMwere located on thin brain
capillaries and not thicker venules or arterioles, we expect that the con-
tribution of PVM to this pool is insignificant. In addition, we previously
reported that the vast majority of IBA1-positive cells are also positive for
TMEM119, a marker uniquely expressed in CNS microglia81.

We report herein that under normal conditions, more than 95% of
VAM expressed AT1aR mRNA (Fig. 2). These results suggest that hippo-
campal VAM could be positioned to sense the elevated levels of circulating
AngII that occur during HF1,19,32,82, thus being a keymechanism initiating a
cascade of events leading to upregulation of cytokine expression and release
(Fig. 2), further microglial activation19, further expression of AT1aRs (in
both VAMs and parenchymal microglia, Fig. 2), and recruitment of addi-
tionalmicroglia to brain capillaries (seemodel in Fig. 5) in this disease state.
This is supported by our study, which showed that an acute elevation of

HF
HF

 +
 L

os
ar

ta
n

AQP4   IBA1

VIM VIM  juxtavascular microgliajuxtavascular microglia

66.7%
33.3%

90.3%

9.7%

HF HF + Losartan

a b

d

Bregma -4.0mm Bregma -4.5mm

Losartan (20mg/kg)

Losartan treatment

Analysis2 weeks 2 weeks Surgery Echo

Systemic AT1aR blockage

e

HF

HF + 
Losa

rta
n

0

20

40

60

80

Sham

Sham
 + 

Losa
rta

n
0

10

20

30

40 ns

c

VA
M

 (%
)

VA
M

 (%
)

Fig. 4 | Losartan treatment blocks vessel migration in HF but not sham rats.
a Schematic illustration of losartan administration via drinking water in sham and
HF rats. For two weeks after the surgery, losartan (20 mg/kg) was supplied in the
drinking water. Following echocardiographic assessment, rats were treated for two
more weeks before tissue collection and immunohistochemical staining and ana-
lysis. b Quantification of the number of vessel-associated and parenchymal

microglia after losartan treatment in sham rats (n = 8 per group). c Confocal images
show vessel-associated microglia with and without losartan treatment in HF rats at
two different Bregma levels, scale bar 100 µm. d Quantification of the number of
vessel-associated and parenchymal microglia after losartan treatment in HF rats
(n = 8 rats per group). e Pie charts show the relative percentages of Type I–III vessel-
associated microglia with and without losartan treatment in HF rats.
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circulating levels of AngII was sufficient to increase the number of VAM in
shamrats. InHFrats, thenumberofVAMawas alreadyhigher compared to
sham rats, but the AngII infusion was still able to further increase the
number of VAM in this group. We previously showed that the AngII-
AT1aR cascade stimulates the production of several cytokines in hippo-
campal microglia including C1q, IL1β, and TNFα and that cytokine upre-
gulation correlates withmicroglial deramification inHF rats19. In this study,
we focused on TFNα, which was previously shown to be an essential signal
that stimulates microglia (and other immune cell) recruitment and
migration51–53. We found TNFα mRNA, both in sham and HF rats, to be
predominantly expressed in VAMs (relative to parenchymal microglia),
with a significantly higher number of VAMs expressing TFNα in HF
compared to sham rats (Fig. 3). Moreover, TFNα mRNA expression in
VAMs was substantially increased in response to an acute infusion of
AngII (Fig. 3).

Finally, we found that blocking the actions of endogenous AngII using
a clinically relevantAT1Rblocker (losartan) following a clinically used route
of delivery (oral administration) largely prevented the increase in hippo-
campalVAM inHF rats. Importantly, we previously reported that this same
treatment alsoprevented the increase inhippocampalTNFαmRNAlevels19.
Of note, we previously did not observe differences in water consumption
between rats subjected to losartan treatment and control animals19. Toge-
ther, these results suggest thatAngII-AT1aR signaling is critical for dynamic
changes in the microglial vascular interface observed during HF.

