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DISEASES AND DISORDERS

Environmental eustress improves postinfarction cardiac
repair via enhancing cardiac macrophage survival

Pei-Yuan Bai">3t, Si-Qin Chen?**t, Dai-Le Jia"*3t, Li-Hong Pan***t, Chao-Bao Liu®,
Jin Liu"%*3, Wei Luo"?3, Yang Yang®, Ma-Yu Sun®, Nai-Fu Wan’, Wu-Wei Rong’,

Ai-Jun Sun"?3%%, Jun-Bo Ge'%3*

Macrophages play a vital role in cardiac repair following myocardial infarction (MI). An enriched environment (EE)
is involved in the regulation of macrophage-related activities and disease progression; however, whether EE
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affects the phenotype and function of macrophages to improve postinfarction cardiac repair remains unknown.
In this study, we found that EE improved cardiac function, decreased mortality, and ameliorated adverse ventricular
remodeling in mice after MI, with these outcomes closely related to the increased survival of Ly6C'°‘” macrophages
and their CCR2"MHCII'" subsets. EE increased the expression of brain-derived neurotrophic factor (BDNF) in the
hypothalamus, leading to higher circulating levels of BDNF, which, in turn, regulated the cardiac macrophages.
BDNF bound to tropomyosin receptor kinase B to activate downstream ERK1/2 and AKT pathways, promoting
macrophage survival. These findings demonstrate that EE optimizes postinfarction cardiac repair and highlights
the significance of EE as a previously unidentified strategy for impeding adverse ventricular remodeling.

INTRODUCTION
Acute myocardial infarction (MI) is a common and life-threatening
coronary heart disease (CHD). Despite current treatments, mortal-
ity and heart failure caused by MI remain substantial (1). Psychoso-
cial stress is critically involved in the initiation and progression of
MI (2). Numerous studies have highlighted the deleterious effects of
“distress” (negative stress) on CHD. The INTERHEART study on a
cohort of 25,000 individuals in 52 countries found that people with
chronic stress at work or home had >2.1 times the risk of developing an
MI than their counterparts (3); however, whether eustress (positive
stress) (4) exerts a cardioprotective role in the context of MI has not
been clarified. Here, we examined the effect of eustress on cardiac
repair following ML

Living in an enriched environment (EE) with increased dynamic
social interactions, frequent exposure to novel objects, and enhanced
physical activity has been established as a model of eustress (5, 6).
Apart from its neurobiological and behavioral effects, multiple lines
of evidence illustrate that EE affects inflammation and the immune
response. For example, EE inhibits the adiponectin-mediated acti-
vation of intracranial macrophages and microglia and has notable
therapeutic effects on corticosterone-induced depression in mice (7).
In addition, Bacillus Calmette-Guérin vaccination combined with
EE promotes neurogenesis and spatial cognition by changing the
M2 polarization of meningeal macrophages (8). These studies sug-
gest that the mechanisms through which EE improves disease out-
comes at least partially involve its regulatory effects on macrophages
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(9, 10). Moreover, previous studies extrapolated research findings
regarding the effect of EE on learning and memory to its effects on
common maladies, such as ischemic brain injury, neurodegenera-
tive disorders, and cancer (11, 12). Recently, the benefits of EE were
linked to the amelioration of cardiovascular diseases, such as hyper-
tension and atherosclerosis (13, 14). However, the role of EE in MI
remains unknown.

Inflammation is required for cardiac repair and wound healing
following MI (15, 16), and immune cells are involved in MI oc-
currence and development (17). A clinical trial showed that canak-
inumab, a human monoclonal antibody against interleukin-1p,
significantly reduced the recurrence rate of cardiovascular events (18).
Cardiac repair includes three overlapping phases—acute inflamma-
tion, fiber proliferation, and stable maturity—each closely linked to
inflammation. During post-MI repair, the transition of macrophages
from a proinflammatory to proresolving state promotes extracel-
lular matrix (ECM) synthesis and angiogenesis (19). Because exces-
sive or insufficient inflammation is inconducive to cardiac healing,
precise regulation of immune inflammation is essential for post-MI
repair (20). We hypothesized that EE may also participate in post-
MI cardiac repair by targeting immune inflammation.

In this study, we used flow cytometry and mice harboring mul-
tiple reporter genes and brain-specific brain-derived neurotrophic
factor (BDNF) knockdown to find an intriguing mechanism under-
lying the cardioprotective effect of EE involving a brain-cardiac
macrophage axis mediated by BDNF. Collectively, these data under-
score the potential for environmental eustress via EE to provide an
innovative strategy for impeding adverse cardiac remodeling post-MI.

RESULTS

Study design and establishment of the EE model

Mice (3 to 4 weeks old) were housed under standard environment
(SE) or EE conditions for 4 weeks, followed by the performance of a
permanent left anterior descending (LAD)-artery ligation (Fig. 1A).
The SE setup was 26 cm by 16 cm by 13 cm without any supple-
ments, and the EE was 61 cm by 43 cm by 21 cm supplemented with
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Fig. 1. Model establishment and cardiac function comparison between SE and EE mice after MI. (A) Timeline diagram of the experimental procedures. (B) Cage
setup of the SE and EE housing. (C) Immunostaining analyses of BDNF in the hypothalamus of wild-type (WT) mice after 4 weeks of SE and EE housing (n=6). TV, third
ventricle; *P < 0.05 versus SE mice. Scale bars, 40 um. DAPI, 4',6-diamidino-2-phenylindole. (D) Typical M-mode images of the hearts were obtained from mice at days 3, 7,
and 14 after Ml or sham surgery. (E) EF, FS, left ventricular ESV, left ventricular EDV, LVESD, and LVEDD were measured using echocardiography at 3, 7, and 14 days after
Ml or sham surgery (n=8to 9). *P < 0.05 versus SE. Data are expressed as means = SEM. Data in (C) were analyzed using the Student’s t test. Data in (E) were analyzed using
two-way analysis of variance (ANOVA) followed by Bonferroni post hoc analysis.
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running wheels, tunnels, wooden toys, small huts, and nesting ma-
terials. The EE housing contained more mice, and the elements were
regularly changed (Fig. 1B and movies S1 and S2). Previous studies
demonstrated that an increased expression of BDNF in the hypo-
thalamus can confirm the success of EE induction (21). In the
present study, immunostaining confirmed significantly higher BDNF
expression in the hypothalamus of EE mice relative to SE mice
(Fig. 1C). Moreover, Western blotting, quantitative polymerase
chain reaction (qQPCR), and immunohistochemical assays confirmed
markedly elevated BDNF expression in the hypothalamus of EE
mice compared with that in SE mice (fig. S1, A to C). Collectively,
these findings demonstrate the successful establishment of the EE
mouse model.

