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Background-—Immune cells are key regulators of the vascular inflammatory response characteristic of hypertension. In
hypertensive rodents, regulatory T lymphocytes (Treg, CD4+CD25+) prevented vascular injury, cardiac damage, and endothelial
dysfunction of mesenteric arteries. Whether Treg modulate the cerebrovascular damage induced by hypertension is unknown.

Methods and Results-—C57BL/6 mice were perfused with angiotensin II (Ang II; 1000 ng/kg per minute) for 14 days and
adoptive transfer of 39105 CD4+CD25+ T cells was performed via 2 intravenous injections. Control mice received a sham surgery
and PBS. Treg prevented Ang II-induced neurovascular uncoupling (P<0.05) and endothelial impairment (P<0.05), evaluated by
laser Doppler flowmetry in the somatosensory cortex. The neuroprotective effect of Treg was abolished when they were isolated
from mice deficient in interleukin-10. Administration of interleukin-10 (60 ng/d) to hypertensive mice prevented Ang II-induced
neurovascular uncoupling (P<0.05). Treg adoptive transfer also diminished systemic inflammation induced by Ang II (P<0.05),
examined with a peripheral blood cytokine array. Mice receiving Ang II + Treg exhibited reduced numbers of Iba-1+ cells in the
brain cortex (P<0.05) and hippocampus (P<0.001) compared with mice infused only with Ang II. Treg prevented the increase in
cerebral superoxide radicals. Overall, these effects did not appear to be directly modulated by Treg accumulating in the brain
parenchyma, because only a nonsignificant number of Treg were detected in brain. Instead, Treg penetrated peripheral tissues such
as the kidney, inguinal lymph nodes, and the spleen.

Conclusions-—Treg prevent impaired cerebrovascular responses in Ang II-induced hypertension. The neuroprotective effects of
Treg involve the modulation of inflammation in the brain and periphery. ( J Am Heart Assoc. 2019;8:e009372. DOI: 10.1161/
JAHA.118.009372.)
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I nnate and adaptive immune cells play an important role in
the development of hypertension and associated vascular

injury.1 Na€ıve CD4+ T cells differentiate into 2 main subtypes:
conventional effector T helper cells (Th1, Th2, Th9, Th17,
Th22, and Tfh), which are involved in cellular inflammation and
humoral immunity, and T regulatory lymphocytes (Treg) that

express the markers CD4, CD25, and FoxP3, with the latter
being the transcription factor that results in commitment of
na€ıve cells to become Treg.2

Treg have key roles in maintaining immune homeostasis
and act by suppressing immune responses.3 Multiple mech-
anisms of Treg-mediated immunosuppression have been
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described. Treg can modulate T effector lymphocytes by
secreting anti-inflammatory cytokines such as interleukin-10
(IL-10),4 or by promoting cell cycle arrest and apoptosis.5 Treg
can also act on antigen-presenting cells by preventing their
maturation or limiting their capacity to stimulate the differ-
entiation of effector T cells and thus the release of pro-
inflammatory cytokines.6 In the context of hypertension, it
has been shown that Treg (defined as CD4+CD25+ cells)
prevent vascular injury, cardiac damage, and endothelial
dysfunction in rodents.7–10

Whether CD4+CD25+ cells can also prevent cerebral blood
flow changes induced by hypertension is unknown. The
question is pertinent because the brain is one of the principal
end-organs that is subject to the deleterious effects of
hypertension.11 With its high metabolic demand, the brain
depends on a rigorous control of cerebral blood flow. Thus, it
relies on key regulatory mechanisms, such as neurovascular
coupling and tightly controlled endothelial dilatory responses
to modulate cerebral blood flow. Even small blood flow
reductions can have a negative impact on cerebral protein
synthesis and neuronal function.12

In the case of hypertension, alterations in neurovascular
coupling have been seen in humans with untreated high blood
pressure, as revealed by reduced cerebral blood flow
responses when engaged in a memory task.13 Experimental
rodent models of hypertension induced by angiotensin II (Ang
II) recapitulate these deficits, evidenced by impaired neuronal
and endothelial cerebral blood flow responses following
chronic Ang II infusion.14,15

Although the involvement of immune cells in hypertension
and peripheral vascular injury is well documented, no studies
have yet examined their influence on cerebral blood flow
regulation. Likewise, whether CD4+CD25+ cells could confer

neuroprotection to the cerebrovascular injury and brain
inflammation induced by Ang II is unclear.

As a first step to answer these questions, we characterized
the impact of CD4+CD25+ regulatory T lymphocytes on
cerebral blood flow in vivo, in mice subjected to Ang II-
induced hypertension. In view of the potential protective
actions of CD4+CD25+ cells, we also explored systemic
immune responses, cerebral gliosis, and superoxide anion
production to better understand the cellular targets involved.

Methods
This article adheres to the Transparency and Openness
Promotion (TOP) Guidelines. All data, methods, and materials
used to conduct the research are available from the
corresponding author upon reasonable request.

Animals
The study was approved by the Committee on Ethics of
Animal Experiments of Universit�e de Montr�eal and of the Lady
Davis Institute of McGill University, in accordance with the
principles outlined by the Canadian Council on Animal Care
and by the ARRIVE (Animal Research: Reporting of In Vivo
Experiments) guidelines.

Eight- to 10-week-old C57BL/6 male mice (Harlan Labora-
tories, Canada) were housed individually in a temperature-
controlled room with ad libitum access to water and a standard
protein rodent diet (Envigo #2018 Teklad global 18% protein
rodent diet). C57BL/6 mice with a targeted genetic deletion of
IL-10 (Il10�/�) and their controls were obtained from a colony
bred at the animal facility of the Rosemont-Maisonneuve
Hospital Research Center (Montreal, Canada); their original
source was The Jackson Laboratory (Maine, USA).

Given that at this age female mice are protected from the
deleterious effects of Ang II on cerebrovascular functions,16

only male mice were used. Following acclimatization, animals
were randomly assigned to experimental groups independently
of the identity of groups or treatments. Data and animal
exclusion criteria are specified for each experiment in Data S1.

Isolation of Treg and Adoptive Transfer
CD4+CD25+ cells (Treg) were isolated from the spleens of 8-
to 10-week-old pathogen-free male C57BL/6 wild-type and
Il10�/� mice, using the EasySep Mouse CD4+CD25+ Treg Cell
Isolation kit (Stem Cell Technologies, Canada), as previously
described.17 Determination of cell purity by flow cytometry
indicated an enrichment of 89.6% CD4+CD25+ cells. Mice
received 2 intravenous injections (100 lL) of 39105

CD4+CD25+ (Treg) or CD4+CD25+ Il10�/� cells (Treg isolated

Clinical Perspective

What Is New?

• This study is the first demonstration that CD4+ regulatory T
lymphocytes, at least in part through interleukin-10, prevent
impaired cerebral blood flow responses as well as systemic
and cerebral inflammation in angiotensin II-induced
hypertension.

What Are the Clinical Implications?

• The knowledge that the immune system modulates cerebral
blood flow suggests that targeting inflammation or immune
cells could protect the brain in conditions where blood flow
is impaired, such as hypertension.

• This may also have important clinical implications for cerebral
magnetic resonance imaging signaling interpretation.
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from Il10�/� mice) or PBS 7 days before and the day of
minipump implantation (Figure 1).

