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Background: Large ischemic stroke provokes an inflammatory response, promoting the 
release of norepinephrine (NE) by intensifying the sympathetic nervous system. This aug-
mented sympathetic outflow was deemed to act on β2-adrenergic receptors (β2-ARs) 
expressed by immune cells, rendering organisms to post-stroke infections, like pneumonia. 
To clarify this issue, we introduced selective β2-ARs agonist clenbuterol (CLEN) to stroke 
mice to investigate how β2-adrenergic signaling augmentation after stroke affects immune 
response and post-stroke outcomes, including central and peripheral.
Methods: We developed a middle cerebral artery occlusion (MCAO) stroke model in mice 
to induce large ischemic stroke and administered CLEN 24 h after the onset of MCAO 
stroke. First, we assessed infarct volume and NE levels in plasma and spleen 3ds later. Next, 
the immune state was identified by analyzing the spleen index, immune cell populations, and 
immune cytokines. Finally, peripheral outcomes were assessed by measuring signs of 
pneumonia, such as pathology, bacterial burden, and lung cytokines.
Results: We report that CLEN treatment 24 h after MCAO stroke causes an enlarged infarct 
volume and a decrease in NE levels at 3ds after stroke. Consistent with a reduction of total 
T cells, T helper cells, and increase of cytotoxic T cells, the immune milieu after CLEN treatment 
presents an anti-inflammatory landscape, showing raised expression of anti-inflammatory cyto-
kines: IL-4, IL-10, and TGF-β1, and decreased expression of pro-inflammatory cytokines, such 
as TNF-α, IL-1β, and IFN-γ, with a dramatically reduced percentage of Gr-1+ neutrophils and 
B cells but an increased percentage of NK cells. In our study, CLEN treatment results in no 
higher risk of pneumonia but relieves bacterial burden, inhibits or limits pneumonia, and 
diminishes TNF-α expression in lung tissues after MCAO.
Conclusion: We identified increased β2-adrenergic signaling after MCAO stroke, inhibits or 
limits post-stroke pneumonia but enlarges stroke volume in MCAO mice. Thus, careful 
consideration must be taken to improve post-stroke outcomes by manipulation over 
β2-adrenergic receptors.
Keywords: ischemic stroke, β2-adrenergic receptor, infarct, pneumonia, immunity, 
sympathetic

Introduction
It is well documented that the sympathetic nervous system (SNS) plays a dominant 
role in post-stroke immune modulation by giving rise to an intense activation of the 
SNS and emission of norepinephrine (NE), which thus activates β2-adrenergic 
receptors (β2-ARs).1 The β2-ARs, highly expressed on all significant immune cell 
subtypes, then transmitted the signaling pathway and regulated the peripheral 
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immune system.2 It has been previously demonstrated that 
β2-ARs stimulation decreases the synthesis and release of 
inflammatory mediators from activated macrophages and 
lymphocytes,3,4 and induces the release of anti- 
inflammatory cytokines.5,6 Such anti-inflammatory (immu-
nosuppressive) response was regarded to be beneficial by 
attenuating autoimmune response in the central nervous 
system.

However, previous studies investigating how β2-ARs 
signaling affects stroke-induced neuronal outcome in the 
brain by manipulating the receptor precede or post-stroke 
have yielded conflicting results. Pretreatment with 
a selective β2 agonist has been proved to reduce infarct 
size in mice and rats,7,8 while post-stroke treatment with 
a selective β2 agonist enlarged infarct size in mice.9 

Global knockout of β2-ARs or pretreatment with β2-ARs 
selective antagonist ICI 118,551 has been shown to reduce 
infarct size and improve behavioral outcome.10,11 β2-ARs 
stimulation although may inhibit immune response against 
ischemic injury. It might as well potentiate individuals to 
immunosuppressive-induced high susceptibility to 
infections.

Among the post-stroke infections, pneumonia was the 
most common complication. The pneumonia-related 
inflammatory state was thought to release a bystander 
autoimmune response against central nervous system anti-
gens, initiating a vicious circle.12 The largest clinical trial 
implemented to investigate the effect of pneumonia on 30- 
day mortality in hospitalized patients with acute stroke 
reported a 27% mortality rate in 635 patients due to 
pneumonia compared with a 4% death rate among patients 
free from respiratory infections.13 Sympathetic nerves 
locally innervate lung tissue.14 The use of β-adrenergic 
receptor antagonists (β-blockers) in post-stroke mice was 
demonstrated to reduce pneumonia and mortality rates.15 

The underlined mechanism of β-adrenergic receptor block-
ade for decreasing bacterial burden was considered by 
promoting the production of pro-inflammatory 
cytokines.16 On the contrary, in LPS-elicited acute septic 
injury, activation of β2-ARs by NE or selective agonist 
could intrinsically inhibit the immune response in primary 
alveolar macrophages, reducing inflammatory cytokines, 
bronchial inflammation, atelectasis, and airway damage, 
and protect the lung from injury induced by systemic 
inflammatory responses.4,14,17 To the best of our knowl-
edge, there has been no research concerning the actual 
effects of β2-ARs activation on post-stroke pneumonia.