EE ameliorates myocardial dysfunction, improves long-term
survival, and limits adverse remodeling after Mi

We first examined the effect of EE housing on cardiac function. At
baseline, the cardiac function in EE mice was comparable to that
in SE mice (table S1). Echocardiographic parameters, including left
ventricular ejection fraction (LVEF), fractional shortening (FS), end-
systolic volume (ESV), and left ventricular end-systolic dimension
(LVESD), were significantly improved in EE mice compared with
those in SE controls on days 3, 7, and 14 after MI (Fig. 1, D and E,
and fig. S2A). In addition, left ventricular chamber dilation was al-
leviated in EE mice, as evidenced by a marked decrease in end-
diastolic volume (EDV), ESV, left ventricular end-diastolic dimension
(LVEDD), and LVESD (Fig. 1, D and E, and fig. S2A). Furthermore,
the heart weight-to-body weight ratio and lung weight-to—body weight
ratio in EE mice were significantly lower than those in SE controls,
suggesting attenuation of pulmonary edema and congestive heart
failure in EE mice after MI (fig. S2B).

Compared with SE controls, EE housing robustly improved
post-MI survival, as 52% of SE-housed mice survived 4 weeks after
ML, consistent with data reported by other studies, whereas the survival
rate of EE mice increased to 72% (Fig. 2A). In addition, hematoxy-
lin and eosin (H&E) staining showed significantly ameliorated
ventricular remodeling 14 days after MI in EE mice compared with
SE mice, as illustrated by a decreased infarct size and increased
wall thickness at the infarct site (Fig. 2B). To further elucidate
the mechanisms underlying the attenuated cardiac remodeling in EE
mice, we assessed the collagen volume fraction in the infarct area.
Masson’s trichrome staining (TC) and Picrosirius red staining of car-
diac transverse sections at the papillary level revealed that collagen
density in the infarct area was significantly greater in EE hearts than
in SE hearts 14 days after MI (Fig. 2, C and D). However, the colla-
gen density in the noninfarct area was comparable between EE and
SE mice (Fig. 2E). Collectively, our data confirm the beneficial ef-
fects of EE on post-MI wound healing.

EE mitigates the inflammatory response and cardiomyocyte
apoptosis after MI

Previous studies have shown that both the inflammatory response
and cardiomyocyte apoptosis are closely related to cardiac remodel-
ing (22). In the present study, the results demonstrated that the EE
infarcts exhibited a lower inflammatory transcriptional signature than
SE infarcts, as evidenced by the down-regulation of major proin-
flammatory genes, such as Il1b, 116, tumor necrosis factor-o (Tnfa),
inducible nitric oxide synthase, and matrix metallopeptidase 9, and
up-regulation of major anti-inflammatory genes, including 1110,
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transforming growth factor-B1, and vascular endothelial growth
factor (Vegf) (fig. S3, A and B), although some genes merely showed
an upward or downward trend. Apoptosis and necrosis of cardio-
myocytes caused by MI are important pathological features for ad-
verse cardiac remodeling. Furthermore, terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick end labeling
(TUNEL) staining to detect cardiomyocyte apoptosis at days 7 and
14 after MI revealed a significant reduction in TUNEL-positive car-
diomyocytes in EE mice relative to those in SE controls (fig. S3C),
which agreed with the findings that EE can reduce inflammation and
improve ventricular remodeling after MI.

EE enhances ECM synthesis and increases the number

of Ly6C'®" macrophages

Damaged hearts initiate repair through a series of activities, in-
cluding enhancement of ECM synthesis and activation of reparative
macrophages 4 days after MI (19). Effective ECM formation in the
infarct area is necessary for preventing heart rupture. Immuno-
blotting, immunostaining, and real-time PCR assays identified dis-
tinctly higher expression levels of o—smooth muscle actin (SMA),
collagen I, and collagen III in the infarct area of EE mice relative to
those in SE mice after MI (Fig. 3, A to C, and fig. S4, A to C). In
addition, infarcts of SE- and EE-housed mice harbored a compa-
rable number of F4/80" macrophages (fig. S5A); however, arginase-1
(Arg-1) M2-like reparative macrophages were more abundant in
infarcts of EE-housed mice than in those of SE-housed controls at 7
and 14 days after MI (fig. S5B). Moreover, flow cytometric examina-
tion of the influence of EE on M1- and M2-like macrophages revealed
a significant downward shift in the number of M1-like macrophages
at different time points in EE mice than in SE mice after MI (fig. S5C).
By contrast, M2-like macrophages exhibited an upward trend in EE-
housed mice compared with SE-housed mice at 7 and 14 days after
ML, although there were no differences 3 days after MI (fig. S5C).

In addition to the M1/M2 classification, we used Ly6C to iden-
tify two subsets of macrophages with distinct functions, namely,
Ly6C"e" and Ly6C'®" macrophages. For this analysis, we isolated
CD45"CD11b"Ly6G Ly6C" monocytes/macrophages (Mos/Mps)
from the infarcted hearts of mice. Notably, we observed an increase
in CD45'CD11b"Ly6G F4/80"Ly6C'®" Mps in EE mice compared
with SE mice across all time points (Fig. 3D), although the total
quantities of Mos/Mps were comparable between groups (fig. S5D).
Furthermore, according to previous studies, LyGClow macrophages
express high levels of CX3C chemokine receptor 1 (CX3CR1) (23, 24);
therefore, we used CX3CR1-GFP (green fluorescent protein) mice
to visualize CX3CR1-expressing cells and further confirm the effect
of EE on Ly6C1°W macrophages in the infarct area. We observed a
significantly higher number of CX3CR1-GFP" cells in EE-housed
mice than in SE-housed mice (Fig. 3E). These data indicated that EE
promoted more effective cardiac repair after MI, which agreed with
the results showing that EE improved cardiac function and attenu-
ated adverse remodeling.

In addition to assessing macrophages and their subsets, we also
evaluated alterations in neutrophils or lymphocytes in infarct tis-
sues, finding no significant changes in these cell components in
either the EE- or SE-housed groups (fig. S6, A and B). Furthermore,
we examined immune cell profiles in peripheral blood, bone mar-
row, and spleen at 7 and 14 days after MI. Although we identified
variations in some immune cell populations, there were no signifi-
cant differences between the EE- and SE-housed mice (figs. S7 to S9).
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Fig. 2. Effects of EE on survival, infarct size, wall thickness, and myocardial fibrosis after MI. (A) Kaplan-Meier survival analysis at different time points after MI.
*P < 0.05 versus SE MI. (B) Representative H&E staining of cardiac tissue obtained from SE and EE mice at day 14 after Ml or sham operation. Quantitative analysis of the
infarct size and wall thickness in Ml group (n =9 for SE and n = 8 for EE). *P < 0.05 versus SE. (C) Representative Masson's staining of cardiac tissue and enlarged view of the
indicated region at 14 days after Ml or sham surgery. Collagen density was measured as the total collagen area divided by scar area examined (n =9 for SE and n =8 for
EE). *P < 0.05 versus SE. (D) Representative Picrosirius red (PSR) staining of SE and EE mice at day 14 after MI. Scale bar, 100 um. Quantification of collagen density
(n =9 for SE and n =8 for EE). *P < 0.05 versus SE. (E) Representative Masson’s and PSR staining of the noninfarct area of SE- and EE-treated mice at day 14 after MI. Scale
bar, 50 um. Quantification of collagen density in the noninfarct area (n =8). RO, region of interest. N.S., no significance. Data are expressed as means + SEM. Survival dis-

tributions were estimated using the Kaplan-Meier method and compared using the log-rank test. Data in (B to E) were analyzed using Student’s t test.