Chronic Angiotensin II and IL-10 Infusion
Osmotic minipumps (model 1002; Alzet, USA) containing
human Ang II (Millipore-Sigma, USA) were implanted as
detailed in Data S1. Each minipump delivered 1000 ng/kg
per minute Ang II for 14 days. Control animals received a
sham surgery. Pilot experiments confirmed no differences
between a sham surgery and implantation of a saline-infused
minipump for cerebral blood flow (CBF) analyses. Systemic
infusion of 1000 ng of IL-10 was achieved via a second
osmotic minipump filled with human recombinant IL-10
(Sigma-Aldrich, USA), delivering it at a rate of 60 ng/d. The
dose was chosen based on a published study examining the
effect of exogenous IL-10 on vascular endothelial function and
oxidative stress in Ang II-infused mice.18

Laser Doppler flowmetry
CBF was monitored by a laser Doppler probe (AD Instru-
ments, USA) placed in a 2 9 2 mm cranial window drilled
above the somatosensory cortex. CBF responses to neuronal
activity (neurovascular coupling) were examined by three 1-
minute whisker stimulations, every 3 minutes. Endothelium-
dependent CBF responses were measured after the

superfusion of acetylcholine 10 lmol/L (Sigma-Aldrich,
USA). Details on the surgical procedure and CBF analysis
are available in Data S1.

Blood Pressure
Systolic blood pressure was monitored by tail-cuff plethys-
mography (Kent Scientific Corp., USA) as detailed in Data S1.
Animals were habituated to the procedure 3 days before
blood pressure assessment. The measures were taken
24 hours before CBF analysis.

Plasma Cytokine/Chemokine Array
A multiplex bead-based immunoassay (Eve Technologies
Corporation, Calgary, AB, Canada) was used for the quanti-
tative determination of 31 mouse plasma cytokines and
chemokines, as detailed in Data S1. Given the large number of
markers analyzed, a composite inflammatory Z score was
computed to obtain a global measure reflecting inflammation
and providing a more powered analysis. Before composite
calculation and in consultation with an immunologist, cytoki-
nes and chemokines were grouped into 4 categories accord-
ing to their main function: (1) Pro-inflammatory cytokines:
IL-1a, IL-6, IL-17, tumor necrosis factor-a (TNF-a) and LIF;
(2) Neutrophil chemoattractants: KC (CXCL1), LIX (CXCL5),
MIP-2 (CXCL2), and stimulators of their development (G-CSF);

Figure 1. Schematic representation of the T lymphocyte isolation procedure and experimental timeline.
A, CD4+CD25+ T lymphocytes were isolated via magnetic bead purification from the spleens of two 8–10-
wk-old pathogen-free male C57BL/6 or Il10�/� mice. B, Mice received 2 intravenous injections of 39105

CD4+CD25+ cells or CD4+CD25+ Il10�/� cells (isolated from Il10�/� mice) or PBS (for the control group).
The adoptive transfer injections were done 7 d before and the day of Ang II (1000 ng/kg per min) or IL-10
(60 ng/d for 14 d) minipump implantation. Systolic blood pressure was monitored the day before cerebral
blood flow (CBF) analysis and tissue collection. Plasma cytokine analysis, microglia counts, and assessment
of superoxide anion production were performed afterwards.
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(3) Stimulators of Th1-driven responses: IL-12p40, IL12p70,
MIP-1b (CCL4), RANTES (CCL5), MIG (CXCL9), and IP-10
(CXCL10); and (4) Stimulators of Th2 responses: IL-4, IL-5, IL-
9, IL-10, IL-13, and MCP-1 (CCL2). The grouping does not
intend to reflect the cellular source of each cytokine but
rather their main effect as immune mediators. Eotaxin
(CCL11) and IL-2 were not classified in any group and are
presented independently. The following were not included in
the final analysis because of low or no detection in several
samples: IL-3, IL-7, interferon-c, IL-1b, granulocyte-macro-
phage colony-stimulating factor, macrophage-colony-stimulat-
ing factor, vascular endothelial growth factor, and MIP-1a.

A composite score was calculated by converting each
marker to a standardized Z score, such that the group mean
was zero and the SD was 1. To generate the composite, Z
scores within a group were added, as per published
methods.19,20

Microglia Analysis
Microglia were labeled with the antibody Iba-1 (1:2000, Wako
Inc, Richmond, USA), which recognizes a cytoplasmic calcium-
binding protein that is expressed in monocytes, and microglia
in the brain.21 Details on the immunohistochemical procedure
are available in Data S1. Bright field images were taken with a
Leitz Diaplan microscope equipped with an Olympus DP21
camera (Wild Leitz GmbH, Germany). Images were taken from
layer V-VI of the somatosensory cortex (8 pictures per
section) and from the hippocampal regions CA1, CA3, and DG
(2 pictures per region per section). Each 8-bit image was
thresholded with the intermodes method and converted to
binary with Image J. The “Analyze Particles” function was used
to obtain a semiquantitative assessment of the number of
microglia/monocytes in the whole micrograph, using a size
criterion of 150 pixels.

Superoxide Anion Production
Cortical superoxide production and NADPH oxidase (NOX)-2-
derived radicals were measured by lucigenin-enhanced
chemiluminescence as detailed in Data S1. Given that
lucigenin detects superoxide from various oxidase systems,
NOX-2-derived superoxide production was expressed as the
percentage of inhibition by gp91ds-tat (a selective NOX-2
inhibitor) relative to the amount of superoxide produced
without the inhibitor.

Analysis of Treg Distribution Following Adoptive
Transfer
Splenocytes were isolated from C57BL/6 Ly5.1+ Foxp3GFPki

mice22 obtained from a colony bred by Dr Ciriaco Piccirillo’s

laboratory at McGill University. CD25+ Treg were isolated
using magnetic microbeads (Mitenyi Biotec, USA) following
established protocols.22 Determination of cell purity by flow
cytometry indicated an enrichment of 89% Foxp3GFP+ on 98%
CD25+ Treg cells. Adoptive transfer of 39105 cells was
performed as previously described (section Isolation of T
lymphocytes and adoptive transfer).

Following adoptive transfer of CD25+ Foxp3GFP+ cells and
after 14 days of Ang II subcutaneous perfusion, mice were
anesthetized with sodium pentobarbital (100 mg/kg body
weight; CDMV, Canada) and before intracardiac perfusion,
inguinal lymph nodes and spleen were dissected. Mice were
then perfused with 40 mL PBS, and kidneys and brain were
dissected. Purified cell suspensions were then subjected to
flow cytometry. Samples were acquired on a LSRII-Fortessa X-
20 analyzer (BD Biosciences, USA) and analysis was per-
formed using the FlowJo software v.X (TreeStar, USA), as
previously described.23,24 Characterization of immune cell
populations including neutrophils/granulocytes, dendritic
cells, B cells, CD3 cells, and natural killer cells has been
done with specific clones for each antibody listed in Table S1,
following manufacturer recommended dilutions.

Data Analysis and Statistics
Data were analyzed with GraphPad Prism v7.0 (La Jolla, USA).
Results are presented as mean�SEM. Multiple group com-
parisons were evaluated by 1- or 2-way ANOVA, as appropri-
ate, with the Bonferroni correction. For non-normally
distributed data, analysis was done with the Kruskal-Wallis
test and the Dunn’s post hoc correction. A value of P<0.05
was considered statistically significant. For each experiment,
the statistical test and the precise number of animals are
specified in the figure legends.