The present study was undertaken to estimate SNS 
activity after ischemic stroke and evaluate whether facil-
itating response of β2-ARs is beneficial or detrimental to 
MCAO mice considering both neuronal and peripheral 
outcomes.

Materials and Methods
Eight to ten weeks old male C57BL/6 mice (24–26 g) were 
used for all studies. Animals have been housed in individually 
ventilated cages (temperature 21 ± 2 °C; humidity 55% ± 5%; 
12-h light/12-h dark cycle) and given access to food and water 
ad libitum. Animals were allocated treatments and surgical 
fates in a randomized order across cages. All procedures were 
approved by the Institutional Animal Care and Use Committee 
at Tongji Medical College, Huazhong University of Science 
and Technology (IACUC Number: 2419). All experiments 
were performed according to the National Institutes of 
Health Guidelines for the Care and Use of Laboratory 
Animals. Efforts were made to minimize the number of ani-
mals used.

Stroke Model and Drug Treatment
The middle cerebral artery occlusion (MCAO) was performed 
mainly according to the study of Chiang.18 Briefly, mice were 
anesthetized with Chloral hydrate (300 mg/kg, i.p.). After 
ventral cervical incision, silicone rubber-coated monofilament 
diameter of 0.24 ± 0.02 mm (Yushun Biotech, Pingdingshan, 
Henan, China) was introduced into the common carotid artery, 
advanced along the internal carotid artery to the origin of the 
right MCA, and left there for 60 min until reperfusion. After 
surgeries, local analgesia (bupivacaine 1 mg kg,−1 subcuta-
neously (s.c.)) was applied. Sham operation was performed 
identically, except that the sham group only briefly introduced 
the filament into the external carotid artery. A feedback- 
controlled heating pad was used to maintain body temperature 
during the operations and until recovery from anesthesia to 
control a percentage of infarct area/total brain area between 
20% and 40%. β2-ARs agonist clenbuterol (CLEN) (Adooq 
Bioscience A13407, USA) dissolved in 0.9% sodium chloride 
at 0.1 mM (1 mg/kg) or vehicle (saline) was administered 
intraperitoneally at 24 h and 48 h after MCAO (groups defined 
as M-CLEN or M-saline respectively).

Blood and Tissue Sample Collection
Mice were rapidly euthanized by cervical dislocation 72 h after 
MCAO. Blood was obtained by cardiac puncture from mice, 
tissues of spleen, lung, and brain were collected. Spleens were 
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weighed immediately after sacrifice. The spleen index was 
evaluated as the weight of the spleen (mg)/body weight (g)×10.

Assessment of Infarct Volume
The infarct volume was assessed by TTC staining as pre-
viously described.19 Briefly, the mice were decapitated, 
and the brain was rapidly removed and sliced into 6 
coronal sections, 1 mm thick each. Sections were 
immersed in pre-warmed 2% TTC in saline for 30 min at 
37 °C and then fixed in 4% paraformaldehyde (PFA) for 
24 h. The infarct areas and total area on each slice were 
calculated using Image-Pro Plus 6.0 software and then 
expressed as the percentage of infarction in the total area.

Evaluation of Sympathetic Activity
NE levels could serve as an indirect index of sympathetic 
activity.20–22 For determination of the baseline NE level, 
mice were treated to obtain sedation (chloral hydrate 
300 mg/kg, i.p.), then blood was immediately collected 
by eyeball removal, and only the first two drops of blood 
were collected to avoid NE spillover. For measurement of 
the spleen NE level, homogenized tissues first. After that, 
blood and tissue samples were then centrifuged, and NE 
levels were measured according to the manufacturer’s 
protocol. The OD value at 450 nm was detected using 
a microplate reader (AMR-100, Aosheng, China).

Flow Cytometry
Cell populations were identified by flow cytometry. 
Briefly, red blood cells were lysed by ACK lysis buffer 
(Beyotime, China), isolated leukocytes were centrifugated 
by 37–70% Percoll density gradient centrifugation. Cells 
were washed with buffer (PBS with 0.5% bovine serum 
albumin and 0.02% sodium azide) three times and stained 
with antibodies listed in Supplementary Table 1 for 20 min 
at 4 °C. CD3 expressed on T cells is a part of the T cell 
receptor complex. CD4 and CD8 are transmembrane gly-
coproteins on T helper cells and cytotoxic T cells. CD45R, 
a cell surface molecule on B cells that assists with antigen- 
based B cell activation. Gr-1’s expression is restricted to 
monocytes within the bone and on neutrophils in periph-
eral organs. The F4/80 molecule was established as 
a unique marker of murine macrophages. CD49b is a Pan 
NK cell marker. CD11c is a transmembrane protein found 
at high levels on most dendritic cells. We used NovoCyte 
452161026119 (Agilent, USA) with NovoExpress 1.5.0 
software (Agilent, USA) to determine the phenotypes of 
leukocytes.