EE promotes angiogenesis mediated by Ly6C'*"
macrophages

Myocardial angiogenesis plays a crucial role in wound healing and
cardiac remodeling. Moreover, one of the critical mechanisms through
which EE contributes to the recovery from various diseases involves
the promotion of angiogenesis, an effect that has been demonstrated
in cerebrovascular disease and optic nerve injury. Thus, we evaluated
the effect of EE on angiogenesis. EE treatment significantly en-
hanced angiogenesis, as evidenced by an increase in CD31" endo-
thelial cells in the infarct site (Fig. 4A). Accordingly, the labeling of
CD317/proliferating cell nuclear antigen-positive (PCNA™) cells in
the ischemic zone showed that neovascularization in EE mice was
significantly increased relative to that in SE mice (Fig. 4B).

We hypothesized that EE promoted angiogenesis, at least in part,
through Ly6C®™ macrophages since Ly6C'®" macrophages can se-
crete angiogenic factors for tissue repair following MI (24). To test
this hypothesis, we isolated Ly6Clow macrophages from infarcted
hearts to facilitate the detection of angiogenesis-related gene ex-
pression. The results showed that Vegf expression in the EE-housed
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group was significantly higher than that in the SE-housed group
(Fig. 4C), with immunostaining of tissues and sorted cells con-
firming a reduction in VEGF expression in Ly6C'°" macrophages
from SE-housed mice compared with EE-housed mice (Fig. 4, D
and E). In addition, the expression of VEGF and CD31 in the in-
farct area at 14 days after MI was markedly higher in EE-housed
mice than in SE-housed mice (Fig. 4F). However, CD31 expression
was significantly higher in the border zone, and VEGF expression
showed an increased trend in the EE group compared with that in
the SE group at 14 days after MI (fig. S10A). These findings indi-
cated that EE promoted angiogenesis, at least in part, via Ly6CIOW
macrophages.

EE increases the survival of Ly6C'°" macrophages and their
CCR2™MHCII'®" subsets by inhibiting apoptosis

Given the findings that EE housing increased the number of Ly6C
macrophages in infarcted hearts, we sought to elucidate whether
this higher number was the result of a decrease in apoptosis or an
increase in proliferation. TUNEL staining showed that macrophage

low
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survival was significantly higher in the hearts of EE mice than in
SE-housed mice following MI (Fig. 5A). Concordant with improved
survival, we also detected lower levels of active caspase-3 in Ly6C1°w
macrophages isolated from EE mice relative to SE mice (Fig. 5B).
In addition, CD68 and Ki67 costaining to detect the proliferation of
macrophages in situ or those isolated from infarcted tissues indicated

no significant difference in macrophage proliferation between the
EE and SE groups (fig. S11, A and B).

Recently, Epelman et al. (25) reestablished CD45, CD11b, CDé64,
CCR?2, and major histocompatibility complex II (MHCII) as surface
markers of mouse cardiac macrophages based on lineage tracing,
flow cytometry, and transcriptomics analysis. Combining these new
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molecules with previously published flow cytometry gating schemes,
we classified macrophages into three subtypes: CCR2"MHCII'®,
CCR2"MHCII"®", and CCR2"MHCII"®", Following MI, the num-
ber of CCR2"MHCII"" macrophages was significantly higher in
EE-housed mice than in SE-housed mice (Fig. 5, C and D). On the
basis of previous studies, cardiac resident macrophages, an important
subset of CCR2"MHCII"" macrophages after MI, specifically ex-
press higher levels of lymphatic vessel endothelial hyaluronan re-
ceptor 1 (Lyvel) (26, 27). Therefore, to further determine the effect
of EE on CCR2"MHCII'®™ macrophages, we used LyvelZ6FF-¢re
mice, which enabled us to observe cells expressing Lyvel. As ex-
pected, the number of Lyvel-GFP" cells was significantly higher in
EE mice than in SE mice (Fig. 5E). Moreover, we evaluated apop-
tosis by immunostaining for CD68, CCR2, and TUNEL staining, with
the results demonstrating marked decreases in apoptosis in situ
in the infarct tissue and in isolated CCR2-MHCIT"®" macrophages
within the EE group compared with the SE group (Fig. 5, F and G).
These data verified that EE promoted the survival of Ly6C'®" mac-
rophages and their CCR2"MHCII"" subsets predominantly by re-
ducing apoptosis.

Cardiac resident macrophage ablation impairs
the cardioprotective effect of EE
To determine the role of cardiac resident macrophages in EE-
mediated cardioprotection, we used Cx3cr1 "R xR26"™PTR mice to
selectively label and de;ﬂete resident macrophages (26). Three-week-
old Cx3cr1 7 FRxR26 PR mice were fed tamoxifen (TAM)-chow for
10 days, which was then discontinued for 6 weeks. Daily diphtheria
toxin (DT) injections were initiated 1 week before EE or SE in-
duction to deplete and inhibit the numerical recovery of resident
macrophages (Fig. 6, A and B). Notably, we observed that the lack of
resident macrophages had little effect on other cell types (fig. S12).
We observed significantly enhanced cardiac function in the EE
group relative to the SE group in control mice and consistent with
our previous findings; however, the protective effect of EE on cardiac
function was significantly reduced upon depletion of resident mac-
rophages (Fig. 6, C and D). In addition, after the depletion of resi-
dent macrophages, the improved effect of EE on pulmonary edema
and congestive heart failure after MI was significantly weakened
(fig. S13A). TC staining showed that EE significantly reduced the
infarct size and increased wall thickness compared with SE at 14 days
after MI in control mice, whereas EE failed to improve cardiac re-
modeling after ablation of resident macrophages (Fig. 6E). Further
studies confirmed that enhanced ECM protein deposition and
angiogenesis under EE conditions were significantly reduced after
depletion of resident macrophages (Fig. 6, F and G, and fig. S13B).
Collectively, these data indicated that resident macrophages are in-
dispensable to the cardioprotective effect of EE.

