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Abstract
Perioperative neurocognitive disorders have been widely recognized as common ad-
verse events after surgical intervention. Aging is one of the most important inde-
pendent risk factors for worsened cognitive outcome, and this deterioration is linked 
to exacerbated microglia-mediated neuroinflammation in the aged brain. Under 
pathological stimulation, microglia are capable of polarizing toward proinflamma-
tory M1 and anti-inflammatory M2 phenotypes. In the present study, we examined 
how aging affects microglial responses and neuroinflammation following peripheral 
surgery. Adult (2-3 months) and aged (18 months old) male C57/BL6 mice were sub-
jected to tibial fracture or sham surgery. Aged mice exhibited higher level of tumor 
necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) in the hippocampus. The expres-
sion of synaptic protein synaptophysin (SYP) was also markedly reduced in the aged 
brain after the surgery. Both adult and aged mice showed significant increases in M1 
microglial polarization (CD16/32). In contrast, tibial fracture surgery induced a de-
creased M2 microglial polarization (CD206, Ym1/2, Arg1) in aged brain but enhanced 
M2 microglial polarization in adult brain. Aged mice have upregulated voltage-gated 
proton channel (Hv1) and nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase subunit expression compared with adult mice. The percentage of CD16/32-
positive M1 microglia colabeling with Hv1 was higher in aged mice after tibial frac-
ture surgery. Thus, Hv1/NADPH oxidase upregulation in the aged brain may shift the 
dynamic equilibrium of microglial activation toward M1 polarization and exaggerate 
postoperative neuroinflammatory responses after peripheral surgical intervention.

K E Y W O R D S

aging, Hv1, microglial polarization, neuroinflammation

www.wileyonlinelibrary.com/journal/cns
mailto:﻿
https://orcid.org/0000-0002-5592-8899
http://creativecommons.org/licenses/by/4.0/
mailto:luotao_wh@yahoo.com


     |  375ZHANG et al.

1  | INTRODUC TION

It is estimated that 234.2 million major surgical procedures are 
performed every year worldwide.1 Postoperative delirium (POD) 
and/or postoperative cognitive dysfunction (POCD) have been 
widely recognized as common adverse events after surgical in-
tervention, with reported POD incidence ranges from 13.2% to 
41.7% and POCD incidence ranges from 8.9% to 46.1%.2 The 
prevalence of POD and POCD is associated with higher morbid-
ity, mortality, and greater utilization of social financial assistance.2 
Aging is one of the most important independent risk factors for 
both POD and POCD.3,4 In animal models of peripheral surgi-
cal intervention (tibial fracture, open abdominal surgery, etc),  
aged animals exhibit worsened cognitive outcome, and this de-
terioration is linked to exacerbated neuroinflammation and  
macrophage/microglial activation in the aged brain.5-8 Despite 
these observations, little is known about the mechanisms in-
volved in age-related pathology following peripheral surgical 
intervention.

Microglia/macrophage play a major role in host defense and 
tissue repair in the central nervous system (CNS). Under phys-
iological conditions, microglia are typically found in a resting 
state. However, in response to injury, infection, or inflammation, 
microglia rapidly transform into an activated state. Classically 
activated M1 microglia/macrophages are capable of producing 
various proinflammatory cytokines, including IL-1β, IL-6, TNF-α, 
and expressing cell-surface marker CD16/32,9,10 whereas alter-
natively activated M2 microglia/macrophages are anti-inflam-
matory and protective with expressing YM1/2, CD206, Arginase 
(Arg)1, etc.9 Emerging evidence now supports M1/M2 microglia/
macrophage polarization alters in several types of acute CNS in-
juries, including traumatic brain injury, spinal cord injury, and 
stroke.11-14 Aging is suggested to alter the balance between de-
structive M1 and protective M2 phenotypes, thus contributed 
to enhanced neuroinflammation and tissue damage following 
CNS injuries.15,16 However, the effect of age on brain microg-
lial polarization in response to peripheral surgical intervention 
is unclear.