Results
An overview of the experimental timeline is illustrated in
Figure 1.

Effect of Treg on CBF
Adoptive transfer of CD4+CD25+ cells (Treg) prevented the
disruption of neurovascular coupling (Figure 2A, §P<0.05,
n=6–9) and of endothelium-dependent dilatation (Figure 2B,
§P<0.05, n=4–5) caused by chronic Ang II infusion (**P<0.01
and *P<0.05, respectively). CD4+CD25+ T lymphocytes did not
elicit changes in cerebrovascular responses in control mice.

We next examined whether the rescue in cerebrovascular
responses was correlated with a decrease in systolic blood
pressure (SBP). The mean SBP of mice receiving Ang II was
significantly higher compared with controls (mean difference
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51.5 mm Hg, ¶¶P<0.0001, Table S2). Adoptive transfer of
39105 CD4+CD25+ cells via 2 injections did not result in SBP
reduction.

IL-10 Is a Key Mediator of the Cerebrovascular
Protective Effect of Treg Cells
IL-10 has been identified as an essential mediator of Treg
(CD4+CD25+) preventing Ang II-induced endothelial dys-
function18 and reversing brain damage in experimental
stroke.25 To better understand the mechanisms behind the
cerebroprotective role of CD4+CD25+ T cells, we performed
adoptive transfer of these cells isolated from mice genetically
deficient in IL-10.

In mice receiving Ang II, adoptive transfer of CD4+CD25+

Il10�/� cells did not rescue neurovascular coupling deficits
(Figure 3A), nor did they restore the impaired CBF response to
endothelial dilatation (Figure 3B). In control mice, these cells
(CD4+CD25+ Il10�/�) importantly attenuated the response to
whisker stimulation (Figure 3A, ####P<0.0001, n=5–9), and a
similar trend was seen in response to acetylcholine (Figure 3B,
P=0.095, n=5–6). Despite affecting cerebrovascular
responses, 2 injections of CD4+CD25+Il10�/� cells did not
have an effect on SBP in na€ıve animals (Table S2).

IL-10 Rescues the Neurovascular Uncoupling
Induced by Ang II
We examined whether IL-10 itself is capable of preventing the
cerebrovascular dysfunctions caused by Ang II. Exogenous IL-
10 administration resulted in a 2-fold increase in CBF upon
whisker stimulation in Ang II-infused mice when compared
with mice only receiving Ang II (mean CBF increase 16.4%
versus 8.4%; Figure 4A, ****P<0.0001, n=6–12). IL-10
administration did not increase neurovascular coupling
responses in control animals beyond normal levels. Although
the attenuation of endothelial responses caused by Ang II
(****P<0.0001) did not significantly recover with exogenous
IL-10 infusion, there was a trend for a 1.6-fold increase in CBF
with IL-10 administration (mean CBF increase 11.8% Ang II +
IL-10 versus 7.3% Ang II; Figure 4B, P=0.065, n=6–11). IL-10
administration did not result in a decrease in SBP in mice
infused with Ang II (Table S3).

Adoptive Transfer of Treg Cells Prevents
Systemic Immune Responses Induced by Ang II
An array of immune mediators was examined in plasma.
There was a trend revealing higher levels of the composite
score involving pro-inflammatory cytokines, such as IL-1a,

Figure 2. Effect of CD4+CD25+ regulatory T lymphocytes on CBF. CBF responses to whisker stimulation (A)
and to the endothelium-dependent vasodilator, acetylcholine (B) following adoptive transfer of CD4+CD25+

cells (39105) or PBS in mice infused s.c. with Ang II (1000 ng/kg per min, 14 d) or in control mice (CTL).
Graphs depict the percentage increase in CBF following the stimulation with respect to its initial value,
measured by laser Doppler flowmetry. Results represent mean�SEM; n=7 CTL/PBS, n=8 Ang II/PBS, n=6
CTL/CD4+CD25+ and n=9 Ang II/CD4+CD25+ mice in (A), n=5 CTL/PBS and Ang II/CD4+CD25+, n=4 Ang II/
PBS and CTL/CD4+CD25+ mice in (B). Data were analyzed with 2-way ANOVA followed by Bonferroni
correction (§ or *P<0.05, **P<0.01). Ang II indicates angiotensin II; CBF, cerebral blood flow; CTL, control.
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IL-6, LIF, and TNF-a, in animals receiving Ang II compared
with controls (Figure 5A, P=0.115, n=4–11; Figure S1 for
individual cytokines). Composite scores of pro-inflammatory
cytokines tended to be lower following adoptive transfer of
CD4+CD25+ cells (Figure 5A, P=0.072), in particular
reflecting attenuated levels of IL-1a, IL-6, and IL-17. Ang II
also led to an increase in the composite score reflecting
plasma neutrophil chemoattractants, such as LIX (CXCL5)
and MIP-2 (CXCL2) as well as G-CSF (Figure 5B, *P<0.05,
n=4–11 and Figure S2). This increase was also attenuated by
adoptive transfer of CD4+CD25+ cells (*P<0.05). In addition,
Ang II led to an increase in the composite score of mediators
of Th1 responses, such as IL-12 and MIG (CXCL9), but
CD4+CD25+ T cells did not significantly attenuate this effect
(Figure 5C, n=4–11 and Figure S3).

The inflammatory profile of hypertensive mice receiving
CD4+CD25+ Il10�/� cells tended to be different from that of
mice receiving wild-type CD4+CD25+ cells (Figure 5 and Figures
S1 through S3). For the composite score of pro-inflammatory
mediators, the mean Z score for the Ang II + CD4+CD25+ Il10�/�

group was higher compared with that of Ang II + CD4+CD25+

(mean 0.245�0.2 versus �0.365�0.1), although after

Bonferroni or Dunn’s post hoc correction these differences
remained as trends, and likewise for the neutrophil and Th1
composite score.

Neither Ang II nor CD4+CD25+ adoptive transfer had a
significant impact on the composite score reflecting cytoki-
nes and chemokines that stimulate Th2 responses (Fig-
ure 5D). However, individually, the plasma levels of IL-10
and IL-13 tended to be higher than controls in mice
receiving Ang II (Figure S4). There were also no significant
differences in eotaxin (CCL11) and IL-2 levels between
groups (Figure S5).