EE-mediated cardiac repair is associated with increased
BDNF expression in the hypothalamus

To further explore the underlying mechanisms by which EE pro-
moted the survival of CCR2-MHCII"®" macrophages, we screened
several key molecules associated with immune metabolism in the
hypothalamus, a brain area closely linked with the effects of the EE
(28). The results showed that BDNF expression in the EE group was
significantly higher than that in the SE group after MI (Fig. 7A). In
addition, BDNF expression was higher in the hypothalamus than that
in the bone marrow, spleen, and heart (Fig. 7B), and enzyme-linked
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immunosorbent assay (ELISA) results indicated that plasma BDNF
content in EE mice was significantly higher than that in SE mice
after MI (Fig. 7C). On the basis of these findings, we speculated that
EE promotes BDNF expression in both the hypothalamus and plas-
ma after MI and thus participates in the regulation of myocardial
macrophages.

Immunoblotting also confirmed that the BDNF expression in
the infarct area of EE mice was slightly higher than that in SE mice
(Fig. 7D). Studies have confirmed that BDNF performs its functions
mainly by binding to its receptor, tropomyosin receptor kinase B
(TrkB) (29). In the present study, the expression of TrkB in infarcted
tissues did not differ significantly between the two groups (Fig. 7D);
however, by analyzing the subsets of cells in the heart, we found that
TrkB expression in CCR2"MHCII'®" macrophages (M2) was sig-
nificantly higher than that in endothelial cells, cardiomyocytes, and
fibroblasts following MI (Fig. 7, E and F). The BDNF-TrkB axis re-
portedly activates the extracellular signal-regulated kinase 1/2 (ERK1/2)
and AKT pathways, thereby inhibiting apoptosis and promoting cell
survival (30). Immunostaining demonstrated that CCR2-MHCII'®™
macrophages isolated from the hearts of EE mice harbored higher
levels of phosphorylated ERK (p-ERK) and p-AKT compared with
hearts from SE mice (Fig. 7G and fig. S13C). In addition, we observed
increased expression of the antiapoptosis molecule B cell lymphoma 2
(BCL-2) and decreased expression of the proapoptosis molecule
BCL-2-associated X protein (Bax) in CCR2"MHCII"®" macrophages
sorted from EE mice compared with that in SE mice (Fig. 7H and
fig. S13D). We also observed that ANA-12, a selective inhibitor of
TrkB, significantly impaired EE-induced improvements in cardiac
function and ventricular remodeling (fig. S13, E to G). Collectively,
these data suggested that higher plasma BDNF levels, associated with
BDNF up-regulation in the hypothalamus, promoted the survival
of cardiac macrophages by binding to its receptor TrkB (Fig. 7I).

Hypothalamic BDNF knockdown inhibits EE-induced
cardiac repair
To further confirm that hypothalamus-derived BDNF is a key mediator
of EE-mediated protective effects on cardiac repair, we injected re-
combinant adeno-associated virus (rAAV)-U6-short hairpin (sh)
RNA(BDNEF)-CMV-EGFP or adeno-associated virus (AAVs) encoding
the control short hairpin RNA (shRNA) into the hypothalamic region
of mice to interfere with BDNF expression (Fig. 8A). Mice were eutha-
nized 4 weeks after the virus injection, and the hypothalamus was isolated.
Immunoblotting showed that BDNF expression in the hypothalamus
was significantly lower in rAAV-U6-shRNA(BDNF)-CMV-EGFP-
injected mice (hereafter HBKD mice) than rAAV-U6-shRNA (scramble)-
CMV-EGFP-injected mice (hereafter control mice) (Fig. 8B).
Moreover, ELISA results showed that EE treatment significantly
increased plasma BDNF levels in control mice; however, this effect
was significantly inhibited in HBKD mice (Fig. 8C). Notably, although
cardiac function (EFs) was significantly enhanced in the EE group
relative to the SE group in control mice, the EE-mediated enhance-
ment of cardiac function was significantly inhibited in HBKD mice
(Fig. 8D). In addition, TC staining showed that EE significantly re-
duced the infarct size and increased wall thickness compared with
that observed in the SE group at 14 days after MI in control mice,
whereas EE failed to improve cardiac remodeling in HBKD mice
(Fig. 8E). Furthermore, immunostaining, Western blotting, and
qPCR revealed that BDNF knockdown in the hypothalamus in-
hibited EE-mediated enhancements in ECM protein deposition and
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angiogenesis (Fig. 8, F to I, and fig. S14, A to C). Flow cytometry also Hypothalamic BDNF infusion mimics EE-induced

confirmed no significant difference in the number of CCR2-MHCII®”  cardioprotective effects

macrophages in HBKD mice between SE and EE groups, whereas ~ We then evaluated the effect of hypothalamic BDNF infusion on MI
control mice showed a markedly higher number of CCR2"MHCII®™  repair (fig. S15A). TC staining showed that BDNF-treated mice dis-
macrophages after EE treatment (Fig. 8]). played reduced infarct size and increased wall thickness at day 14

Bai et al., Sci. Adv. 8, eabm3436 (2022) 27 April 2022 90f16



SCIENCE ADVANCES | RESEARCH ARTICLE

A B C
COMI-SE mMI-EE
CIMI-SE Bl MI-EE [CISE EMEE
207 250 £
- 1 __
5 * - BDNF * 50
5 F154 © & £200 s = *
a o A ] E 4 0g
<2 <0 ) fo Xt
Zg & 8 ° = 5150 A 2
9104 T Hik o m% EO g3 1 &
i ~ A lAH o X ¥ 100 3
o |4 s ] co o N
= A O A A . -
Al E B R .l
il 15 1 1 i1l B im0
ha o
Hypoth-
BM Spl Heart 0
& " & o pleen ! alamus Sham Mi

BDNF/GAPDH
TrkB/GAPDH

MI-SE _ MI-EE “ MISE MIEE
E F ITNNI3/ IDAPI
COMI-SE  EMI-EE MI-SE MI-EE

500 TrkB
400

fzz ol
60

S palln
Tanen #09& | 1IH | IR

0

H)