Quantification of Plasma Cytokines
Pro-inflammatory and anti-inflammatory cytokines (TNF- 
α, INF-γ, IL-1β, IL-4, IL-10, TGF-β1) were determined by 
commercially available immunoenzymatic commercial 
assays dedicated to equine species (Cloud-Clone Corp, 
Wuhan, China). For analysis of all cytokines, plasma was 
prepared by centrifugation of whole blood at 1500 × g for 
10 min and stored in aliquots at −80 °C. Then, samples 
were thawed and filtered for analysis using mouse-specific 
ELISAs (Bioswamp, China) following the manufacturer’s 
instructions. A Luminex 200 plate reader equipped with 
xPOnent software (University of Rochester Flow 
Cytometry Core) was used to determine median fluores-
cence intensity for each analyte. The concentration of each 
analyte was calculated using the corresponding standard 
curve fit to a 5-parameter logistic equation. For all 
ELISAs, absorption was measured at 450 nm using 
a multi-well plate reader (AMR-100, Aosheng, China). 
Curve fitting and sample concentration calculations were 
conducted with Gen5 software (Biotek).

Histopathological Analysis of Lung 
Tissues
Lungs were removed, immersed in 10% formalin fixative, 
and processed for histological examination. The lung tis-
sue was dehydrated, transparent, soaked, and embedded in 
paraffin wax, and cut into 12-µm thick sections by micro-
tome dissection. After this, the sections were stained with 
hematoxylin/eosin (HE) for assessment. Twenty represen-
tative sections of lungs were chosen per animal (n = 4 in 
each group) and evaluated by two investigators, blinded to 
the treatment groups. The sections were graded according 
to the following criteria: (1) normal, (2) focal (<50% lung 
section) interstitial congestion and inflammatory cell infil-
tration, (3) diffuse (>50% lung section) interstitial conges-
tion and inflammatory cell infiltration, (4) focal (<50% 
lung section) consolidation and inflammatory cell infiltra-
tion, (5) diffuse (>50% lung section) consolidation and 
inflammatory cell infiltration, as previously described.23

Bacteriological Analysis
To determine colony-forming units (CFU), bronchoalveo-
lar lavage fluid (BALF) was collected. After the mice were 
euthanized, the trachea was exposed and subsequently 
cannulated with a polyethylene catheter. The lungs were 
washed with three flushes containing 500 μL of 0.9% 
NaCl solution. Then, BALF was plated onto blood agar 
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plates, incubated at 37 °C for 18 h. Positive colonies were 
recorded, and CFU was calculated per milliliter of BALF.

Statistical Analysis
Bacteriological data are presented as violin plots. Other 
data are expressed as mean ± SEM. GraphPad Prism soft-
ware (version 8.0) was used for statistical analyses. The 
ROUT method identified the outliers (Q = 1.000%) and 
excluded them from the analysis. After validating the 
normal distribution of these datasets (Kolmogorov– 
Smirnov test), significant differences were assessed by 
two-tailed Student’s t-test in the comparison between two 
groups, the one-way ANOVA with Holm–Sidak correction 
in pairwise comparison among three groups, or Kruskal– 
Wallis test for analysis of the histopathological score. 
A p-value <0.05 was regarded as significant, whereas 
p-value <0.01, p-value <0.001 and p-value <0.0001 were 
highly significant.

Results
β2-ARs Agonist CLEN Increased 
Infarction Area After Ischemic Stroke, 
and Partly Reversed Elevated NE Levels 
Induced by Ischemic Stroke
We induced stroke by transient (60 min) proximal MCA 
filament occlusion, and the procedures are conducted as 
Figure 1A. The locations of ischemic lesions 3ds following 
MCAO stroke are shown in Figure 1B. The mean size of 
ischemic lesions in the MCAO stroke was 35.0% of the 
whole brain (Figure 1C). We first investigated the plasma 
levels of sympathetic neurotransmitters (NE) in mice with 
infarcts compared with sham-operated mice. At d3 after 
MCAO, there was a more than a two-fold increase in the 
plasma NE concentrations, compared with the SHAM 
group (348.8 ± 40.2 pg/mL vs 156.5 ± 12.5 pg/mL, p < 
0.0001; Figure 1D). However, the elevated plasma levels of 
NE in the M-saline group hardly impacted the immunity 
because NE exerts anti-inflammatory effects only in micro-
molar concentrations.24 The norepinephrine nerve terminals 
which govern the spleen and provide a high concentration 
of NE in the direct vicinity of antigen-activated immune 
cells were suggested to play a dominant role in the mod-
ulatory effect.25 Hence, spleen NE level was supplementary 
measured. We detected a similar increase of spleen NE level 
in the M-saline group as seen in plasma level 3 d after stroke 
(p < 0.0001; Figure 1E). We next sought to define whether 
activation of β2-ARs protects mice from MCAO stroke and 

introduced β2-ARs agonist CLEN once daily to MCAO 
mice for 24 h after stroke until mice were sacrificed. 
Unlike we expected, though, the infarct volume was 
enlarged after CLEN treatment from 35.0 ± 7.1% to 45.8 
± 6.4% (p < 0.05; Figure 1B and C). In contrast, the NE 
levels in the M-CLEN group compared to the M-saline 
group were slightly decreased in both plasma and spleen. 
However, compared to the SHAM group, the NE levels in 
the M-CLEN group are still highly increased in both plasma 
and spleen (p < 0.0001; Figure 1D and E).