The voltage-gated proton channel Hv1 is selectively expressed 
in microglial cells of the brain.17 Hv1 is required for NADPH-
dependent reactive molecules containing oxygen generation.18 
NADPH-mediated ischemic brain injury and neuronal damage can be 
inhibited by suppression of microglia Hv1.17 In the present studies, 
we hypothesize that microglial/macrophage activation in the aged 
brain after peripheral tibial fracture surgery is associated with an 
imbalance in the M1 and M2 microglia/macrophage activation phe-
notypes compared to adult health brain. These changes may be asso-
ciated with age-related changes in Hv1 as well as NADPH expression 
which contribute to acquiring and retaining microglia/macrophage 
in a M1 activation state, thereby enhancing proinflammatory re-
sponses and synaptic dysfunction in the aged brain after peripheral 
surgical intervention.

2  | MATERIAL S AND METHODS

2.1 | Animals

Both adult (8-10 weeks old) and aged (18 months old) male C57/
BL6 mice, obtained from Model Animal Research Center of Nanjing 
University, were housed in a temperature-controlled room on a 
12-h light and 12-h dark cycle with free access to food and water. 
All experimental procedures were performed in accordance with 
the Institutional Health Guide for Care and Use of Laboratory 
Animals.

2.2 | Tibial fracture

Animals received an open tibial fracture of the right hind paw with 
an intramedullary fixation in aseptic conditions under isoflurane 
anesthesia. The tibial fracture model was established as previously 
reported.19 In brief, anesthesia consisted of induction with 3.0% 
isoflurane followed by maintenance with 1.5% isoflurane carried by 
100% oxygen. The loss of pedal reflex is used to established surgical 
anesthesia. Animals were maintained at 37°C body temperature by a 
warming blanket during surgery. A small incision was performed on 
the right tibial plateau, followed by the insertion of a 7.0 mm pin into 
the intramedullary canal. The periosteum was stripped, and osteot-
omy was created at the junction of the middle and distal thirds of the 
tibial, under direct vision using rotor. After surgery, the broken skin 
was sutured, and the animals were maintained in a warmed cage. 
The same anesthesia and surgery procedures, except tibial fracture, 
were performed in the sham-operated group.

2.3 | Tissue processing and immunofluorescence

Six hours or 72 hours postsurgery, mice in sham or surgery group 
were sacrificed, respectively, by an overdose i.p. injection of keta-
mine (120 mg/kg) and xylazine (10 mg/kg) and then transcardial per-
fusion with precooled saline and fixed with 4% paraformaldehyde 
(PFA). The whole brain was dissected and fixed overnight in 4% PFA 
and then dehydrated by immersion in 18% sucrose at 4°C. The brains 
from the different experimental groups were randomly distributed 
(by experimenters blinded to group inclusion). Each block was cut 
(20 µm) and frozen at 4°C before staining.

For immunofluorescence, brain sections were warmed for 1 hour 
at 37°C and washed in 0.1 mol/L phosphate-buffered saline (PBS) 
for 5  minutes, four times. Then, slides were incubated in 5% BSA 
blocking buffer at room temperature for 1.5 hours, followed by in-
cubated 48 hours at 4°C in 0.5% blocking buffer containing the fol-
lowing primary antibodies: anti-CD16/32 (1:50, Abcam), anti-CD206 
(1:40, R&D Systems), anti-Iba1 (1:250, Wako), and anti-Hv1 (1:50, 
Sigma-Aldrich). Next, slides were rinsed in 0.1 mol/L PBS and then 
incubated with secondary antibodies (Jackson ImmunoResearch 
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Laboratories Inc) at room temperature for 2  hours, followed by 
mounting with glass coverslips (Citotest, 10212450C).

All fluorescence images were obtained using BX530 Olympus 
microscopy equipped with an Olympus DP47 digital camera and 
processed uniformly using Adobe Photoshop CS5. The microglial 
polarization was analyzed by counting the CD16/32+/Iba1  +  and 
CD206+/Iba1 + cells of three independent microscopic fields in the 
hippocampal dentate gyrus area of each brain section. The num-
ber of positive cells in each section was determined by its average 
number in the three visual whole fields, and the average number 
of three sections was taken as the final number of each animal. A 
researcher blind to all samples’ case histories conducted the data 
analysis.