Given that CD4+CD25+ Il10�/� cells significantly impaired
neurovascular coupling in na€ıve mice, we examined whether
this effect could be correlated to the pattern of inflammatory
mediators found in the peripheral blood of recipient mice. In
line with the CBF results, the plasma profile of na€ıve mice
receiving CD4+CD25+ Il10�/� cells significantly differed from
that of mice receiving wild-type CD4+CD25+ cells or PBS.
They showed a higher composite score reflecting increased
expression of pro-inflammatory cytokines (Figure 6A,
*P<0.05, n=4–11 and Figure S6), as well as higher
composite scores reflecting increased levels of Th1

Figure 3. IL-10 is a key mediator of the cerebrovascular protective effect of CD4+CD25+ regulatory T
cells. CBF responses to whisker stimulation (A) and to acetylcholine (B) following adoptive transfer of
CD4+CD25+ cells (39105) isolated from mice lacking the gene for IL-10. CD4+CD25+ Il10�/� or PBS
injections were given to mice infused s.c. with Ang II (1000 ng/kg per min, 14 d) or to control mice (CTL).
Graphs depict the percentage increase in CBF following the stimulation with respect to its initial value,
measured by laser Doppler flowmetry. Results represent mean�SEM; n=7 CTL/PBS, n=9 Ang II/PBS and
CTL/CD4+CD25+ ll10�/� and n=5 Ang II/CD4+CD25+ ll10�/� mice in (A), n=5 CTL/PBS, Ang II/PBS and
Ang II/CD4+CD25+ Il10�/� and n=6 CTL/CD4+CD25+ Il10�/� mice in (B). Data were analyzed with 2-way
ANOVA followed by Bonferroni correction (**P<0.01, **** or ####P<0.0001). Ang II indicates angiotensin
II; CBF, cerebral blood flow; CTL, control mice; IL-10, interleukin-10.
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stimulators (Figure 6C, *P<0.05, n=4–11 and Figure S7).
There was a trend showing higher composite scores
reflecting cytokines involved in neutrophil trafficking
(Figure 6B, P=0.108 Kruskal-Wallis test, n=4–11 and
Figure S8) and no significant differences in the composite
score reflecting stimulators of Th2 responses between
groups (Figure 6D and Figure S9).

Effect of Treg Cells on Cerebral Gliosis and NOX-
2-Derived Superoxide Radicals
Given the protective role of CD4+CD25+ Treg cells on CBF,
and the recent evidence that Ang II induces hippocampal
microgliosis,26 we examined whether CD4+CD25+ adoptive
transfer would attenuate the inflammatory effects of Ang II
beyond the periphery. Mice receiving Ang II exhibited a
significantly higher number of Iba-1+ cells compared with
controls, both in the somatosensory cortex, where cere-
brovascular responses were examined, and in the hippocam-
pus (Figure 7A, *P<0.05 and **P<0.01, respectively).
CD4+CD25+ T cells prevented the increase in Iba-1+ cells in
both regions (*P<0.05 and ***P<0.0001, n=3–5).

We further examined the cerebral production of superox-
ide. Ang II infusion led to a significant increase in superoxide
radicals in the brain cortex, and adoptive transfer of
CD4+CD25+ cells prevented this effect (Figure 7B, *P<0.05,
n=4–9). Injection of CD4+CD25+ cells derived from Il10
knockout mice led to a similar effect (Figure 7B, P=0.057).

To quantify NOX-2-derived superoxide radicals (the main
NOX isoform present in brain vessels14), cortical tissue was

incubated with gp91ds-tat, a selective NOX-2 inhibitor. As
seen in Figure 7C, gp91ds-tat inhibited superoxide produc-
tion to a greater extent in the brain of Ang II-infused mice
compared with controls, indicating increased NOX-2-derived
radicals because of Ang II (Figure 7C, *P<0.05, n=3–8). In
animals receiving CD4+CD25+ or CD4+CD25+ Il10�/� cell
injections, mean NOX-2-derived superoxide anion production
was not significantly different from animals receiving
only Ang II.

Treg Distribution
Interestingly, analysis of Treg distribution following adoptive
transfer revealed that after 2 injections of 39105 cells, only a
negligible number of adoptively transferred Treg were
detected in brain, while much higher levels were found in
other tissues such as the kidneys, inguinal lymph nodes, and
spleen (Figure S10). In addition, the total number of
endogenous myeloid and lymphoid cells (neutrophils/granu-
locytes, dendritic cells, B cells, CD3+ cells, and natural killer
cells) quantified from the brain was the same in mice
receiving Ang II and Treg compared with controls receiving
Treg (Figure S11).

Discussion
This study shows for the first time a role for the adaptive
immune system in modulating cerebrovascular responses.
Our major new findings are that CD4+CD25+ T cells,
commonly identified as Treg,2,9,10,18 exhibit a neuroprotective
role with respect to the cerebrovascular, inflammatory, and

Figure 4. IL-10 rescues the neurovascular coupling deficit induced by Ang II. CBF responses to whisker
stimulation (A) and to acetylcholine (B) following simultaneous administration of Ang II (1000 ng/kg per
min) and IL-10 (60 ng/d) or Ang II or IL-10 alone for 14 d. Graphs depict the percentage increase in CBF
following the stimulation with respect to its initial value, measured by laser Doppler flowmetry. Results
represent mean�SEM; n=8 CTL/PBS, n=12 Ang II/PBS, n=6 CTL/IL-10, and n=11 Ang II/IL-10 mice in (A),
n=6 CTL/PBS and CTL/IL-10, n=8 Ang II/PBS, and n=11 Ang II/IL-10 mice in (B). Data were analyzed by 2-
way ANOVA followed by Bonferroni correction (*P<0.05 and ****P<0.0001). Ang II indicates angiotensin II;
CBF, cerebral blood flow; CTL, control; IL-10, interleukin-10.
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oxidative injury induced by Ang II in the brain. To the best of
our knowledge, this is the first in vivo study to examine the
functional role of CD4+CD25+ T lymphocytes in the regulation
of CBF in Ang II-induced hypertension.

In our study, we identified IL-10 as a key regulator of the
cerebrovascular protective role of CD4+CD25+ T cells. First,
we showed that CD4+CD25+ cells isolated from mice
genetically devoid of IL-10 lost their protective effect to Ang

Figure 5. CD4+CD25+ regulatory T cells prevent systemic immune responses induced by Ang II. Analysis
of plasma cytokines and chemokines following adoptive transfer of CD4+CD25+ or CD4+CD25+ Il10�/�

cells (39105) in mice infused s.c. with Ang II (1000 ng/kg per min, 14 d) and in control mice (CTL).
Cytokines were grouped into 4 categories: pro-inflammatory cytokines (IL-1a, IL-6, IL-17, TNF-a, and LIF)
(A), neutrophil chemoattractants (KC, LIX, MIP-2) and stimulators of their development (G-CSF) (B),
stimulators of Th1-driven responses (IL-12p40, IL12p70, MIP-1b, RANTES, MIG, and IP-10) (C), and
stimulators of Th2 responses (IL-4, IL-5, IL-9, IL-10, IL-13, and MCP-1) (D). A composite score was
calculated by converting each marker to a standardized Z score and then added. Results represent
mean�SEM; n=11 CTL, n=7 Ang II and Ang II+ CD4+CD25+, n=4 Ang II+ CD4+CD25+ Il10�/� mice.
*P<0.05, by Kruskal-Wallis and Dunn’s post hoc correction (A, C, D) or 1-way ANOVA followed by
Bonferroni correction (B). Ang II indicates angiotensin II; CTL, control mice; G-CSF, granulocyte colony-
stimulating factor; IL, interleukin; IP-10, Interferon gamma-induced protein 10; KC, Keratinocyte
chemoattractant; LIF, Leukemia inhibitory factor; LIX, lipopolysaccharide (LPS)-induced CXC chemokine;
MCP, Monocyte chemoattractant protein; MIG, Monokine induced by gamma interferon; MIP, Macrophage
Inflammatory Protein; RANTES, Regulated on activation, normal T cell expressed and secreted; TNF, tumor
necrosis factor.
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II-induced cerebrovascular damage. Second, we demonstrate
that recombinant IL-10 itself is capable of antagonizing the
injurious actions of Ang II on neurovascular coupling. A
protective role for IL-10 has been identified in other studies.
Using genetic or pharmacological approaches to deplete IL-10
derived from Treg, Kassan and colleagues showed that IL-10

is critical to prevent endothelial dysfunction and oxidative
stress in mesenteric arteries damaged by Ang II.18 In the
brain, Liesz et al further found that mice receiving IL-10-
deficient Treg had larger infarct volumes than mice receiving
normal Treg in a model of experimental ischemia.25 This
should not imply that circulating IL-10 exerts its effects