D
w
o
S

Relative mRNA level
(1% 10~*/GAP|

CM  Fb EC CCR2 Mac
G I

Merge
Environmental & CCR2 macrophage BDNF
enrichment & Dead macrophage VEGF
" Anti-inflammatory 2% Extracellular matrix
v

cytokines
Angiogenesis

) e Hypothalamus

MI-SE

MI-EE

H Blood vesse!
w
7 TrkB
H
2 "
: QRKVZ.AKT
w Bok-2 1
= ; |

Fig. 7. EE promotes CCR2"MHCII'®" macrophage survival via the BDNF-TrkB axis. (A) mRNA expression of agouti-related peptide (Agrp), Bdnf, leptin receptor (Lepr),
neuropeptide Y (Npy), neurotrophic receptor tyrosine kinase 2 (Ntrk2), serum/glucocorticoid-regulated kinase1 (Sgk7), and nerve growth factor inducible (Vgf) in hypo-
thalamus obtained from SE and EE mice at day 7 after Ml (n =6). *P < 0.05 versus SE. (B) mRNA expression of BDNF in bone marrow (BM), spleen, heart, and hypothalamus
collected from SE and EE mice at day 7 after Ml (n = 6). *P < 0.05 versus SE. (C) The BDNF content in plasma of SE- and EE-housed mice at day 14 after Ml or sham operation.
*P < 0.05 versus SE and #P < 0.05 versus sham. (D) Western blot analyses of BDNF and TrkB expression in the infarct tissues at day 14 after Ml (n =6). *P < 0.05 versus MI-SE.
(E) TrkB mRNA expression in cardiomyocytes (CMs), fibroblasts (Fb), endothelial cells (ECs), and CCR2™MHCII®" macrophages sorted from the hearts at day 7 after Ml (n=6).
*P < 0.05 versus MI-SE. (F) Immunostaining analyses of Arg-1, cardiac troponin | (TNNI3), and TrkB on infarct sections collected at 14 days after M. Scale bars, 20 um. (G) Immunos-
taining of p-ERK1/2 and p-AKT in CCR2"MHCII®Y macrophages sorted from infarcted hearts. Scale bars, 50 um. (H) Immunostaining of Bcl-2 and Baxin CCR2"MHCII®Y macrophages
sorted from the infarcted hearts. Scale bars, 50 um. (I) Mechanism of EE-induced cardioprotective effect in mice after Ml.Data are expressed as means + SEM. Data in (C)
were analyzed using two-way ANOVA followed by Bonferroni post hoc analysis. Data in (A), (B), (D), and (E) were analyzed using Student's t test.

Bai et al., Sci. Adv. 8, eabm3436 (2022) 27 April 2022 100f 16



SCIENCE ADVANCES | RESEARCH ARTICLE

1.0
A B
L 08{ A%
rAAV-shRNA Control HBKD [ 06
4 weeks g
¢ Standa‘rdlennched % 0.4
—— T oo RS —
\—7_} T 14 days 0.2 *
4 weeks Mi 0.0
" Control HBKD
C [ Control EEHBKD D
ClcControl E@HBKD
- 50 #
E ©° I
% = w0
& 5 S
e S 3 30
z g
8 5§ 20
© [=] =
£ x $
§ g ir 10
o
SE-MI EE-MI
SE-MI EE-MI
E Control HBKD
I Control M HBKD
% 0.5
2t —_ E
H = E 04
@ w
w
g g 0.3
- =
5 £ 02
H £ =
ul & S 041
= ;
SE-MI EE-MI 0.0 SE-MI EE-MI
G H
a-SMA Collagen I Collagen I MI-SE MI-EE

Control HBKD Control Control Control HBKD Control HBKD

Collagen l'ﬁ

SE-MI

EE-MI

[Control . HBKD [CJControl . HBKD Ccontrol Il HBKD

Coltal Col3al

CD64

i T—

045 CD11b —— CCR2 —

2000- CCR2'MHC I Cicontrol

{(GAPDH)
o
3

Relative mRNA level
o
=
&

F4
2
3

0
SE-MI EE-MI SE-MI EE-MI

Fig. 8. Hypothalamic BDNF knockdown inhibits EE-induced cardiac repair. (A) Timeline diagram of the experimental procedures. (B) Western blot analysis of BDNF
expression in the hypothalamus between HBKD and control mice 4 weeks after the virus injection (n = 6). *P < 0.05 versus control. (C) The BDNF content in plasma of HBKD
and control mice at day 14 after Ml after SE and EE housing. #P < 0.05 versus SE-MI. *P < 0.05 versus control. (D) Echocardiographic analysis of EF value of HBKD and control
mice at day 14 after Ml after SE and EE housing (n = 8). #P < 0.05 versus SE-MI and *P < 0.05 versus control. (E) Masson’s staining of cardiac tissue obtained from HBKD and
control mice at day 14 after Ml after SE and EE housing. Quantitative analysis of infarct size and wall thickness (n = 8). #P < 0.05 versus SE-MI. *P < 0.05 versus control.
(F and G) Immunostaining analyses of CD31, a-SMA, collagen |, and collagen Ill on infarct sections collected at 14 days after MI. Scale bars, 50 um (for CD31) and 20 um
(for a-SMA, collagen |, and collagen Ill). (H) Representative Western blot analyses of collagen I, a-SMA, VEGF, and CD31 expression in the infarct tissues at day 14 after Ml
(n=6). (I) MRNA expression of a-SMA, Col1a1, and Col3al in scar tissues at day 14 after MI. #P < 0.05 versus SE-MI. *P < 0.05 versus control. (J) Gating strategy and quanti-
fication of CCR2"MHCII®" macrophages in the hearts of HBKD and control mice after MI (n=6). #P < 0.05 versus SE-MI. *P < 0.05 versus control.

after MI compared with control mice (fig. S15B). In addition, treated mice than those in controls at day 14 after MI (figs. S15, D to
BDNF-treated mice exhibited significantly higher cardiac function G, and S16, A to C). Moreover, the infarct site in BDNF-treated mice
than vehicle-treated mice after MI (fig. S15C). The ECM protein  contained more Arg-1" macrophages than that in control mice
expression and angiogenesis were significantly higher in BDNF-  (figs. SI5H and S16D), and BDNF treatment reduced the apoptosis
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of CD68"CCR2"MHCII'®" macrophages isolated from hearts at day
14 days after MI (fig. S16E). These findings demonstrated that the
cardioprotective effect exerted by EE was at least partly associated
with hypothalamic BDNF.

DISCUSSION

Psychosocial stress is critically involved in the pathogenesis of MI. Unlike
distress, which has been extensively studied (2, 3, 31), the present
study demonstrated that environmental eustress via an EE had
protective effects on post-MI repair. Specifically, we found that EE
improved cardiac function, reduced mortality, and limited adverse
ventricular remodeling in experimental MI mice. Furthermore, the
data confirmed that EE participated in cardiac repair after MI pri-
marily by promoting the survival of Ly6ClOW macrophages and their
CCR2"MHCII"" subsets mediated by BDNF.

EE has attracted long-standing interest as a model for studying
eustress in recent years and is believed to allow the body to return to
normal homeostasis under various stimuli (9, 32). Studies revealed
that EE can not only improve learning and memory and protect the
brain from cognitive deficits caused by injury but also promote an-
giogenesis. For example, EE improves post-stroke angiogenesis by
increasing the number of microvessels in the peri-infarct area (33).
Moreover, mesenchymal stem cells combined with EE can attenu-
ate brain injury by increasing endogenous angiogenesis and up-
regulating angiogenic factors (34). Regulation of the immune response
is a crucial mechanism of EE associated with inhibiting the growth
of melanoma, colon cancer, breast cancer, pancreatic cancer, and
glioma in mice or rats (6). Collectively, the two critical mechanisms
through which EE participates in these diseases are immune inflam-
mation and angiogenesis, coincidentally, pivotal players in cardiac
repair. Although EE reportedly mitigates the extent of athero-
sclerosis in apolipoprotein E-knockout mice and reduces the mean
arterial pressure in rats with renovascular hypertension (14, 35),
this present study is the first regarding its role in MI. These findings
provide sound theoretical support for the role of EE in cardiac re-
pair after MI.