2.4 | Western blot analysis

At 6  hours or 72  hours postsurgery, animals were sacrificed and 
the hippocampus was rapidly separated and frozen at −80°C. The 
samples were homogenized in RIPA Lysis Buffer (Beyotime, P0013C, 
Shanghai, China) containing protease inhibitor cocktail (MCE, HY-
K0010, Shanghai, China). Tissue lysates were centrifuged at 12 000 g 
for 10  minutes at 4°C. The supernatants were collected, and the 
protein concentrations were determined by using a BCA protein 
assay kit (Biosharp, BL521A). 30  µg of protein was separated by 
10% SDS-PAGE and then transferred onto polyvinylidene fluoride 

(PVDF) membranes. After being placed in blocking buffer, the blots 
were incubated overnight at 4°C with the following primary anti-
bodies: anti-TNF-α (1:200, Abcam), anti-IL-1β (1:1000, Proteintech), 
anti-synaptophysin (1:20  000, Abcam), anti-Iba1 (1:500, Santa 
Cruz Biotechnology, Inc), anti-YM1/2 (1:20 000, Abcam), anti-Arg1 
(1:1000, Abcam), anti-Hv1 (1:1000, Sigma-Aldrich), anti-Gp91phox 
(1:750, Santa Cruz Biotechnology, Inc), anti-P22phox (1:750, 
Santa Cruz Biotechnology, Inc), anti-P47phox (1:500, Santa Cruz 
Biotechnology, Inc), anti-P67phox (1:500, Santa Cruz Biotechnology, 
Inc), anti-P40phox (1:500, Santa Cruz Biotechnology, Inc), or anti-β-
actin (1:4000, Cell Signaling Technology, Inc) and then with horse-
radish peroxidase–conjugated secondary antibodies (Biolong). ECL 
Western blotting detection reagents (Tanon 5200) were used for 
visualization of the protein bands. The density of the protein band 
was detected by image analysis system (Image-Pro Plus version 6.0), 
and the ratio of the interest proteins to β-actin was calculated.

2.5 | Statistical analyses

Statistical analyses were performed with the Prism 5 (GraphPad 
Software). All the data are represented as means ± standard error of 
the mean (SEM). For multiple comparisons (surgery × age), the two-
way ANOVA was followed by a Bonferroni post hoc test. Remaining 
data were analyzed with Student's t test. A P value < 0.05 was con-
sidered statistically significant.

F I G U R E  1   Neuroinflammation is increased with age after peripheral surgery. A-B, Representative Western blot images of hippocampal 
TNF-α, IL-1β, SYP, and β-actin expression at 6 and 72 h after tibial fracture. C-D, The expression of TNF-α increased in the aged hippocampus 
at both 6 and 72 h after surgery. E-F, The level of IL-1β increased in the aged hippocampus at 72 h after surgery. G-H, The expression of 
synaptic protein SYP decreased in the aged hippocampus at 72 h after surgery. All data are presented as the mean ± SEM. n = 4-7; *P < .05, 
**P < .01 vs age-matched sham; #P < .05, ##P < .01 vs adult surgery, two-way ANOVA followed by Bonferroni's post hoc test
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3  | RESULTS