Figure 6. CD4+CD25+ Il10�/� cells affect systemic immune responses in na€ıve mice. Analysis of plasma
cytokines and chemokines following adoptive transfer of CD4+CD25+ or CD4+CD25+ Il10�/� cells (39105)
or PBS to na€ıve mice. Cytokines were grouped into 4 categories: pro-inflammatory cytokines (IL-1a, IL-6, IL-
17, TNF-a, and LIF) (A), neutrophil chemoattractants (KC, LIX, MIP-2) and stimulators of their development
(G-CSF (B)), stimulators of Th1 responses (IL-12p40, IL12p70, MIP-1b, RANTES, MIG, and IP-10) (C), and
stimulators of Th2 responses (IL-4, IL-5, IL-9, IL-10, IL-13 and MCP-1) (D). A composite score was calculated
by converting each marker to a standardized Z score and then added. Results represent mean�SEM; n=11
PBS, n=4 CD4+CD25+ and n=7 CD4+CD25+ Il10�/� mice. *P<0.05 by 1-way ANOVA followed by Bonferroni
correction (A, D) or Kruskal-Wallis followed by Dunn’s post hoc correction (B, C). G-CSF, granulocyte colony-
stimulating factor; IL, interleukin; IP-10, Interferon gamma-induced protein 10; KC, Keratinocyte
chemoattractant; LIF, Leukemia inhibitory factor; LIX, lipopolysaccharide (LPS)-induced CXC chemokine;
MCP, Monocyte chemoattractant protein; MIG, Monokine induced by gamma interferon; MIP, Macrophage
Inflammatory Protein; RANTES, Regulated on activation, normal T cell expressed and secreted; TNF, tumor
necrosis factor.
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Figure 7. Effect of CD4+CD25+ regulatory T cells on cerebral gliosis and oxidative stress. A, Microglia/
monocytes were stained and visualized with Iba-1. A semiquantitative assessment of the number of Iba-1+
cells per micrograph was performed in the somatosensory cortex and hippocampus. Representative
micrographs are shown. Scale bar=50 lm. Graphs represent mean�SEM; n=3 CTL and Ang II, n=5 Ang
II+CD4+CD25+ mice, *P<0.05, by 1-way ANOVA followed by Bonferroni correction (cortex) or **P<0.01,
***P<0.001 by Kruskal-Wallis test followed by Dunn’s post hoc correction (hippocampus). B, Superoxide
anion production was measured by lucigenin-enhanced chemiluminescence of cortical tissue incubated
with NADPH and extrapolated from the area under the curve (AUC) counts/time. Graphs represent
mean�SEM; n=6 CTL n=7 Ang II, n=9 Ang II+CD4+CD25+ and n=4 Ang II+CD4+CD25+ Il10�/� mice,
*P<0.05, by 1-way ANOVA followed by Bonferroni correction. C, Cerebral NOX-2-derived radicals were
determined based on the extent of the inhibition of superoxide anion production following the addition of
its specific inhibitor, gp91ds-tat. Graphs represent mean� SEM (n=5 CTL, n=7 Ang II, n=8 Ang II+
CD4+CD25+ and n=3 Ang II+CD4+CD25+ Il10�/� mice, *P<0.05, by 1-way ANOVA followed by
Bonferroni. Ang II indicates angiotensin II; CTL, control; NOX, NADPH oxidase.
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directly on tissues, or that circulating IL-10 is the sole
important cytokine acting in Treg-mediated neuroprotection.
Indeed, our study shows that CD4+CD25+ T cells modulate
a large repertoire of plasmatic cytokines, suggesting that
Treg could prevent CBF impairments by modulation of the
global immune profile. This observation is reinforced by the
finding that CD4+CD25+ T cells isolated from Il10 knock-
outs still prevented the increase in cortical superoxide
anion production induced by Ang II while losing their
protective effect on CBF. This could suggest that although
oxidative stress may be able to disrupt CBF regulation,
additional pathological processes that follow in conse-
quence, such as inflammation, could also have a prominent
role later on. This could also explain why antioxidant
treatment has not proven efficacious to control blood
pressure in hypertensive patients,27 where multiple patho-
logical processes affect CBF in parallel.

In line with this, although cerebral endothelial responses
were modulated with exogenous IL-10, the differences were
not significant, suggesting that the infusion of IL-10 did not
fully reproduce the protective effect of adoptively transferred
CD4+CD25+ T cells. It is possible that other anti-inflammatory
factors secreted by Treg, such as transforming growth factor-
b and IL-35,28 or the attenuation of pro-inflammatory immune
pathways, are needed to fully mimic the protective effect of
Treg on the brain endothelium. It is also possible that upon
tissue injury endothelial cells are less responsive to IL-10
compared with other cells in the neurovascular unit. Indeed,
Gonzalez and colleagues have shown that although endothe-
lial cells express the IL-10 receptor in physiological condi-
tions, with excitotoxic injury IL-10 receptor immunoreactivity
increases to maximal levels in reactive astrocytes and
microglia.29 Therefore, although in normal conditions
endothelial cells can respond to IL-10, in the presence of
tissue damage (eg, caused by Ang II) they could be
outcompeted by other cells expressing higher levels of the
IL-10 receptor, which could explain the recovery of neurovas-
cular coupling but not of endothelial dilatory responses.

In the present study, we also found that the positive effect
of CD4+CD25+ cells on CBF was not accompanied by a
decrease in SBP. Such response fits with the finding that Ang
II impairs neurovascular coupling and cerebral endothelial
function independently of its hypertensive effect.30 Indeed,
the injurious actions of slow pressor concentrations of Ang II
on the cerebral microcirculation are mediated through
activation of the Ang type 1 (AT1) receptor and the production
of superoxide radicals derived from NADPH oxidase, and
occur before the increased in blood pressure.14,15 In support,
infusion of phenylephrine, which increases blood pressure to
the same level of a dose of 1000 ng/kg per minute of Ang II
but independently of the renin–angiotensin system, does not
disrupt neurovascular coupling.14

Although in the experimental conditions of our study we
did not see an effect of CD4+CD25+ cells attenuating
hypertension, we found that they prevented the increase in
cerebral superoxide radicals induced by Ang II, which is in line
with the recovery of cerebrovascular responses. We do not
deny that Treg could reduce blood pressure, because other
studies demonstrated such an effect.9,18 However, differ-
ences in adoptive transfer protocols (3 and 6 injections,
versus 2 in our study) could explain the different result. We
also cannot deny the possibility that CD4+CD25+ cells
modulated the development of hypertension in our model
but that the final blood pressure at the end of the study was
not different.

Likewise, the lack of effect of Treg on diminishing NOX-2
superoxide radicals could indicate that Treg may reduce
superoxide production either by acting on other NOX isoforms
that are also expressed in brain, such as NOX-1,31 or through
other oxidase systems, such as xanthine oxidase, mitochon-
drial electron transport, cyclo-oxygenase, NO synthase, and
lipo-oxygenase, some of which are also known to be affected
by hypertension.32 Given that expression of NADPH oxidases
has been found in multiple brain cells including neurons,
microglia, and astrocytes,33,34 as well as in cells of the brain
vasculature,35 future studies could use pharmacological (ie,
using NOX-specific inhibitors) or genetic strategies (ie, NOX-
specific knockout mice) to investigate the enzymatic source(s)
by which Treg diminish superoxide production in the brain
cortex and in isolated cerebral vessels.