The Effects of β2-ARs Agonist CLEN 
Treatment on Body Weight Lost, Spleen 
Weight and Spleen Index
Body weight loss was used as general parameters reflect-
ing physical activity, food intake, and potential infectious 
illness after an operation. There was no statistical differ-
ence in body weight noted in saline and CLEN treated 
MCAO mice measured 3ds after stroke (Figure 2A). 
A profound reduction was observed in the spleen weight 
in the saline-treated M-saline group at 3 d after MCAO 
(Figure 2B), which is conversely consistent with the above 
NE analysis, which showed a dramatic increase in the M- 
saline group. Administration of CLEN countered the 
reduction in the spleen weight after MCAO, consistent 
with the above NE results that CLEN partly counteracts 
the NE elevation induced by MCAO (Figure 2B). When 
the spleen weight was normalized to spleen index as the 
spleen to body weight ratio, there was a more considerable 
statistical difference between the M-saline and M-CLEN 
groups (Figure 2C). The pictures of the spleens in the three 
groups are shown in Figure 2D.

The Effects of β2-ARs Agonist CLEN 
Treatment on Adaptive Immune State
Previous work indicated that adrenergic nerve endings in 
the spleen terminate in the white pulp, which contains 
rich T and B –lymphocytes, and enhances NE release 
from the spleen by adrenergic stimulation.26 We, there-
fore, investigated the effects of MCAO stroke on lym-
phocyte subpopulations, including T cells and B cells, in 
blood 3 d after MCAO stroke. The results showed that 
the percentage of CD3+ total T cells was not changed, 
but the percentage of B cells was decreased in the 
MCAO groups compared with the SHAM group 
(Figure 3A and B). We next compared the two main 
T-lymphocyte subpopulations, including percentages of 
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T helper cells (CD3+CD4+) and cytotoxic T cells (CD3 
+CD8+) within the total T cell populations in blood. We 
found that experiments with mice undergoing MCAO 

stroke revealed no differences in the percentages of 
T helper cells and cytotoxic T cells between the SHAM 
group and M-saline group (Figure 3C and D). The above 

Figure 1 The schematic diagram of animal study design and infarct volumes and NE levels 3ds after MCAO stroke. (A) 8–10 weeks old male C57BL/6 mice were allocated 
randomly to the SHAM, M-saline, and M-CLEN groups. Mice were given intraperitoneally vehicle or CLEN respectively at 24 h and 48 h after stroke. 72 h following the 
stroke, mice were allocated into the indicated analyses. (B) Representative TTC-stained coronal serial sections of cortical infarcts in saline and CLEN treated MCAO mice 3 
d after stroke. (C) Infarct volumes of MCAO in the saline and CLEN treated MCAO mice 3 d following the stroke (n = 6 per group). (D) Plasma NE levels were determined 
3 d following the stroke in the sham-operated and saline, CLEN treated MCAO mice (SHAM n = 4, M-saline n = 5, M-CLEN n = 6). (E) Spleen levels of NE in the sham- 
operated and saline, CLEN treated MCAO mice 3 d following stroke (SHAM n = 5, M-saline n = 9, M-CLEN n = 6). *p < 0.05, ****p < 0.0001, one-way ANOVA with the 
post-hoc.
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results were contrary to our expectation because 
a decrease in the percentages of CD3+ total T cell, 
T helper cells (CD3+CD4+), and cytotoxic T cells 
(CD3+CD8+), which indicates a state of immune defi-
ciency, is likely to appear in post-stroke organisms, espe-
cially in individuals with large infarction volume.27 

Treatment of CLEN induced a drop in the percentage of 
total T cells and T helper cells, but an increase in the 
percentages of cytotoxic T cells, all of which indicated 
immune deficiency (Figure 3A, C and D). Besides, 

CLEN resulted in a further drop in the percentage of 
B cells compared with the M-saline group (Figure 3B).

The Effects of CLEN Administration on 
the Innate Immune State
We further analyzed innate immune cells, including neutrophil 
(Gr-1+), macrophage (F4-80+), NK cell (CD49b+), and den-
dritic cell (CD11c+) subpopulations in blood by flow cytome-
try at 72 h after MCAO stroke. Neutrophil cell populations 
were decreased in the M-saline group compared with the 

Figure 2 Body weight loss and spleen index in the sham-operated and saline, β2-ARs agonist CLEN treated MCAO mice. (A) Body weight loss was measured as an index of 
general stress elicited by cerebral ischemia (M-saline n = 5, M-CLEN n = 6). (B) Spleen weight and (C) Spleen index 72 h following MCAO measured as an 
immunosuppression index in the sham-operated and CLEN treated MCAO mice (SHAM n = 5, M-saline n = 9, M-CLEN n = 6). (D) Spleens in the above three groups 
were shown (SHAM n = 5, M-saline n = 4, M-CLEN n = 6). *p < 0.05, ***Indicates p < 0.001, and ****Indicates p < 0.0001 by one-way ANOVA with Holm–Sidak correction.
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SHAM group, treatment of CLEN results in a further decrease 
of neutrophil cell populations (Figure 4A). Figure 4B shows 
that blood macrophages did not differ among the SHAM, 
M-saline, and M-CLEN groups. Dendritic cell populations 
were decreased in the M-saline group compared with the 
SHAM group. CLEN treatment also resulted in a further 
decrease, although no statistical differences were seen 
among the three groups (Figure 4C). In contrast, NK cell 
counts were increased in the M-saline group compared with 
the SHAM group, while CLEN treatment resulted in a further 
increase of NK cell counts (Figure 4D).