Similar to a previous study (5), we exposed mice to EE for 4 weeks
before MI. As expected, EE-housed mice exhibited markedly reduced
mortality, improved cardiac function, and optimized ventricular
remodeling following MI. The quality of repair after MI is determined
by ECM deposition and the inflammatory response (36). We ob-
served significantly higher expression of ECM components, includ-
ing collagen I, collagen III, and a-SMA, in EE mice. In addition, our
data strongly support an intrinsic role for EE in promoting an im-
munosuppressive environment within the infarct site, as evidenced
by the decreased expression of proinflammatory factors and in-
creased expression of anti-inflammatory factors. We also examined
dynamic variations in the inflammatory cells at the infarct site. In
line with these results, the prevalence of proinflammatory M1-like
macrophages declined, whereas the prevalence of anti-inflammatory
M2-like macrophages increased significantly.

Furthermore, considering that classification of macrophages into
M1 or M2 phenotypes is based on in vitro experiments (37), it can-
not reflect the actual number and function of macrophages in vivo.
However, Ly6C is a marker used widely in recent years to identify
subgroups of macrophages with distinct roles in various diseases
(38). Our flow cytometry analysis corroborated that EE could sig-
nificantly increase the number of Ly6C10W macrophages. Apart from
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promoting ECM synthesis, Ly6C'° macrophages can also increase
angiogenesis (24). Studies show that one of the mechanisms through
which EE improves disease status involves the enhancement of
angiogenesis (34, 39). In the present study, we found significantly
higher Ly6C'®" macrophage-mediated expression of CD31 and VEGF
in the infarcted areas of EE-housed mice. Collectively, EE enhanced
cardiac repair, at least partially, via reparative Ly6C'®" macrophages.

An increasing number of reports have recently asserted that
infarcted hearts contain a broad spectrum of macrophage subsets
with distinct properties and functional characteristics (22). There-
fore, we evaluated whether EE critically regulated the function of each
macrophage cluster. Epelman et al. (25) performed detailed lineage
tracing, flow cytometry, and transcriptomics analyses to reestablish
surface markers of mouse cardiac macrophages, with macro-
phages subsequently divided into three groups based on CCR2 and
MHCIL:CCR2" MHCII®", CCR2"MHCII"#", and CCR2*MHCII"¢"
(26). On the basis of this new classification, we observed that EE
significantly increased the size of the CCR2"MHCII'™ cluster. Col-
lectively, these findings indicated that EE increased the amount of
Ly6C" macrophages and their CCR2"MHCII'" subsets. Moreover,
we used multiple transgenic mouse lines to further confirm these
alterations. First, we used CX3CR1-GFP mice to indirectly determine
whether EE increased the number of Ly6C'°" macrophages, contingent
on the fact that Ly6CloW macrophages express high levels of CX3CR1
(24). Furthermore, we used CCR2-GFP mice to study the effect of
EE on CCR2"MHCII™® macrophages, with the results consistent with
previous findings. The sources of CCR2"MHCIT"" macrophages in
infarcted tissues are complex, and the resident macrophages are an
important part of them. Using single-cell sequencing technology to
analyze different subsets of macrophages in the mouse heart and
found that resident macrophages specifically express Lyvel (26, 27).
Therefore, to further confirm the effect of EE on CCR2-MHCITY
macrophages, we exposed Lyvel****"C mice to EE for 4 weeks and
found that EE increased the number of Lyvel-EGFP" cells. Last, to
determine the essential role of resident macrophages in EE-mediated
cardiac protection, Cx3cr1““*® mice were crossed with R26"/P™®
mice to produce Cx3cr1“FRxR26™¥PTR nmice, which allowed for
Cre-mediated expression of DT receptor and rendered resident car-
diac macrophages highly sensitive to DT (40). When exposed to DT,
resident macrophages can be specifically ablated. We found that EE
had a significant cardioprotective effect in control mice, whereas EE
failed to improve cardiac remodeling in resident macrophage-
depleted mice although showed a trend toward improvement. Pos-
sible explanations include the fact that EE promotes increased levels
of circulating BDNF, which acts not only on cardiac macrophages
but also on endothelial cells and cardiomyocytes to promote cardiac
protection. In addition, EE has an interaction between the central
nervous system, endocrine system, and immune system and might
also partially regulate the heart through neuroendocrine factors
(28, 41). Collectively, using Cx3cr1“" ™ xR267¥P™® mice and
Lyvel®SfPC mice, we confirmed the role of cardiac resident mac-
rophages in EE-mediated cardiac protection, which can also indirectly
reflect the role of CCR2"MHCII™ macrophages in EE-induced cardi-
ac repair after ML

Extensive evidence indicates that the cross-talk between the
nervous and immune systems occurs via multiple pathways (42).
EE comprises more elaborate housing along with sensory, cognitive,
motor, and social stimulation, and this complexity is further mani-
fested in the interactions among the central nervous, endocrine,
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and immune systems (28, 41). Moreover, EE significantly increases
the expression of BDNF in the hypothalamus, the primary mediator
of EE involved in many diseases (5, 28). In the present study, we
observed elevated BDNF expression in the hypothalamus of EE
mice, and ELISA revealed that plasma BDNF levels in EE mice were
significantly higher than those in SE mice after MI. Peripheral re-
sponses elicited by central nervous system activation might play an
important role in the progression or prevention of cardiac remodel-
ing after MI (30). ###The results suggest that EE promotes hypotha-
lamic BDNF expression, further affecting plasma BDNF levels and
acting on cardiac macrophages. BDNF predominantly functions via
the receptor TrkB (43). In support of this assertion, we found that
CCR2"MHCII®" macrophages expressed higher levels of TrkB than
endothelial cells, cardiomyocytes, and fibroblasts following MI. We
also observed that ANA-12, a selective inhibitor of TrkB (44), sig-
nificantly impaired EE-mediated cardiac repair after MI. More-
over, BDNF/TrkB signaling reportedly mediates activation of the
mitogen-activated protein kinase and AKT pathways (43, 45). We
observed higher p-ERK1/2 and p-AKT levels in CCR2"MHCII®"
macrophages. ###To further confirm that hypothalamus-secreted
BDNEF is closely associated with EE-induced cardioprotective ef-
fects, we knocked down BDNF expression in the hypothalamus by
in situ injection of AAVs. As expected, we observed that EE exerted
effective cardiac repair functions in control mice but lost this effect
following BDNF knockdown. Furthermore, BDNF infusion into the
hypothalamus via an osmotic pump optimized wound healing, demon-
strating that increased BDNF expression in the hypothalamus can
simulate the EE-mediated effect. Collectively, these results indicated
that the mechanisms through which EE promotes cardiac repair are closely
associated with increased BDNF expression in the hypothalamus.