Besides diminishing superoxide production and systemic
inflammation, CD4+CD25+ cells prevented the increase in
microglia induced by Ang II. The mechanisms linking Treg and
microglia could be several and complementary. Considering
the damage to the blood–brain barrier induced by Ang II36, it
is possible that following adoptive transfer, Treg or cytokines
produced by them traffic to the brain where they directly
interact with microglia. Indeed, Treg infiltration to the brain
parenchyma has been reported in stroke models,37 where
blood–brain barrier breakdown also occurs. The infiltrated T
cells were key sources of the inflammatory cytokine inter-
feron-c, which could activate microglia.38 It has also been
shown that Treg can alter the proteome of cultured microglial
cells, both by direct cell-to-cell contact and via the release of
IL-10 and transforming growth factor-b, diminishing pro-
inflammatory cytokines and proteins that regulate cell
motility.39 At the same time, the immunosuppressive actions
of Treg in the periphery could diminish the infiltration of
immune cells (T cells, monocytes/macrophages, and neu-
trophils) into the brain, preventing injury and thus indirectly
impacting on microglia responses. The antagonizing effect of
Treg on microglia numbers is not exclusive to our hyperten-
sion model; it has also been observed in murine models of
HIV-encephalitis,40 Parkinson’s disease,39 and cerebral
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ischemia.41 Given the recent finding that Ang II affects
hippocampal microglia phenotype towards an inflammatory,
active metabolic state,26 it would be of interest to investigate
whether Treg also modulate microglia morphologic activation,
state of surveillance, and extracellular digestion, besides
diminishing microglia numbers.

An intriguing finding was the observation of impaired
neurovascular coupling with administration of CD4+CD25+

Il10�/� cells into controls. We reasoned that this could be
related to a phenotypic change of these cells because of
exposure to the pro-inflammatory microenvironment in the
knockout mice, which exhibit increased IL-6, TNF-a, and
IL1-b in serum as well as intestinal inflammation.42 Indeed,
it is known that Treg could exhibit functional plasticity when
exposed to an inflammatory microenvironment, reprogram-
ming into nonsuppressive, cytokine-producing effector cells
that contribute to tissue damage.22 Supporting this, analysis
of plasma cytokines of na€ıve mice that received
CD4+CD25+ cells from Il10�/� donors revealed an inflam-
matory pattern of immune mediators, involving upregulation
of cytokines such as IL-6, IL-17, LIF, TNF-a, IL-10, IL-12, IL-
13, and the chemokines MIP1-b (CCL4), RANTES (CCL5),
KC (CXCL1), and MIP-2 (CXCL2). The implications of these
findings are 2-fold. First, they are consistent with the
deficits in neurovascular coupling caused by CD4+CD25+

Il10�/� cells in na€ıve animals. Second, they open up a new
hypothesis suggesting that CBF is highly sensitive to pro-
inflammatory cytokines. In this regard, it was intriguing that
plasmatic IL-10 levels were elevated in na€ıve mice receiving
Ang II or CD4+CD25+ Il10�/� cells and that exhibited
cerebrovascular deficits. Since immune responses are
tightly balanced, a possible explanation is that the pro-
inflammatory milieu resulting from CD4+CD25+ Il10�/�

adoptive transfer and from Ang II activates compensatory
pathways in the recipient that lead to IL-10 production.
Indeed, it has been previously observed that Ang II infusion
causes an increase in plasmatic IL-10 along with the rise of
pro-inflammatory cytokines, both of which are diminished by
Treg transfer.9 Another possibility is that plasma cytokines
do not reflect concentrations those in tissues. This has
been observed in a model of Ang II-induced hypertension,
where blood and spleen IL-10 concentrations were lower in
mice receiving Ang II compared with their controls, while IL-
10 levels were higher in kidney and aorta.43

The ample repertoire of cytokines and chemokines induced
by Ang II and modulated by Treg adoptive transfer warrants
future investigations. The plasma elevations in IL-6 and TNF-a
are interesting in view of earlier findings showing elevations of
these cytokines in different brain regions, such as the
paraventricular nucleus of the hypothalamus and the
hippocampus,26,44 highlighting the potential for cross-talk
between peripheral and brain-derived immune mediators.

Likewise, the attenuation of IL-17 upon Treg adoptive transfer
could suggest an involvement of this cytokine in CBF
regulation, a hypothesis supported by previous studies
showing its involvement in the development of hypertension,
endothelial dysfunction, and cognitive impairment.45–47

A number of questions merit discussion. An aspect that
requires elucidation is whether CD4+CD25+ cells prevent
trafficking of other immune cells to the brain in our Ang II
model. We have examinedCD4+CD25+ cell localization showing
that following adoptive transfer of 39105 cells (2 injections)
only a negligible amount of exogenous Treg was detected in the
brain, while significantly penetrating other tissues such as the
kidneys, inguinal lymph nodes, and spleen. In addition, there
were no differences in the total number of brain myeloid cells, B
cells, natural killer cells, or CD3+ cells in mice receiving Ang II +
Treg compared with controls. These results would suggest that
exogenous Treg prevent the negative effects of Ang II on CBF
and microglia activation by preventing the entry of immune
mediators through the blood–brain barrier, and/or by
regulating other mechanisms from the luminal side. These
findings are in line with the study of Li and colleagues, who
showed that the protective effect of Treg on reducing
poststroke inflammation and blood–brain barrier dysfunction
is conferred without penetration of exogenous Treg to the
brain parenchyma but rather by modulation of peripheral
immune cell populations.48 This should not rule out that
trafficking of immune cells to the brain does not occur in
hypertension models. Indeed, in Ang II-induced hypertension
models, accumulation of immune cells (CD3+, macrophages,
and leukocytes) into the cerebral artery wall has been
observed,36,49,50 and bone marrow–derived cells have been
found in the paraventricular nucleus of naive Sprague–
Dawley rats challenged with a continuous infusion of Ang
II,51 suggesting that immune cells can penetrate the brain
parenchyma in this model.

Interestingly, several studies from different disciplines
have shown that Treg can prevent the infiltration of immune
cells to cerebral sites. For example, Baruch and collaborators
reported that in a transgenic mouse model of Alzheimer
disease—which shares similarities to our hypertension model
by being characterized by a chronic low-grade inflammation—
transient depletion of Treg increased the recruitment of
immune cells to the brain, particularly monocytes and CD4+ T
cells, including Treg.52 In more aggressive models of inflam-
mation, this phenomenon has also been observed (for
instance, in models of viral encephalitis53 and glioma,54)
where Treg were found to prevent infiltration of T lympho-
cytes, granulocytes, and macrophages with phagocytic activ-
ity to the brain parenchyma and cerebral microvasculature.