While our studies support a major role of the AngII-AT1aR signaling
cascade in the recruitment and activation of microglia during HF, the
precise sequence of events leading to this phenomenon remains to be
determined. One possible scenario, as summarized in the workingmodel of
Fig. 5, is that the stable population of AT1aR expressing-VAM sense and
react to the elevated circulating levels ofAngII occurring early in the onsetof
HF32,73. This leads to their overexpression of AT1aRs83 and the increased
production and release of cytokines, includingTNFα84–87, resulting overall in
a local neuroinflammatory response at the vascular interface, that ultimately
contributes to AngII-mediated disruption of the BBB integrity, as we
demonstrated in recent studies19,24. Notably, the proportions of AngIIfluo-
positive microglia were similar to that of AT1aR-expressing microglia
(Fig. 2c), suggesting that the leaked AngII is binding to thosemicroglia cells
expressing AT1aRs. We postulate that the combined action of BBB

disruption with concomitant leakage of AngII into the hippocampal par-
enchyma, along with increased local production and diffusion of cytokines
leads to further microglia activation and recruitment to brain capillaries,
establishing thus a very disruptive positive feedback loop. Our current
workingmodel is in linewith our previous study, inwhichwe demonstrated
that microglial AngII signaling precedes cytokine production and that
administration of losartan in HF rats significantly lowered various cytokine
mRNA levels including TNFα19.

The direct contribution of microglial TNFα to the recruitment and
migration of microglial to the vascular interface in HF rats remains unde-
termined. One possible scenario is that TNFα produced bymicroglia acts in
an autocrine manner52,88,89. Alternatively, TNFα could be signaling other
local cell types (e.g., astrocytes and endothelial cells) to induce the release of
an intermediary signal, yet to be determined. Finally, it is possible thatTNFα
of amicroglial source contributes to the overall pro-inflammatory cascadeof
events, independent from an action on recruitment and migration.

We acknowledge some important limitations in our studies. Firstly, we
did not perform a microglial chemotaxis/migration assay and thus cannot
unequivocally prove that AngII signaling is exclusively responsible for HF-
induced microglial recruitment to brain capillaries. Secondly, we cannot
fully exclude the possibility of artificial, AngII-induced damage of the BBB
caused by our intracarotid infusions. However, we believe that this is
extremely unlikely for the following reasons: (1) a compromised BBB per-
meability inHF ratswas evident in experiments inwhichfluo-dextranswere
infused19; (2) changes in BBB permeability (demonstrated with fluo-dex-
trans, see ref. 19, were brain-region region specific, arguing against an
artificially-inducedwidespread condition evokedby the i.v. infusion of these
compounds; (3) changes in BBB permeability assessed via tight junctions in
HF rats were almost completely prevented in Losartan-treated rats19, sup-
porting that endogenous levels of AngII are sufficient to evoke the changes
in BBB reported; In addition, it is important to highlight that the group of
Iadecola in a previous work90, using similar doses/concentrations of ANGII
(labeled and not labeled forms, in similar concentrations as those used here,
lowµMrange), demonstrated that an acuteAngII infusion failed to induce a
change in BBB permeability, which was only observed after slow AngII
infusions of at least 14 days.

Collectively, our findings corroborate the key involvement of micro-
glial AngII-AT1aR signaling in the pathophysiology of HF19, while