There are some limitations to this study. We relied on animal
models rather than clinical patient data, which will need to be inte-
grated in the future to validate these results. Furthermore, there are
currently no consistent standards for EE models, and this lack of con-
sistency may lead to variation in results across studies. Nevertheless,
we have demonstrated that optimal cardiac repair in EE-housed mice
is correlated with BDNF-mediated cardiac macrophage survival.
Thus, this study has great significance in providing a new strategy
for delaying adverse remodeling following MI.

METHODS

Mice

CX3CR1CFP/GFP CCRGFPIOFP [y BGPP-Cre yg 1 CreER o g
R26"PTR mice were purchased from the Jackson Laboratory. Male
wild-type (WT) mice (C57BL/6, 3 to 4 weeks old) from Model
Organisms Center Inc. (Shanghai, China) were used in this study.
CX3CR1""* mice were generated by crossing CX3CR1FP/GFP
mice with WT mice. Similarly, CCR2*/SFP mice were crossed with
WT mice to generate CCR2°™* mice. To obtain Cx3cr1 “F*xR26™/PTR
mice, Cx3cr1“™ER mice were crossed with R26"¥P™® mice. The
Cx3cr1 ERR26TPTR mice exhibited selective depletion of Td" cells
following administration of DT. Because previous studies demon-
strated a protective effect of estrogen against ischemic cardiac inju-
ry and therefore suggested the male sex as an important risk factor for
cardiovascular disease (46), only male mice were used in this study.
This study and all the animal experimental procedures followed the
Institutional Animal Care and Use Committee guidelines of Fudan
University.
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EE model

Male mice (3 to 4 weeks old) were randomly assigned to either SE or
EE housing for 4 weeks before MI surgery. As previously described
(28), SE housing consisted of standard laboratory cages, each hous-
ing five mice, whereas EE housing included richness, novelty, and
sociality elements. Specifically, the EE cages were larger and accom-
modated 12 mice at a time to ensure a certain degree of sociality.
The EE cages were also equipped with various toys, including run-
ning wheels, tunnels, wooden toys, small huts, and nesting materials,
to maintain environmental richness. In addition, the layout of the
elements was changed once a week, and the relative position of the toys
was changed every 3 days to maintain the novelty of the environ-
ment. Following MI surgery, the mice continued to be housed under
their respective environments until the end of the experiment.

MI model

Mice were subjected to permanent LAD artery ligation or sham
surgery, as previously described (24). Briefly, mice were anesthetized
using 1.5% isoflurane and fixed to the operating table. A 1.2-cm
longitudinal incision was made over the lower-left sternum of each
mouse, and the chest muscles and subcutaneous tissues were sepa-
rated. The fourth intercostal space was exposed, and the chest cavity
was gently squeezed to expose the heart. The LAD artery was then
ligated approximately 3 mm from the left auricle with a 6-0 silk
thread. Successful ligation was confirmed by observing a pallor of
the anterior wall of the ventricle and by the presence of an ST-segment
elevation on an electrocardiogram. The heart was reset immediately
after ligation. The air was removed from the chest cavity. Each muscle
layer was resealed, and the skin was sutured with a 4-0 silk thread.
After surgery, mice were placed on a heating pad until they recov-
ered. For sham surgery, the LAD artery was not ligated. Mice that
died within 24 hours of the surgery were excluded from the study.

Ablation of cardiac resident macrophages

We crossed Cx3cr1“"ER mice with R26™P™® mice to obtain mice
expressing resident cardiac macrophage-specific DT receptor (DTR),
making these macrophages susceptible to DT-induced cell death
(26, 47). Briefly, 3-week-old Cx3cr1 PR R26TYPTR mice were fed
TAM-chow for 10 days and then discontinued for 6 weeks. Daily
DT injections were administered 1 week before EE or SE induction
to deplete and inhibit the numerical recovery of resident macrophages.
Briefly, 500 ng of DT was administered intraperitoneally daily for
the first 7 days, followed by 250 ng intraperitoneally daily until
14 days after MI. After administering the injection for 1 week,
tissue samples were collected to test for knockout efficiency. The
Cx3cr1 “ERR26TYPTR mice and Cx3cr1“™FRxR26™* mice were
kept in EE or SE housing for 4 weeks before MI surgery.

Echocardiography

Cardiac function was evaluated at different time points using a
Vevo 2100 system (VisualSonics, Toronto, Canada), as previously
described (22). Specifically, mice were anesthetized using isoflurane
and fixed in the supine position to a 37°C constant-temperature op-
eration table. To reduce data bias, a low dose of isoflurane was used
so that the mice could remain slightly conscious during the image
acquisition process. The EDV and ESV were determined using the
biplane area-length method. The LVEF was calculated using the
following formula: LVEF (%) = [(EDV - ESV)/EDV] x 100%.
Two-dimensional M-mode images were obtained in the long- and
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short-axis views to measure LVEDD and LVESD. The FS was calcu-
lated using the following formula: FS (%) = [(LVEDD — LVESD)/
LVEDD] x 100%. To eliminate bias, the operator was blinded to
group assignment during image analysis.

Histological analyses

Heart tissues were fixed overnight in 4% paraformaldehyde and then
embedded in paraffin. The paraffin-embedded tissues were sectioned
into 5-um-thick slices. H&E, Masson’s trichrome, and Picrosirius red
staining assays were performed on the paraffin-embedded sections
to identify morphological changes and the degree of fibrosis. Infarc-
tion size was calculated as total infarction circumference/total LV
circumference x 100%. Collagen density was evaluated as the
ratio of positive staining area to the total scar area. Ten to 15 images
were collected from different fields of each tissue section. Images were
analyzed using the Image] software (National Institutes of Health,
Bethesda, MD, USA). To eliminate bias, the researcher was blinded
to group assignment during image analysis.

Immunofluorescence analyses

Cardiac tissue sections were selected for further immunofluorescence
analysis as previously described (22). The paraffin sections were de-
paraffinized, hydrated, and then subjected to sodium citrate antigen
retrieval. The subsequent steps were similar to those used for pro-
cessing the frozen sections. Specifically, after rinsing with PBST
(phosphate-buffered saline with Tween 20), nonspecific binding was
blocked with 5% bovine serum albumin. The sections were then
incubated overnight at 4°C with specific primary antibodies. The
following primary antibodies were used: a-SMA (A5228; Sigma-
Aldrich, St. Louis, MO, USA), collagen 1al (NBP1-30054; Novus
Biologicals, Littleton, CO, USA), collagen 3al (ab7778, Abcam),
F4/80 (ab6640, Abcam), CD68 (ab53444, Abcam), VEGF (sc-7269,
Santa Cruz Biotechnology, CA, USA), Ki67 (ab15580; Abcam), CCR2
(ab203128, Abcam), cardiac troponin I (TNNI3) (SAB2502170, Sigma-
Aldrich), CD31 (ab222783, Abcam), and BDNF (ab108319, Abcam).
Sections were incubated with fluorescent secondary antibodies for
2 hours at room temperature. After 4',6-diamidino-2-phenylindole
staining, the sections were treated with antiquenching reagent and
observed under a laser scanning confocal microscope (Carl Zeiss,
Oberkochen, Germany). For each section, 10 to 15 fields were randomly
selected, and the Zeiss software system was used for subsequent image
processing.