CLEN Modulation of Plasma Pro- and 
Anti-Inflammatory Cytokine Levels After 
MCAO Stroke
We analyzed serum cytokine concentrations to determine the 
impact of the MCAO stroke models on lymphocyte function 
and systemic inflammatory activation (Figure 5). The pro- 
inflammatory cytokines TNF-α, IFN-γ, and IL-1β, have been 
proved to be elevated in the stroke mice 3ds after MCAO, 
especially the cytokines of TNF-α and IL-1β, which showed 
a substantial increase (Figure 5A–C). There were no statis-
tical differences between SHAM and M-saline on the 

Figure 3 Adaptive cell subpopulations in the sham-operated and saline, β2-ARs agonist CLEN treated MCAO mice. (A) Percentages of CD3+ total T cells (n = 5 per group), (B) 
B cells (CD45R+) in the blood 72 h after stroke in the SHAM, M-saline, and M-CLEN groups (n = 5 per group). (C) Percentages of T helper cells (CD3+CD4+) and (D) 
Cytotoxic T cells (CD3+CD8+) in CD3+ total T cells in the blood 72 h after stroke in the SHAM, M-saline and M-CLEN groups (n = 5 per group). *p < 0.05, **Indicates p < 0.01, 
***Indicates p < 0.001 and ****Indicates p < 0.0001, one-way ANOVA with Holm–Sidak correction.
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expression of IL-4 and IL-10 (Figure 5D and E). However, 
a pronounced difference between the M-saline and SHAM 
groups was found for concentrations of anti-inflammatory 
cytokine TGF-β1 (Figure 5F). The consecutive administra-
tion of β2-ARs agonist CLEN since 24h after MCAO until 
being sacrificed at 3 d after MCAO has reversed the expres-
sion of pro-inflammatory cytokines TNF-α, IFN-γ, and IL- 
1β. After CLEN treatment, all anti-inflammatory cytokines 
of IL-4, IL-10, and TGF-β1 have been up-regulated. Overall, 
the immune milieu in the M-saline group exhibited a marked 
inflammatory state characterized by increased TNF-α, IFN- 

γ, and IL-1β, while after CLEN treatment, the immune 
milieu presented an anti-inflammatory state characterized 
by increased IL-4, IL-10, and TGF-β1.

β2-ARs Agonist CLEN Inhibits or Limits 
Bacterial Pneumonia
To test whether β2-ARs agonist CLEN treatment in 
MCAO animals will get a higher risk of bacterial pneu-
monia, we conducted a histological examination of lungs 
72 h after MCAO. Histological examination revealed more 
or less typical signs of bacterial pneumonia, showing 

Figure 4 Innate cell subpopulations in the sham-operated and saline, β2-ARs agonist CLEN treated MCAO mice. Here shows the percentage of neutrophil, macrophage, 
NK cell, and dendritic cell populations in peripheral blood of sham-operated mice and mice treated with vehicle or CLEN following MCAO. (A) Neutrophils (Gr-1+) cells, 
(B) Macrophages (F4-80+), (C) NK cells (CD49b+), (D) Dendritic cells (CD11c+) in the blood 72 h after stroke in the SHAM, M-saline and M-CLEN groups. The sample 
size was n = 5 for the analysis of antigens. **p < 0.01, ***Indicates p < 0.001 and ****Indicates p < 0.0001, one-way ANOVA with Holm–Sidak correction.
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thickened alveolar septa, intra-alveolar inflammatory infil-
tration, and interstitial congestion in all the mice subjected 
to the M-saline group (n = 5 per group, Figure 6A), while 
only one mouse in five had signs of pneumonia in the M- 
CLEN group. The remaining four HE-stained lungs in the 
M-CLEN group showed no signs of pneumonia, typically 
seen in the representative 12-µm section of HE-stained 
lungs (n = 5, Figure 6A). Histopathological scores of the 
three groups (SHAM, M-saline, M-CLEN groups) are 
shown in Figure 6B. All histopathological scores in the 
M-saline group were 2, while only one in five of the 
histopathological scores in the M-CLEN group was 2. 
These data are statistically shown as an outlier by the 
ROUT method and excluded from the group. 
Subsequently, we concluded that CLEN treatment pro-
vided inhibition or limitation of pneumonia.

Bacterial counts in BALF were simultaneously deter-
mined 72 h after MCAO. Microbiological analysis revealed 
significant bacterial loads in BALF cultures of saline-treated 
stroke mice at 72 h after MCAO (Figure 6C). In addition, 
little or no bacterial growth was observed in the BALF 
cultures of either CLEN-treated MCAO mice or sham- 
operated, consistent with histological examination.