Furthermore, it would be interesting to examine whether
the phenotype of CD4+CD25+ cells (markers expressed,
mediators released) changes because of Ang II. Answering
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this question would help to better understand how the
repertoire of inflammatory mediators changes in recipient mice
receiving Ang II and CD4+CD25+ cells. Finally, given that Treg
adoptive transfer was performed in mice with competent
immune systems, it remains to be demonstrated whether Treg
cells alone are sufficient to mitigate Ang II-induced cerebrovas-
cular damage, or whether other immune cells are also needed.
Recent evidence in the periphery would support the first
possibility, as Rag1-/- mice, which lack T and B lymphocytes,
have blunted increases in systolic blood pressure, mesenteric
artery stiffness, and vascular remodelingwhen infusedwith Ang
II and adoptively transferred with Treg.55

Taken together, our findings suggest that modulating the
immune system and targeting inflammation in hypertension
could be a promising approach for reducing damage to end-
organs, particularly the brain. Given that hypertension and
chronic inflammation have been associated as important risk
factors for stroke, cognitive impairment, and dementia, the
results of this study could open the door for future investigations
to examine the influence of the immune system and inflamma-
tion on the cerebral circulation and brain degeneration.

Conclusions
This study is the first demonstration that CD4+CD25+ T
lymphocytes modulate CBF and the cerebrovascular injury
induced by Ang II. Besides abrogating impairments in
neurovascular coupling and cerebral endothelial dilatory
responses, adoptive transfer of CD4+CD25+ T cells prevented
peripheral inflammation, cerebral gliosis, and oxidative stress
in the brain.
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SUPPLEMENTAL MATERIAL
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Data S1.

Supplemental Methods 

Chronic angiotensin II and IL-10 infusion 

Osmotic minipumps (model 1002, Alzet Durect Corp, USA) containing human Ang II (Millipore-

Sigma, USA) were implanted subcutaneously under isoflurane anesthesia. Mice received 

bupivacaine hydrochloride (Marcaine, CDMV, Canada, 2 mg/kg s.c.) at the site of the incision 

before and after minipump implantation. Each osmotic pump delivered 1000 ng/kg/min for 14 

days. Control animals received a sham surgery. Pilot experiments confirmed no differences 

between a sham surgery and implantation of a saline-infused minipump for cerebral blood flow 

analysis. In another group of animals, systemic infusion of 1000 ng of IL-10 was achieved via a 

second osmotic minipump filled with human recombinant IL-10 (Sigma-Aldrich, USA), delivering 

IL-10 at a rate of 60 ng/day. IL-10 minipumps were implanted together with the Ang II minipumps 

on the same day, for continued infusion during 14 days. There were no differential mortality events 

between the treated and control groups. 

In vivo laser Doppler flowmetry 

Anesthesia was initiated with isoflurane (induction: 5%, maintenance: 2%) and maintained by 

intraperitoneal injections of 50 mg/kg of alpha-chloralose (Santa Cruz Biotechnology, USA) and 

750 mg/kg of urethane (Sigma-Aldrich, USA). Mean blood pressure and blood gases were 

monitored via femoral artery catheterization. Ventilation was maintained artificially with a 

nitrogen/oxygen/CO2 mixture through a tracheal intubation. Body temperature was maintained at 

37 ºC. Cerebral blood flow (CBF) was monitored by a laser Doppler probe (AD Instruments, USA) 

placed in a 2x2 mm cranial window drilled above the somatosensory cortex. Artificial 

cerebrospinal fluid (aCSF, NaCl 125 mM, KCl 3 mM, NaHCO3 26 mM, NaH2PO4H2O 1.25 mM, 

CaCl2 2 mM, MgCl26H2O 1mM, glucose 4 mM, ascorbic acid 0.4 mM, bubbled with 95% O2, 5% 

CO2 for 10 minutes) was superfused (0.5 mL/min, 35 ºC) after the removal of the pia mater. 

Analysis of CBF responses began 30 minutes after the end of the surgery to allow blood gases to 

stabilize. Animals with a mean arterial blood pressure under 60 mmHg and/or blood gases outside 

normal range (pH: 7.35-7.40; pCO2: 33-45; pO2: 120-140) were eliminated from the study. This 

comprised 5 animals for the CBF experiments with wild-type CD4+CD25+ cells, 1 animal for the 

CBF experiment with the CD4+CD25+ Il10-/- cells and 6 animals for the CBF experiment with IL-

10. The laser Doppler probe was placed stereotaxically above the whisker barrel area at the site of

superfusion. CBF responses to neuronal activity were examined by whisker stimulation (three 1-

minute stimulations at 6 Hz every 3 minutes on the contralateral side to CBF measurement).

Endothelium-dependent CBF responses were measured after the superfusion of acetylcholine 10

M (Sigma-Aldrich, USA), superfused for 5 minutes followed by a 15 minutes aCSF superfusion

to restore basal stimulation level. CBF values were acquired with the LabChart6 Pro software

(v6.1.3, AD Instruments, USA). The percentage increase in CBF was measured using the CBF

values before the stimulations and the maximum response.
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Blood pressure 

Systolic blood pressure was monitored by non-invasive tail-cuff plethysmography (Kent Scientific 

Corp., USA). The measures were taken 24 hours before analysis of cerebral blood flow. Mice were 

warmed on a heating pad preheated at 37 °C for 10 minutes before and during blood pressure 

recordings. Animals were habituated to the procedure the three days prior to blood pressure 

assessment. On the experimental day, following stabilization, ten blood pressure measurements 

per mouse were done and averaged for analysis. Data were not considered valid if the blood flow 

in the tail was below 15 µL.  

Plasma cytokine/chemokine array and composite score calculation 

Blood was collected via cardiac puncture in heparinized tubes. Samples were centrifuged at 2000 

g for 20 minutes at 4°C to separate plasma. Cleared plasma samples were stored at −80°C and 

were only thawed for cytokine/chemokine analysis. A multiplex bead-based immunoassay from 

Eve Technologies Corporation (Calgary, AB, Canada) was used for the quantitative determination 

of 31 mouse plasma cytokines and chemokines (MD31 Discovery Assay, Mouse 

Cytokine/Chemokine Array 31-Plex). Plasma samples were diluted in half in PBS pH 7.4 and 

shipped on dry ice for analysis. The array measured the levels of Eotaxin (CCL11), G-CSF, GM-

CSF, IFNγ, IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70), 

IL-13, IL-15, IL-17A, IP-10 (CXCL10), KC (CXCL1), LIF, LIX (CXCL5), MCP-1 (CCL2), M-

CSF, MIG (CXCL9), MIP-1α, MIP-1β (CCL4), MIP-2 (CXCL2), RANTES (CCL5), TNFα and 

VEGF. Analyte concentrations were expressed in pg/mL and calculated through a standard curve 

from fluorescence intensity values. The following were not included in the final analysis due to 

low or no detection in several samples: IL-3, IL-7, IFNγ, IL-1β, GM-CSF, M-CSF, VEGF and 

MIP-1α.  Given the large number of cytokines/chemokines analyzed a composite inflammatory Z 

score was computed to obtain a global measure reflecting inflammation and providing a more 

powered analysis. Prior to composite score calculation and in consultation with an immunologist 

(Dr. Jean-François Gauchat, Université de Montréal, Canada), cytokines and chemokines were 

grouped into four categories according to their main function/immune effect: I) Pro-inflammatory 

cytokines: IL-1α, IL-6, IL-17, TNF-α and LIF; II) Neutrophil chemoattractants: KC (CXCL1), 