3.1 | Neuroinflammation is increased with aging 
after peripheral surgery

Peripheral surgery-induced innate immune response triggers in-
flammatory process in the hippocampus and subsequent memory 
impairment in adult animals.20 We first determined whether acti-
vation of the peripheral innate immune system with tibial fracture 
surgery would induce a different inflammatory response in the brain 
of aged mice compared with adults. We found that the peripheral 
surgery triggered very mild increase in the levels of TNF-α and IL-1β 
in the hippocampus of adult mice as compared to that of sham op-
eration (n = 3-6; P >  .05; Figure 1A-F). In the aged mice, however, 
tibial fracture significantly upregulated TNF-α expression both at 6 h 
(n = 4-5; P < .05 vs aged sham; Figure 1C) and 72 h (n = 4-7; P < .05 vs 
adult surgery; Figure 1D) after surgery. Moreover, the level of IL-1β, 
the downstream cytokine of TNF-α, also increased in aged brain at 
72 hours postsurgery (n = 4-7; P < .01 vs aged sham; P < .05 vs adult 
surgery; Figure 1F). The expression of SYP, a synaptic protein, de-
creased in aged hippocampus 72 hours after surgery (n = 4-5; P < .05 
vs aged sham; Figure 1H). These data suggested that peripheral sur-
gery mainly caused exacerbated neuroinflammation and synaptic 
function disorder in the aged mice, but not in the adult mice.

3.2 | Microglial activation is altered with aging 
following peripheral surgery

Microglia are commonly activated in the early state of the CNS to a 
wide variety of pathological stimuli, and it may reflect the degree of 
severity of trauma.21 To determine whether aged brain showed differ-
ences in microglial activation, hippocampus tissue from adult and aged 
mice was immunoassayed with the microglial marker ionized calcium-
binding adapter molecule-1 (Iba1). We found that microglia in young 
adult brain showed small cell body with elongated and thin projections, 
while multiple short processes that form thick bundles around enlarged 
cell bodies were presented in the microglia from aged brain (Figure 2A). 
Meanwhile, in contrast to adult, aged microglia were more vulnerable 
to surgery with significantly increased Iba1 expression by 1.5-fold at 
6 hours after peripheral surgical intervention (n = 3-4; P < .05 vs aged 
sham; Figure 2B,D). And the level of Iba1 was consistently higher in the 
aged than adult after tibial fracture surgery (n = 3-4; P < .05 vs adult 
surgery; Figure 2C,E). These data suggested that microglia in the aged 
brain remained in a pre-activated condition, and the peripheral surgery 
further enhanced hippocampus microglial activation.

3.3 | Aging enhanced M1 microglial activation after 
peripheral surgery

Microglia may polarize to proinflammatory (M1) or anti-inflamma-
tory (M2) phenotype in response to pathological stimulation. To 

further study the phenotype of microglial activation after peripheral 
trauma, we examined the expression of M1 (CD16/CD32) markers 
in Iba1  +  microglia by double immunofluorescent staining. As can 
be seen in Figure 3, aged mice demonstrated higher baseline level 
of CD16/32 + microglia in the hippocampal dentate gyrus area as 
compared with adult (n = 4-6; P < .001 vs adult sham; Figure 3A,B), 
indicating that aging itself switches microglial polarization states 
toward M1 phenotype. Following tibial fracture, the percentage 
of CD16/32  +  microglia significantly increased at 6  hours and re-
turned to baseline level 72 hours after surgery in both adult (n = 5-6; 
P  <  .001 vs adult sham at 6  hr; Figure 3B) and aged mice (n  =  4; 
P < .001 vs aged sham at 6 hr; Figure 3B).

3.4 | Aging diminished M2 microglial activation 
after peripheral surgery

The expression of M2 markers (CD206) in Iba1 + microglia in the hip-
pocampal dentate gyrus area is shown in Figure 4. The CD206 + mi-
croglia were increased in adult mice at 6 hours (n = 7; P <  .001 vs 
adult sham; Figure 4B) and 72 hours (n = 7-8; P < .01 vs adult sham; 
Figure 4B) following tibial fracture surgery. In contrast, CD206 + mi-
croglia in the aged brain significantly decreased at 6 and 72 hours 
postsurgery (n = 3-5; P < .01 vs aged sham at 6 hours; P < .001 vs 
aged sham at 72 hours; Figure 4B). Western blot of M2 markers fur-
ther confirmed that the postsurgical expressions of YM1/2 and Arg1 
increased by 1.8- and 3-fold, respectively, over the basal level of 
adult animals (YM1/2: n = 3-6; P < .001 vs adult sham; Arg1: n = 3-6; 
P < .01 vs adult sham; Figure 5). Meanwhile, in the aged brain, there 
was less YM1/2 and Arg1 expression after surgery (YM1/2: n = 4-6; 
P <  .001 vs adult surgery; Arg1: n = 4-6; P <  .01 vs adult surgery; 
Figure 5).