Enzyme-linked immunosorbent assay

The mice were euthanized, and the blood samples were collected into
EDTA-containing tubes. Plasma was separated by centrifugation at
1600g, for 15 min at 4°C. The supernatant was frozen at —80°C until
analyses. Plasma BDNF levels were then determined using the Mouse
BDNF ELISA Kit (Boster Biological Technology Ltd., Wuhan, China),
according to the manufacturer’s instructions. After adding the stop
solution, the optical densities were measured at 450 nm with a mi-
croplate reader.

Protein preparation and Western blot analysis

Western blot analysis was performed as previously described (15). Equal
amounts of protein were separated by SDS—polyacrylamide gel electro-
phoresis gels and then transferred to a polyvinylidene difluoride mem-
brane. The membrane was incubated with 5% skim milk to block
nonspecific binding. Next, the membrane was washed with tris-buffered
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saline and incubated overnight at 4°C with the following specific primary
antibodies: 0-SMA (A5228, Sigma-Aldrich), collagen I (NBP1-30054,
Novus Biologicals), collagen III (ab7778, Abcam), BDNF (ab108319,
Abcam), VEGF (sc-7269, Santa Cruz Biotechnology), CD31 (AF3628,
R&D Systems, Minneapolis, MN, USA), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; 5174, Cell Signaling Technology). Species-
specific horseradish peroxidase-conjugated secondary antibodies were
used to bind the corresponding primary antibodies, and the signals
were detected using an enhanced chemiluminescence reagent. The
bands were analyzed using the Image]J software.

RNA extraction and real-time PCR

Total RNA was isolated from heart tissues, hypothalamus tissues,
cardiac fibroblasts, and cardiomyocytes using TRIzol reagent (15596018,
Invitrogen), as previously described (48). RNA was isolated from
endothelial cells and sorted macrophages using RNeasy Plus Micro
Kit (74034, QIAGEN) according to the manufacturer’s instructions.
Briefly, total RNA (1 pg) was reverse-transcribed to cDNA using the
Reverse Transcription Reagent Kit (Takara Bio Inc., Kusatsu). The
resulting cDNA was amplified via 40 cycles of real-time PCR using
SYBR Green Mix (Applied Biosystems, Waltham, MA, USA). The
mRNA level of each target gene was normalized to endogenous
GAPDH expression. The AACt method was used to evaluate relative
expression levels or fold changes. The primer sequences used in our
study are listed in table S2.

Hypothalamic BDNF knockdown and infusion experiment
Male mice were randomly assigned to receive AAV-shRNA(BDNF)
or AAV-shRNA (scramble). Briefly, mice were anesthetized with
isoflurane and secured via ear and incisor bars on a stereotaxic
frame. We injected AAV vectors bilaterally into the hypothalamus
according to the following coordinates: —0.8 mm posterior to the
bregma, +£0.3 mm lateral to the midline, and —5.0 mm below the
surface of the skull. Viruses were delivered at a rate of 0.1 pl/min by
a microsyringe pump connected to a Hamilton syringe with a 33-gauge
needle (Hamilton, SC, USA). After injection, the syringe was slowly
removed from the brain to allow sufficient viral diffusion. For ad-
ministration of recombinant BDNF protein in the hypothalamus,
the osmotic pump (ALZET Model 1002; 100 ul, 0.25 pl/hour) and
infusion cannula (ALZET Brain Infusion Kit 3) are incubated over-
night in sterile saline at 37°C before surgery. Each pump was filled
with 100 pl of sterile PBS or BDNF in PBS at a concentration of
120 ng/ul. Each mouse was anesthetized and placed in a stereotactic
head frame, and the tip of the infusion catheter was stereotactically
positioned into the stereotaxic coordinates described above. The can-
nula was then secured with bone cement, and the pump was subcu-
taneously placed in the animal’s dorsal side.

Flow cytometry and cell sorting

Immune cells were analyzed by flow cytometry, as previously described.
To prevent nonspecific binding to the Fcy receptor, single-cell
suspensions were first incubated with an anti-CD16/32 antibody.
Fixable viability stain 510 (564406, BD Biosciences) and the fol-
lowing antibodies were used for flow cytometry: CD45-APC-Cy7
(557659, BD Biosciences), CD45-PE (553081, BD Biosciences),
CD11b-fluorescein isothiocyanate (FITC; 557396, BD Biosciences),
CD11b-PE-Cy7 (552850, BD Biosciences), CD11b-PE (553311, BD
Biosciences), CD64-APC (558539, BD Biosciences), Ly6C-PE-Cy7
(560593, BD Biosciences), Ly6C-APC (Invitrogen, 17-5932-82),
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Ly6G-APC (560599, BD Biosciences), Ly6G-FITC (551460, BD
Biosciences), F4/80-BV421 (565411, BD Biosciences), CD3e-BV421(564008,
BD Biosciences), CD3e-PE (12-0031-81, eBioscience), CD4-
APC(553051, BD Biosciences), CD8a-PE (553033, BD Biosciences),
CD8a-FITC (553031, BD Biosciences), MHCII-BV421 (743870, BD
Biosciences), CCR2-PE (FAB5538P, R&D Systems), CD86-PE
(553692, BD Biosciences), CD206-APC (565250, BD Biosciences),
and CD31-PE (553373, BD Biosciences). Flow cytometry and cell sorting
were performed using a FACSAria flow cytometer (BD Biosciences).
Data are expressed as the absolute number of cells per milligram of
tissue and were analyzed using the Flow]Jo software.

Statistical analysis

All data are expressed as means = SEM. The GraphPad PRISM soft-
ware (version 8.3.0.538; GraphPad Software, San Diego, CA, USA)
was used to analyze the data and compile the results. Data normali-
ty was determined using the Shapiro-Wilk test. Unpaired Student’s
t test or nonparametric Mann-Whitney U test was used to com-
pare means between groups. For multiple comparisons, one-way
analysis of variance (ANOVA) followed by Bonferroni’s post hoc
analysis or a nonparametric Kruskal-Wallis test with Dunn’s multi-
ple comparisons test was performed. A P value of 0.05 or less was
considered statistically significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm3436

View/request a protocol for this paper from Bio-protocol.
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