LIX (CXCL5), MIP-2 (CXCL2) and stimulators of their development (G-CSF); III) Stimulators 

of Th1-driven responses: IL-12p40, IL12p70, MIP-1β (CCL4), RANTES (CCL5), MIG (CXCL9) 

and IP-10 (CXCL10); IV) Stimulators of Th2-driven responses: IL-4, IL-5, IL-9, IL-10, IL-13 and 

MCP-1 (CCL2). Eotaxin (CCL11) and IL-2 were not classified in any of the groups and are 

presented independently. The grouping does not intend to reflect the cellular source of each 

cytokine but rather their main action/effect as immune mediators. Within each group a 

cytokine/chemokine composite score was calculated for each mouse by converting each 

independent marker to a standardized Z score, such that the group mean was zero and the standard 

deviation was 1. Z scores were obtained with the formula z = (x - μ) / σ, where x was the individual 

value of the marker to be standardized, μ the mean of the dataset for that marker and σ the standard 

deviation. To generate the composite, Z scores within a group were added. 
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Microglia immunohistochemistry analysis 

PFA-fixed brain sections (40 μm thick) were incubated in 0.3% hydrogen peroxide (Sigma-

Aldrich, USA) for 20 minutes followed by 3 washes in PBS and 1 wash in PBS-T (PBS + 0.2% 

Triton X-100). Blocking was done with 10% normal goat serum in PBS-T during 1 hour at room 

temperature. Microglia/monocytes were labeled with Iba-1 (1:2000, Wako Inc, Richmond, USA) 

in PBS-T with 10% goat serum, overnight at 4 ºC. The following day, sections were washed in 

PBS-T and incubated in biotinylated goat anti-rabbit antibody (ABC Kit, Vector) at 1:500 in PBS-

T with 5% goat serum for 1 h. Signal amplification was done following manufacturer’s 

instructions. Immunoreactions were developed with 0.06% 3,3’-diaminobenzidine and 1% 

hydrogen peroxide (Sigma-Aldrich, USA) in PBS. Following mounting, sections were dehydrated 

and defatted in increasing ethanol concentrations and xylenes, then coverslipped. Bright field 

images were taken with a Leitz Diaplan microscope equipped with an Olympus DP21 camera 

(Wild Leitz GmbH, Germany). Images were taken from layer V-VI of the somatosensory cortex 

(8 pictures per brain section) and from the hippocampal regions CA1, CA3 and DG (2 pictures per 

region per brain section). Micrographs were imported into the ImageJ software for calculation of 

microglial cell number. Each 8-bit image was thresholded with the intermodes method and 

converted to binary. The ‘Analyze Particles’ function was used to obtain the approximate number 

of microglia in the whole micrograph, using a size criteria of 150 pixels. Three different brain 

sections per animal were examined, and an average per region was calculated per section. Each 

was used for analysis. 

Superoxide anion production 

Brain cortical superoxide anion production was measured by lucigenin-enhanced 

chemiluminescence using a scintillation counter (Wallac 1409, Perkin Elmer, Canada) in out-of-

coincidence mode with a single active photomultiplier tube as previously described (Sadekova et 

al, JAHA 2013). Cortical tissue was incubated at 37°C for 15 minutes in an oxygenated Krebs-

HEPES buffer in the presence of 100 µmol/L NADPH (Sigma-Aldrich, Canada). Following the 

addition of lucigenin (5 µmol/L, Sigma-Aldrich, Canada) counts were obtained at 1-minute 

intervals during 10 minutes and corrected for background (reaction done without brain tissue). 

Superoxide production was determined based on the area under the curve (AUC) of counts/time. 

A second cortical sample was first incubated with the selective NOX-2 inhibitor, gp91ds-tat (50 

µmol/L, AnaSpec, USA), in Krebs-HEPES buffer during 45 minutes, followed by the addition of 

NADPH and lucigenin. Counts were obtained as described above. Given that lucigenin detects 

superoxide anions from various enzymatic oxidase systems, NOX-2-derived superoxide 

production was expressed as the percentage of inhibition by gp91ds-tat relative to the amount of 

superoxide produced without the inhibitor. Each value was normalized to tissue weight. 
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Table S1. Description of antibodies used for flow cytometry analysis. 

Antigen Fluorochrome Clone Manufacturer 

CD3 BV737 17A2 BD Biosciences 

CD11b eFluor 450 M1/70 
eBioscience ThermoFisher 

Scientific 

F4/80 PeCy7 BM8 
eBioscience ThermoFisher 

Scientific 

CD11c PercpCy5.5 HL3 BD Biosciences 

CD19 APC eBio1D3 
eBioscience Thermofisher 

Scientific 

Ly6G Alexa700 1A8 Biolegend 

CD45.2 APC-eFluor 780 104 
eBioscience Thermofisher 

Scientific 

CD49b PE DX5 
eBioscience Thermofisher 

Scientific 

Ki67 BUV395 B56 BD Biosciences 

CD8a PECy7 53-6.7
eBioscience Thermofisher 

Scientific 

CD4 Alexa700 GK1.5 
eBioscience Thermofisher 

Scientific 

CD45.1 PercpCy5.5 A20 
eBioscience Thermofisher 

Scientific 

CD25 APC PC61.6 
eBioscience Thermofisher 

Scientific 

CD3e eFluor 450 17A2 
eBioscience Thermofisher 

Scientific 

Helios PE 22F6 BD Biosciences 
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Table S2. Effect of CD4+CD25+ T lymphocytes on systolic blood pressure. 

Systolic blood pressure (SBP) was measured by tail-cuff plethysmography following 14 days of 

Ang II administration (1000 ng/kg/min) or a sham surgery for controls (CTL). Data is expressed 

as mean ± SEM, n=6-10/group; analyzed by two-way ANOVA, interaction: F(2,37) = 0.539 

p=0.589; Ang II effect: F(1,37) = 96.43 p<0.0001; effect of CD4+CD25+ cells: F (2,37) = 0.167, 

p=0.847; ¶ p<0.001, ¶¶ p<0.0001 Ang II versus CTL 

SBP (mmHg) PBS CD4+CD25+ CD4+CD25+ Il10-/- 

CTL 124.0 ± 2.5 129.3 ± 5.3 121.7 ± 9.9 

Ang II 175.5 ± 6.0¶¶ 177.4 ± 6.9¶ 183.3 ± 6.3¶¶ 
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Table S3. Effect of exogenous IL-10 administration on systolic blood pressure. 

Systolic blood pressure (SBP) was measured by tail-cuff plethysmography following 14 days of 

Ang II administration (1000 ng/kg/min) or Ang II + IL-10 (60 ng/day) or a sham surgery for 

controls (CTL). Data is expressed as mean ± SEM, n=3-6/group; analyzed by two-way ANOVA, 

interaction: F(1,11) = 0.004 p=0.952; Ang II effect: F(1,11) = 83.63 p<0.0001; effect of IL-10: F 

(1,11) = 0.355, p=0.563; ¶ p<0.001 Ang II versus CTL 

SBP (mmHg) PBS IL-10 

CTL 135.0 ± 1.7 132.8 ± 2.0 

Ang II 172.3 ± 8.6¶ 169.7 ± 2.3¶ 
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Figure S1. 
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Figure S2. 
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Figure S3. 
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Figure S4. 
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Figure S5. 
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Figure S6. 
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Figure S7. 
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Figure S8. 

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 6, 2020



Figure S9. 
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Figure S10. 

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 6, 2020



Figure S11. 
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