3.5 | Hv1 and NADPH component activation is 
altered with aging

The voltage-gated proton channel Hv1 is pivotal for high-level 
NADPH oxidase-dependent superoxide production.17 The recent 
study suggested Hv1 is one of the important factors that contribute 
to brain ischemic damage.17 Thus, we examined whether the expres-
sion of Hv1 and NADPH oxidases is associated with enhanced proin-
flammatory responses and synaptic dysfunction after tibial fracture 
surgery. We found that the expression of Hv1 was increased to 1.5-
fold in aged brain compared with adult (n = 4-5; P < .01 vs adult sham; 
Figure 6A). Moreover, the expression of NADPH oxidases subunit 
Gp91phox (n  =  4-5; P  <  .05 vs adult sham; Figure 6B), P22phox 
(n = 4-5; P < .05 vs adult sham; Figure 6C), P67phox (n = 4-5; P < .001 
vs adult sham; Figure 6D), and P47phox (n = 4-5; P <  .05 vs adult 
sham; Figure 6E) was significantly increased by 2-, 2-, 3-, and 1.7-fold 
in the aged brain as compared to adult. Tibial fracture surgery did 
not cause further elevation of Hv1 and NADPH oxidases subunit ex-
pression in both adult and aged animals (data not shown). However, 
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double immunofluorescent staining revealed that the number of 
Hv1-positive cells co-expressed with CD16/32 was increased in the 
aged brain after surgery (Figure 6H).

4  | DISCUSSION

Microglia-mediated neuroinflammation plays a pivotal role in the 
pathogenesis of POD and POCD.22 Open tibial fracture surgery in 
2- to 3-month-old adult mice causes hippocampal-dependent mem-
ory impairment that is associated with increased IL-1β expression 
in the hippocampus.20 Functional inhibition of IL-1β, both in mice 
pretreated with IL-1 receptor antagonist and in IL-1R knockout mice, 
mitigated the neuroinflammatory effects of surgery and memory 
dysfunction.20 Further study showed that TNF-α acts upstream of 
IL-1β and provokes its production in the brain.23 In the current study, 
we found that tibial fracture surgery increased TNF-α and IL-1β lev-
els exclusively in the hippocampus of aged mice, but not adult mice. 
The level of synaptophysin (SYP), a synaptic protein correlated with 
cognitive function, was also markedly reduced at 72 hours after sur-
gery. These data are consistent with the findings from a previous 
study that peripheral surgery leads to an exaggerated neuroinflam-
matory response in aged mice.6,7 These data also support the clini-
cal observation that senior patients are more vulnerable to develop 
POD and POCD.3,24

Several studies indicate that exaggerated cytokine produc-
tion in the aged brain following central or peripheral stimulation is 

dependent on activation of microglia. For example, microglia isolated 
from aged mice 4 hours after LPS injection had increased mRNA lev-
els of IL-1β, TLR2, and indoleamine 2,3-dioxygenase compared to 
adult mice injected with LPS.25 Similarly, microglia from aged mice 
stimulated ex vivo with LPS and Pam3CSK4, a TLR2 agonist, pro-
duced higher levels of IL-6 and TNFα than microglia from young 
mice.26 Microglia in the “resting” state usually display a ramified 
morphology with small cell bodies and many long, thin processes. 
When activated, they become de-ramified with enlarged cell bodies 
and retracted, condensed processes.27 By using the Iba1, a protein 
expressed on the surface of microglia, we found that microglia of 
aged mice exhibited thickened and de-ramified processes compared 
with young adults. In agreement with the inflammatory profile, Iba1 
protein levels were significantly elevated in aged hippocampus after 
tibial fracture surgery. These data suggest a potential role for mi-
croglia in aging-related hypersensitivity to the “second hit” of acute 
peripheral surgery.