β2-ARs Agonist CLEN Affects Cytokine 
Release in Lung Tissues
Pro-inflammatory cytokines such as TNF-α, IL-1β, and IFN-γ 
are critical for promoting bacterial clearance during lung 
infections. We found that level of TNF-α, an important pro- 
inflammatory cytokine that regulates the early phase of inflam-
mation reaction, was elevated 72 h following MCAO opera-
tion, and the enhancement was inhibited by CLEN treatment 

Figure 5 Effects of stroke and β2-ARs agonist CLEN application on the expression of blood cytokines in mice. (A) Pro-inflammatory cytokines TNF-α, (B) IFN-γ levels, and 
(C) IL-1β in sham-operated and saline, CLEN treated MCAO mice 72 h after occlusion. (D) Anti-inflammatory cytokines IL-10, (E) IL-4, and (F) TGF-β1 levels were assessed 
in sham-operated and saline, CLEN treated MCAO mice 72 h after occlusion. *p < 0.05, **p < 0.01, ***p < 0.001 and ****Indicates p < 0.0001 (one-way ANOVA with Holm– 
Sidak correction, n = 5 per group in all the analysis of cytokines).
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(Figure 7A). However, levels of IL-1β, IFN-γ remained unal-
tered (Figure 7B and C). Interestingly, IL-4, IL-10, and 
TGF-β1 were unchanged, decreased, and sharply 
increased, respectively, in the MCAO mice compared with 
the SHAM mice. The levels of IL-4 appeared no statistical 
significance between the M-CLEN and M-saline groups, 
while the levels of IL-10 and TGF-β1 were elevated in mice 
subjected to CELN treatment (Figure 7D–F). Overall, these 
data suggested that mice would suffer from pneumonia 72 
h after MCAO stroke, and CLEN treatment could alleviate 
pneumonia 72 h following MCAO stroke by decreasing pro-
duction of pro-inflammatory cytokines TNF-α and increasing 
expression of anti-inflammatory mediator IL-10.

Discussion
This paper demonstrated that the SNS activity was raised 
after cerebral infarction. Considering that β2-ARs were 

involved in the immune modulation after MCAO stroke, 
we evaluated the impact of selective β2-ARs agonist 
CLEN on the outcomes of MCAO stroke and found that 
it inhibited or limited pneumonia but expanded infarct area 
of MCAO stroke.

The results in the literature on the effects of CLEN 
(1 mg/kg) application on cerebral outcome after stroke 
were controversial.9,28 Considering that early immune 
responses are beneficial, we treated MCAO mice with 
CLEN (1 mg/kg) 24 h after MCAO stroke, and the results 
showed undesired enlargement of infarct size. Kendra J, in 
his study, partly attributed the enlargement of infarct 
volume to the reduction in blood pressure and, therefore, 
cerebral perfusion by application of CLEN at the dose of 
1 mg/kg. The stroke model in Kendra J’s experiment was 
a permanent thrombotic stroke model, with lesions limited 
to the cortical, which did not impact the release of NE 

Figure 6 β2-ARs agonist CLEN inhibits or limits pneumonia in post-stroke MCAO mice. MCAO mice received the CLEN or only diluent after stroke, as described in 
Materials and Methods. BALF and lung samples were collected 72 h after stroke. (A) Lungs from sham-operated and CLEN or diluent-treated MCAO mice (each group 
n = 5) were collected after 72 h for histological examination. A representative 12-µm section of HE-stained lung from CLEN-treated MCAO revealed signs of pneumonia 
(thickening of alveolar walls and neutrophilic infiltrates) ×40, arrows. (B) Quantitative analysis of histopathological lung injury scores (n = 5 animals per group). Kruskal– 
Wallis test, **p < 0.01. (C) BALF samples from sham-operated and CLEN or diluents-treated MCAO mice (n = 8 per group) were collected for bacteriological analysis 72 
h after stroke. Data are given in CFU/mL (log 10) BALF. One-way ANOVA with Holm–Sidak correction. **p < 0.01.
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transmitter. However, a large stroke was induced in our 
experimental stroke model, and the NE transmitter was 
drastically elevated. Though NE level after MCAO insult 
was slightly decreased by CLEN treatment, it remained 
mainly above the sham level. As a vasodilator, CLEN may 
have limited effects on the post-stroke blood pressure due 
to a burst of NE. In another research on focal cerebral 
ischemia, 1 mg/kg CLEN was not found to affect the blood 
pressure of the stroke mice.8 Kendra J, in his study, mainly 
attributed the enlargement of infarct volume to the disrup-
tion of early inflammation after focal ischemic stroke, 
considering that early inflammation is beneficial for stroke 
outcomes. In our experiment, we introduced CLEN 24 
h after stroke onset to avoid early disruption of the inflam-
matory response, but the result was still in line with that of 
Kendra J’s. It seemed that pre-stroke CLEN would get 
a better outcome than post-stroke application. It is of 
interest that in the study of Zhu Y, pretreatment of 
CLEN at 1.0 mg/kg 3 h before transient forebrain ischemia 
reduced neuronal damage, while administered immediately 
after ischemic insult, the neuroprotective effect of CLEN 

was abolished.29 Disparities in the outcomes may be 
explained by differences in the administration time point 
of CLEN. Pre-stroke application may down-regulate 
β2-ARs in the brain,30 hence reducing pro-inflammatory 
gene expression and infarct size, which was demonstrated 
on β2-ARs knockout mice model.11 Post-stroke CLEN 
application exacerbates brain injury. The detailed mechan-
ism needs further study to clarify since the inflammatory 
response was considered indispensable in the effective 
resolution of ischemic injured tissue, the exaggerated anti- 
inflammatory response, which unbalanced immune 
response in the brain, may be the culprit.31