Fig. 5 | Working model for AngII-driven micro-
glial recruitment during heart failure. Based on
our current and previous findings, we hypothesize
that elevated circulating AngII levels during HF and
a subsequent microglia-specific AT1aR upregula-
tion result in increased microglia-vessel interactions
due to targeted and local microglial recruitment to
brain capillaries. Upon activation, microglia pro-
duce and release, among other cytokines, TNFα,
which further induces neuroinflammatory signal-
ing, microglial activation, and recruitment to the
BBB. This cascade might ultimately result in BBB
deterioration and breakdown, allowing leakage of
AngII into the hippocampal parenchyma, and fur-
ther exacerbating neuroinflammation and micro-
glial recruitment to brain capillaries.
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providing novel mechanistic insights contributing to this process. Specifi-
cally, we provide evidence that AngII-AT1aR signaling leads to rapid,
dynamic changes in the microglial-vascular interface, involving the
recruitment of microglia cells to the microglial-vascular interface. This
remodeling could contribute to critical functional and pathological impli-
cations associated with HF, including the disruption of the BBB (as shown
here and in our previous study19). Moreover, an altered cerebral blood flow
and its regulation is typically observed during HF9,91–93 and is thought to
contribute to neuronal damage and cognitive deficits in this condition.
Given the growing evidence data supporting a critical role for microglia in
regulating cerebral blood flow42,43, we speculate that the remodeling of the
microglial-vascular interface duringHFcould contribute todysregulationof
cerebral blood flow in this disease. Future studies are clearly needed to
determine the functional implications of this remodeling, and to determine
whether VAMs, particularly juxtravascular microglial cells themselves have
the ability todirectlymonitor and sense circulatingAngII.Notwithstanding,
our studies strongly support thenotion that themicroglial-vascular interface
is highly dynamic, and that can be altered in the context of a prevalent
cardiovascular disease. Thus, understanding the precise mechanisms and
signals involved in this process, as well as their overall impact on BBB
disruption, hippocampal neuronal apoptosis, and cognitive deficits during
HF19 is fundamental for the development of novel therapeutic targets for the
treatment of cognitive and mood disorders associated with this disease.

Material and methods
All experiments were approved and carried out in agreement with the
Georgia State University Institutional Animal Care and Use Committee
(IACUC) guidelines. Thus, we have complied with all relevant ethical reg-
ulations for animal use.

Animals
WeusedmaleWistar rats (5–7-weeks-old atHF surgery, 180–200 g, Envigo,
Indianapolis, IN,USA) for all experiments (n = 64). Ratswere housed under
constant temperature (22 ± 2°C) and humidity (55 ± 5%) on a 12-h light
cycle (lights on: 08:00–20:00) ad libitum access to food andwater. Our study
includes brain tissue from animals that have been used for another study
previously19. These tissues were used for data presented in Figs. 1 and 4.

Heart failure surgery and echocardiography
To induce HF in rats, coronary artery ligation surgery was performed. To
induce anesthesia, animals were placed in a chamber containing 5% iso-
flurane mixed with O2 (100% O2, 1 L/min). Optimum anesthesia was
checked by the absence of limbwithdrawal reflex to a painful stimulus (hind
paw pinch). Then animals were intubated for mechanical ventilation until
the end of the surgical procedure. During the whole procedure, anesthesia
was adequately maintained using 2-3% isoflurane delivered by a vaporizer
machinemixedwithO2 (100%O2, 1 L/min).Maintenanceof anesthesiawas
checked periodically by the absence of limb withdrawal reflex. Heart failure
survival surgery was performed maintaining an aseptic surgical technique.
Fur from the left chest area was clipped and underlying skin was disinfected
with 70% ethanol followed by 5% povidone-iodine. A perpendicular (to
midline) skin incision was made from the midline to the left mid-axillary
line. Pectoral muscles were dissected by blunt dissection. Hemostasis was
achieved by electro-cauterization (Geiger Medical technologies-150A,
USA). A small incision was made in the third intercostal space and a
retractor was applied to retract the 3rd and 4th ribs. The thymus was lifted
upwards with forceps and the pericardiumwas removed with a second pair
of forceps. To ensure consistency in the position of the left anterior des-
cending (LAD) coronary artery occlusion, the apex of the left atriumand the
conus of the right ventricle were used as landmarks for inserting and
extracting the needle. The heart was exteriorized and a ‘Prolene 6-0’ suture
(Ethicone, USA) was inserted just beneath the left atrial base along the
interventricular septum tomake a loop around themain diagonal branch of
the LAD coronary artery. Finally, myocardial infarction was induced by
ligating the LAD coronary artery. Since 2/3rd of the left ventricular blood