Microglia adopt different activation status to promote CNS re-
pair and regeneration.9 The balance of M1/M2 phenotypes may be 
a determinant for inflammatory progression. In the current study, 
we identify age as an influential factor for regulating this balance 
after peripheral surgery. Both adult and aged mice exhibited signif-
icant increases in M1 activation after peripheral surgery. However, 
aged mice exhibited a reduced M2 polarization and increased M1 
polarization compared to adults. Similar microglia/macrophage-me-
diated imbalances have been reported for other age-related neuro-
logical conditions. For example, after cerebral ischemic injury, the 

F I G U R E  2   Microglial activation is 
altered with age following surgery. A, 
Microglial morphology in adult and 
aged brain with Iba1 staining (scale bar, 
25 μm). Microglial in young adult brain 
showed small cell body with elongated 
and thin projections, while multiple short 
processes that form thick bundles around 
enlarged cell bodies were presented in the 
microglia from aged brain. B-E, Western 
blot analysis revealed that aged mice had 
significantly increased Iba1 expression at 
6 h after tibial fracture surgery. And the 
level of Iba1 was consistently higher in the 
aged than adult mice after tibial fracture 
surgery. All data are presented as the 
mean ± SEM. n = 4-5; *P < .05 vs age-
matched sham; #P < .05, vs adult surgery, 
two-way ANOVA followed by Bonferroni's 
post hoc test
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aged brain demonstrated M1 polarization soon after distal middle 
cerebral artery occlusion (dMCAO) and a long-lasting impairment in 
M2 responses.16 There was a strong positive correlation between 
favorable neurological outcomes after dMCAO and myelin basic 
protein (MBP) levels or the number of M2 microglia/macrophages.16 

Aged brain is also more vulnerable to the damaging effects of trau-
matic brain injury and that highly activated microglia/macrophage 
that have an M1 proinflammatory phenotype contribute to exac-
erbated neurodegeneration in the aged traumatic brain injury (TBI) 
brain.28 Studies from experimental spinal cord injury showed that 

F I G U R E  3   Aging enhanced 
M1 microglial activation 
after peripheral surgery. A, 
Representative immunofluorescent 
images of the hippocampal dentate 
gyrus showing that aging enhanced 
M1 microglial activation at 6 h after 
peripheral surgery (scale bar, 25 μm). 
Brain sections were stained with Iba1 
(red), M2 phenotype microglial marker 
CD16/32 (green), and DAPI (blue). B, 
Immunostaining analysis showing that the 
percentage of CD16/32-positive microglia 
was higher in aged sham as compared with 
adult sham-operated mice. Following tibial 
fracture, the percentage of CD16/32-
positive microglia significantly increased 
at 6 h and returned to baseline level 72 h 
after surgery in both adult and aged mice. 
All data are presented as the mean ± SEM. 
n = 4-5; ***P < .001 vs age-matched sham; 
###P < .001, vs adult sham, two-way 
ANOVA followed by Bonferroni's post 
hoc test
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aging primes macrophage activation toward a proinflammatory M1-
dominant phenotype with decreased M2b macrophage activation, 
contributing to impaired functional recovery and enhanced tissue 
damage in 14-month-old mice.29

The mechanism that aged animals have a reduced capacity to 
resolve amplified microglial activation after an immune challenge is 

largely unknown. One working hypothesis is that worsened injury 
outcome in aged mice was associated with an impaired microglial 
response to the M2 and repair promoting effects of IL-4.30 Loss of 
IL-4 decreased expression of M2 markers and then exacerbated 
sensorimotor deficits and impaired cognitive functions after cere-
bral ischemia.31 When activated microglia from adult and aged mice 