CLEN expanded infarct volume but counteracted the 
spleen reduction induced by MCAO. It is well established 
that the SNS is activated under global or extensive brain 
infarction, and the NE level rises sharply to stimulate 
β2-ARs.27,32,33 NE had been shown to induce significant 
splenic atrophy, a temporary phenomenon that occurred 24 
to 48 h after stroke and returned to normal levels by 96 
h post-MCAO,34 via activation of α1-adrenergic receptors 
(α1ARs).35,36 In this study, we observed a dramatic shrink 

Figure 7 Effects of β2-ARs agonist CLEN on the expression of lung cytokines in MCAO mice. (A) Proinflammatory cytokines TNF-α, (B) IL-1β, and (C) IFN-γ levels in the 
sham-operated and saline, CLEN treated MCAO mice 72 h after occlusion. (D) Anti-inflammatory cytokines IL-4, (E) IL-10, and (F) TGF-β1 levels were assessed in the 
sham-operated and saline, CLEN treated MCAO mice 72 h after occlusion. *p < 0.05, **Indicates p < 0.01, ***Told p < 0.001 by one-way ANOVA with Holm–Sidak 
correction, n = 5 per group in all the analysis of cytokines.
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of the spleen size in the M-saline group and thought it was 
due to elevated emission of the NE transmitter, which 
resulted in blood expulsion and immune cell migration 
from the spleen to the cerebral injury site. The inhibited 
reduction of spleen size in the M-CLEN group may result 
from the declined level of NE. Our results showed that 
CLEN counteracted the spleen reduction induced by 
MCAO but enlarged infarct volume, in agreement with 
the previous report showing no correlation between spleen 
size reduction and infarct volume.37

It was proposed that splenic atrophy is an essential 
feature of stroke-induced peripheral immunodepression, 
and spleen size reduction is correlated to 
immunodepression.38,39 To testify whether CLEN influ-
ences the immune system consistent with the change of 
spleen size, we first analyzed the effects of CLEN on 
adaptive immunity, represented by the percentage of CD3 
+ total T cell, B cells, and CD3+CD4+, CD3+CD8+ 
T cells. Then, we tested the effects of CLEN on innate 
immunity, represented by a population of neutrophils, 
macrophages, NK cells, and dendritic cells. However, no 
immunodepression occurred in mice of the M-saline group 
since no statistical difference was found in the percentage 
of CD3+ total T cell and percentages of CD3+CD4+, CD3 
+CD8+ T cells when compared with the SHAM group. 
The absence of immune deficiency may be due to that 
infarct volume in the 60 minutes MCAO mice was not 
large enough to induce immune deficiency. It was reported 
that rodents with 90 minutes MCAO compared with 30 
minutes MCAO, or with infarction volume 54.99 ±  
10.03% of the total brain compared with 32.59 ± 6.89%, 
were more prone to present an immunodepression 
state.33,40 The mean infarct volume in the M-saline group 
was only 35.0 ± 7.1%. The results presented here show 
that percentages of CD3+ total T cells and CD3+CD4+ 
T cells were reduced, and the percentage of CD3+CD8+ 
was increased in mice subjected to CLEN treatment, sug-
gesting that CLEN treatment, in general, resulted in an 
immunosuppressive effect. Our result contradicts the pre-
vious result that spleen size reduction is correlated with 
immunodepression. The discrepancy may result from the 
increased level of NE detected in the M-CLEN group 
since treatment with prazosin, an alpha-1 receptor blocker, 
can prevent the post-stroke reduction in spleen size.37 Our 
results further showed that splenic atrophy showed little 
evidence for impairment of normal immune responses, 
proposed by Wardrop in a clinical study.41

Similarly, the B cell population was dropped sharply in 
the M-CLEN group. Statistical significance was seen com-
pared with the M-saline group. NA nerves, particularly 
rich in T-cell zones, are poorly innervated in follicular 
and nodular zones where most B lymphocytes are 
located.42 Unlike T lymphocytes, the post-stroke changes 
in B cells remain elusive due to contradictory results.29,43 