supply is provided by the LAD coronary artery, occlusion of the LAD
coronary artery results in a pale discoloration of the left ventricle, which
guides as a visual confirmation of the ischemic left ventricle following
LAD coronary artery ligation. Four to five weeks after the surgery we per-
formed transthoracic echocardiography (Vevo 3100 systems; Visual Sonics,
Toronto, ON; Canada) under light isoflurane (2–3%) anesthesia. The
ejection fraction (EF) obtained via echocardiography was used as a key
parameter to determine the degree of functional HF10,24,94. The mean EF
values for sham and HF rats were 82.27 ± 3.2 and 25.22 ± 6.29, respectively
(p < 0.0001).

Immunohistochemistry
Following pentobarbital-induced anesthesia (Euthasol, Virbac, ANADA
#200-071, FortWorth, TX,USA, Pentobarbital, 80mg/kgbw, i.p.), rats were
first perfused at a speed of 20mL/min with 0.01M PBS (200mL, 4 °C)
through the left ventricle followed by 4% paraformaldehyde (PFA, in 0.3M
PBS, 200mL, 4 °C), while the right atrium was opened with an incision.
Brainswere post-fixed for 24 h in 4%PFAat 4 °C and transferred into a 30%
sucrose solution (in 0.01M PBS) at 4 °C for 3–4 days. For immunohis-
tochemistry, 40 µm slices were cut using a Leica Cryostat (CM3050 S), and
brain slices were kept in 0.01M PBS at 4 °C until used for staining. Brain
slices were blocked with 5% Normal Horse Serum in 0.01M PBS for 1 h at
room temperature. After a 15-minwashing in 0.01MPBS, brain slices were
incubated for 24 h in 0.01M PBS, 0.1% Triton-X, 0.04% NaN3 containing
different antibodies: 1:1000 of anti-IBA1 (polyclonal rabbit, Wako, 019-
19741, Lot: CAK1997) or 1:500 of anti-AQP-4 (polyclonal rabbit, Alomone
labs, AQP-004) at room temperature. Following 15-min washing in 0.01M
PBS, sections were incubated in 0.01M PBS, 0.1% Triton-X, 0.04% NaN3

with 1:500 Alexa Fluor 488/594-conjugated donkey anti-rabbit (Jackson
ImmunoResearch, 711-585-152 and 705-585-147) for 4 h at RT. Double
immunohistochemical staining against AQP4 and IBA1 (both polyclonal
rabbits)was performed in two individual roundswithwashing3 × 10min in
PBS and subsequent blocking to minimize potential cross-reactivity of the
primary and secondary antibodies. For the triple staining following anti-
bodies and concentrations were used: M/R CD31 AF3621 from R&D Sys-
tems at 1:333, AQP4 249–323 from Alomone Labs at 1:333, and IBA1
234–308 from Synaptic Systems at 1:500. Brain slices were washed again for
15min in 0.01M PBS and mounted using antifade mounting medium
(Vectashield with DAPI, H-1200B/H-1500). Euthanasia was induced by an
overdose of sodium pentobarbital (80mg/kgbw i.p.).

RNAScope in situ hybridization
RNAScope reagents were bought from acdbio (PN320881). Nuclease-free
water and PBS were acquired from Fisher Scientific. Brain tissues were
handled according to the procedure outlined for Immunohistochemistry,
utilizing nuclease-free PBS, water, PBS, and sucrose, in accordance with the
instructions provided by the manufacturer. To evaluate the data, microglia
were categorized as mRNA-positive if they exhibited three or more fluor-
escently labeled voxel units within their individual cell bodies. Probes tar-
geting AT1aR or TNFαmRNA (both C1, rat) were purchased from acdbio.
Euthanasia was induced by an overdose of sodium pentobarbital (80mg/
kgbw i.p.).