F I G U R E  4   M2 microglial 
polarization is reduced in aged 
animals after peripheral surgery. A, 
Representative immunofluorescent 
images of the hippocampal dentate gyrus 
showing that aging reduced M2 microglial 
activation at 6 h after peripheral surgery 
(scale bar, 25μm). Brain sections were 
stained with Iba1 (red), M2 phenotype 
microglial marker CD206 (green), and 
DAPI (blue). B, Immunostaining analysis 
showing that the percentage of CD206-
positive microglia was increased in adult 
mice at 6 and 72 h following tibial fracture 
surgery. In contrast, CD206-positive 
microglia in aged brain significantly 
decreased at 6 and 72 h after surgery. All 
data are presented as the mean ± SEM. 
n = 3-8; **P < .01, ***P < .001, vs age-
matched sham; ###P < .001, vs adult 
sham, two-way ANOVA followed by 
Bonferroni's post hoc test
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were isolated and treated ex vivo with IL-4, only microglia from adult 
mice were successfully re-directed toward an anti-inflammatory and 
M2 profile with increased Arg1 and reduced inducible nitric oxide 
synthase (iNOS) mRNA expression.30 It is also suggested that the 
level of microglial NADPH oxidase activity is a major regulator of 
the shift between M1/proinflammatory and M2/immunoregulatory 
microglial phenotypes.32 Zhang et al reported that aging significantly 
increased NADPH oxidase activation and reactive oxygen species 
production in Arg1-positive M2 microglia/macrophages, thereby 
further increasing age-related, macrophage-mediated spinal cord 
injury secondary tissue damage.15 Another study by Kumar et al 
demonstrated that aged mice had increased microglia/macrophage 
expression of major histocompatibility complex II and NADPH oxi-
dase, and reduced antioxidant enzyme expression which was associ-
ated with worse outcome in traumatic brain injury.28

In the current study, we found that aged mice have upregulated 
Hv1 and NADPH oxidase subunit expression compared with adult 
mice. In the brain, the Hv1 channel is selectively expressed in mi-
croglia and is required for NADPH-dependent ROS generation both 
in vitro and in vivo.17,18 Tibial fracture surgery did not cause further 
elevation of Hv1 and NADPH oxidase subunit expression in either 
adult or aged brain, indicating that brain Hv1/NADPH is much more 
affected by the pathophysiological changes with aging rather than 
the intervention of peripheral surgery in our experimental model. 
The recent study suggested that Hv1 is one of the important factors 
that contribute to age-dependent exacerbation of brain ischemic 
damage. Aged Hv1 knockout mice showed smaller neuronal damage 
in brain ischemia, while young Hv1 knockout animals did not show 

any difference compared with young wild-type mice.33 A novel ob-
servation in our study is that the percentage of CD16/32-positive 
M1 microglia colabeling with Hv1 was higher in aged mice compared 
with adult mice after tibial fracture surgery. This finding supports 
the concept that Hv1 might be a potential target for modulating mi-
croglial M1/M2 polarization in the aged brain. Hv1 deficiency was 
found to attenuate brain damage via skewing the balance of the 
microglial response toward a more protective phenotype after isch-
emia.34 Future studies will determine how Hv1 modulates microglia 
polarization in the aged brain, and what mechanisms are involved in 
this process.

This study has some limitations that have to be pointed out. 
First, the current study is comparing tibial fracture vs sham-oper-
ated animals which were anesthetized with isoflurane. Prior studies 
have described altered responses to aging with isoflurane alone in 
nonsurgical animals.35,36 Thus, it is possible that enhanced neuroin-
flammation in the aged brain after tibial fracture surgery may be 
due to some interaction between surgery and anesthesia, or other 
perioperative variables. However, it should be noted that isoflurane 
exposure time was relatively short in our tibial fracture surgery 
model (about 15-20 minutes) compared to those reports investigat-
ing isoflurane alone. Indeed, studies from both adult and aged ani-
mals have demonstrated that surgical trauma, rather than isoflurane 
anesthesia, resulted in neuroinflammation, glial cell activation, and 
cognitive function impairment.7 Second, while CD16/32 and CD206 
have been used as microglial M1/M2 polarization markers in this as 
well as many other studies,13,31 microglia, however, can have a wide 
range of phenotypes with associated properties depending on their 