The percentage of B lymphocytes in our study declined 
after MCAO, and CLEN application resulted in a further 
decrease. It was suggested that B cell was neuroprotective, 
and the cell count of B cells was positively correlated with 
infarct outcome.44,45 A more considerable drop found in 
the B cell counts may be associated with the worse infarct 
outcome in the mice of the M-CELN group. Conversely, 
NK cells were detected increased in the M-saline group, 
and CLEN application resulted in a more profound 
increase in the NK cell population. It has been demon-
strated that cell-intrinsic β-adrenergic signaling is required 
for adaptive NK cell expansion and memory, and activa-
tion of β-adrenergic signaling may potentiate their cytoly-
tic and anti-viral/tumor effector functions.46,47 NK cell 
numbers in the ischemic brain of mice subjected to 
MCAO peaked during the early phase of stroke onset, 
then gradually declined by 3 to 10 d later.48 In mice with 
large infarcts induced by MCAO, NK cells promoted local 
inflammation and neuronal hyperactivity, lost tolerance to 
neurons and exacerbated brain infarction.49,50 Hence, the 
vast recruitment of NK cells may account for the exacer-
bation of ischemic injury by CLEN.

Up to date, there is still no consensus on reasons for the 
high incidence of pneumonia in patients sustaining 
a stroke. It was suggested that aspiration was a critical 
factor in pneumonia and mortality in stroke patients. 
However, aspiration alone cannot explain the high inci-
dence of stroke-associated pneumonia.51 Aspiration occurs 
in healthy adults during sleep without inducing 
pneumonia.52 Recently, more and more studies believed 
that immunodepression induced by sympathetic hyperac-
tivity was essential for the progression of bacterial aspira-
tion to pneumonia.1 Phan TG’s study concluded that stroke 
severity status, but not dysphagia or dysphagia screening, 
contributed to the decision tree model of post-stroke 
pneumonia.53 In our experiment, though there was no 
immunodepression presented in the M-saline group, all 
the mice in this group appeared pneumonia. Consistent 
with our results, a recent clinical study found a higher 
incidence of post-stroke infection was found in patients 
with spleen volume reduction. Nevertheless, there was no 
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decrease in lymphocytes after application of Bonferroni 
correction in the group with spleen volume reduction, 
indicating that spleen size reduction, but not immunode-
pression, was highly related to the incidence of post-stroke 
infection.54 SNS activation (elevated NE levels), induced 
by brain inflammatory immune response, was regarded as 
associated with an impaired immune function and a higher 
susceptibility to post-stroke infections.55 The data above 
indicated that CLEN, though lowered the sympathetic tone 
of (decreased NE levels) stroked mice, still played a role 
in augmenting the immune/inflammatory suppressive 
response after stroke. We supposed that CLEN adminis-
tration would increase the incidence of pneumonia or 
aggravate pneumonia. Short of our expectation, all mice 
in the M-saline group developed spontaneous pneumonia 3 
d after ischemia, with slight or severe signs of inflamma-
tion in lung tissues, while only one mouse in five had signs 
of pneumonia in the M-CLEN group. We have excluded 
the data since it is statistically shown as an outlier. The 
reason may be that the mice have not received enough 
CLEN. It seemed that CLEN administration would reduce 
the vulnerability of MCAO mice to pneumonia. As an 
anti-inflammatory agent, demonstrated in our experiment 
with inhibition of pro-inflammatory cytokines TNF-α, IL- 
1β, and IFN-γ, and promotion of anti-inflammatory cyto-
kines IL-10, IL-4, and TGF-β1, CLEN was proved to exert 
its effects by inhibiting pro-inflammatory cytokines, such 
as TNF-α, IL-1β, and IL-6, and provide protection in 
various organs, such as the brain, liver, and renal.56–58 

Hence, another explanation may be that CLEN adminis-
tration 24 h after MCAO stroke, a time point of post- 
stroke infection initiation, contained the initial lung infec-
tion. Though larger samples are required to determine an 
accurate incidence of pneumonia in MCAO mice with or 
without CLEN administration, it is compelling that CLEN 
served a beneficial role in reducing inflammation in lung 
tissues. Collectively, these data indicated that activation of 
β2-ARs may exert a protective effect in the setting of 
inflammation against lung injury. Further evidence pro-
vided by cytokine analysis of the lung tissues showed 
TNF-α, indicating as an early inflammatory cytokine, 
was down-regulated in the M-CLEN group compared 
with the M-saline group. At the same time, IL-10, which 
acts as a mediator for the resolution of inflammation, was 
elevated in the M-CLEN group compared with the 
M-saline group, consistent with the two groups’ patholo-
gical changes.

Limits
This study has some limitations, including that the sample 
size performed is too small to determine the accurate 
incidence of pneumonia after CLEN treatment in MCAO 
mice as well as no detailed mechanisms of how β2-ARs 
agonist CLEN exaggerated infarct volume are character-
ized. Thus, further studies are needed.

Conclusion
Our study is the first to evaluate both central and periph-
eral effects of β2-adrenergic receptor stimulation. Our 
work shows that increasing β2-adrenergic receptor stimu-
lation after ischemic stroke suppresses the peripheral 
immune response, inhibits or limits post-stroke pneumonia 
but leads to larger stroke volume. Given that many stroke 
patients are prescribed sympathomimetic adrenergic ago-
nists to maintain blood pressure and cerebral perfusion, 
this work highlights the role of the β2-adrenergic signaling 
pathway on post-stroke immune responses and outcomes.
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