Confocal microscopy and 3D analysis of microglia via Imaris
Confocal images were obtained using a Zeiss LSM 780 confocal microscope
(1024 × 1024 pixel, 16-bit depth, pixel size 0.63-micron, zoom 0.7). Three-
dimensional reconstruction of microglia was performed using Imaris
software24. For the analysis of VAM microglia, the surface-to-surface and
surface-to-volume ratio feature of Imaris was used after prior enabling of
object-to-objects statistics. To avoid potential cross-reactivity of AQP4 and
IBA1 signals that might confound subsequent data analysis, any AQP4-
positive voxelswithinmicrogliawere removed through the creationof a new
masked channel. Thus, only ‘vessel-specific’ AQP4 signal outside of
microgliawas used for the analysis ofmicroglia-vessel interaction.Microglia
were defined as juxta vascular microglia if they had overlapping surfaces
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withbloodvessels of > 2 µm2 to avoid samplingof false positives as a result of
reconstruction artifacts. VIM (microglia in close proximity to blood vessels)
microglia displayed filamentous contacts, without somatic contact (i.e.,
distance from soma to vessel > 1 µm); juxta vascular microglia displayed
somatic contact with vessels (i.e., distance from soma to vessel < 1 µm) or
displayed somatic contact with vessels (i.e., distance from soma to vessel <
1 µm) and extensive soma-vessel overlap defined as total surface-to-surface
ratio > of > 8 µm2. Whether the microglia had multiple vessel contacts was
not taken into account for the final analysis. For reasons of simplicity,
VIM and juxtavascular microglia are referred to as VAM in some of the
Figures.

Assessment of microglial AngIIfluo uptake
Rats were anesthetized using a mixture of Ketamine and Xylazine (at con-
centrations of 60mg/mL and 8mg/mL, respectively). A non-occluding
catheter was inserted into the left internal carotid artery. Subsequently,
AngIIfluo (at a concentration of 3 µmol/L, obtained fromAnaspec, CA) was
infused at a rate of 2.86 µL/g/rat and allowed to circulate for a duration of
30min50. After this period, the rats were decapitated, and their brains were
fixed and sliced into sections that were 40 µm thick using a Cryostat. These
sections were prepared for confocal imaging. The software Imaris was uti-
lized to identify and quantify the presence of microglial AngIIfluo using
object-to-object statistics and quantification of engulfed AngIIfluo volume
(in µm3). Microglia were considered to be AngIIfluo when they
contained >2 µm3 AngIIfluo to avoid sampling of false positives as a result of
reconstruction artifacts.

Losartan treatment
Rats with heart failure (HF) were assigned randomly to either the HF group
or the HF+ Losartan group. Losartan at a dose of 20mg/kg/day was
administered in the drinking water, commencing one week after the HF
surgery and continuing until the rats were sacrificed for analysis four to six
weeks after the surgery.

Statistical analyses
Statistical analyses were carried out using GraphPad Prism 9 (GraphPad
Software, California, USA). To compare groups, various tests were
employed, including Student’s t-test, chi-square test, and one- or two-way
analysis of variance (ANOVA), followed byTukey post-hoc tests. For group
size and power calculations, we used the following assumptions: effect size:
1.5, significance0.05, andpower0.70.The incidenceof effectswas compared
using chi-square tests. Data was checked for normality prior to statistical
analysis via parametric tests. In cases of low sample sizes, the
Mann–Whitney test was used as indicated. The results are denoted as
mean ± standard error of the mean (SEM). Statistical significance was
established at p < 0.05. In the corresponding figures, significance levels were
indicated as *p < 0.05, **p < 0.01, and ***p < 0.0001.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The data supporting this study’s findings were included as Supplemen-
tary data.
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