F I G U R E  5   Aging diminished M2 
microglial activation after peripheral 
surgery. A-B, Representative Western 
blot images of hippocampal YM1/2, Arg1, 
and β-actin expression at 6 and 72 h after 
tibial fracture. C-D, The expressions of 
YM1/2 and Arg1 increased at 6 h after 
surgery in adult mice while persistently 
decreased in aged mice. There were 
no statistical differences at 72 h after 
surgery in both adult and aged mice 
(data not shown). All data are presented 
as the mean ± SEM. n = 3-6; **P < .01, 
***P < .001 vs age-matched sham; 
##P < .01, ###P < .001, vs adult surgery, 
two-way ANOVA followed by Bonferroni's 
post hoc test
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microenvironment. Further study using a combination of markers to 
analyze the temporal dynamics of microglia polarization will advance 
our understanding of brain microglia states following peripheral 
surgery. Third, we demonstrated that the percentage of CD16/32-
positive M1 microglia colabeling with Hv1 was higher in aged mice. 
However, the specific pharmacological Hv1 channel inhibitor is cur-
rently unavailable. The direct cause-and-effect relationship between 

elevation of Hv1/NADPH and imbalance of microglia M1/M2 po-
larization in the aged brain following peripheral surgery could not 
be concluded in the current experiment. Future investigations using 
genetically modified animals will help to elucidate the mechanisms 
underlying our findings.

In conclusion, the present study provides novel evidence that 
greater neuroinflammation and deterioration in synaptic function 

F I G U R E  6   Hv1 and NADPH component activation is altered with age. A-G, Western blot analysis revealed significant increases in Hv1 
and NADPH oxidase subunits Gp91phox, P22phox, P67phox, and P47phox protein expression in aged sham compared to adult mice. H, 
Representative immunofluorescent images of the hippocampal dentate gyrus showing that Hv1-positive cells co-expressed with CD16/32 
were increased in aged brain after surgery (scale bar, 50 μm). Brain sections were stained with Hv1 (red) and CD16/32 (green). All data are 
presented as the mean ± SEM. n = 4-5; *P < .05, **P < .01, ***P < .001 vs adult sham, Student's t test
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from aged mice after peripheral surgical intervention was associated 
with Hv1/NADPH oxidase upregulation, which may shift the dy-
namic equilibrium of microglial activation toward a proinflammatory 
M1 polarization state.

ACKNOWLEDG MENTS
The authors thank Dr Rong-fa Chen and Dr Biao Hong for their tech-
nical support in performing the experiment.

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

E THIC S APPROVAL AND CONSENT TO PARTICIPATE
The Ethics Committee at Peking University Shenzhen Hospital 
Animal Care and Use Committee (Shenzhen, China) approved the 
protocols of this study. All experiments were conducted in accord-
ance with the National Institutes of Health Guide for the Care and 
Use of Laboratory Animals.

CONSENT FOR PUBLIC ATION
Yes.

ORCID
Tao Luo   https://orcid.org/0000-0002-5592-8899 

DATA AVAIL ABILIT Y S TATEMENT
The datasets used and/or analyzed during the current study are 
available from the corresponding author on reasonable request.

R E FE R E N C E S
	 1.	 Weiser TG, Regenbogen SE, Thompson KD, et al. An estimation of 

the global volume of surgery: a modelling strategy based on avail-
able data. Lancet. 2008;372:139-144.

	 2.	 Androsova G, Krause R, Winterer G, Schneider R. Biomarkers of 
postoperative delirium and cognitive dysfunction. Front Aging 
Neurosci. 2015;7:112.

	 3.	 Moller JT, Cluitmans P, Rasmussen LS, et al. Long-term postopera-
tive cognitive dysfunction in the elderly ISPOCD1 study. ISPOCD 
investigators. International Study of Post-Operative Cognitive 
Dysfunction. Lancet. 1998;351:857-861.

	 4.	 von Leden RE, Khayrullina G, Moritz KE, Byrnes KR. Age exac-
erbates microglial activation, oxidative stress, inflammatory and 
NOX2 gene expression, and delays functional recovery in a mid-
dle-aged rodent model of spinal cord injury. J Neuroinflammation. 
2017;14:161.

	 5.	 Tian XS, Tong Y-W, Li Z-Q, et al. Surgical stress induces brain-de-
rived neurotrophic factor reduction and postoperative cognitive 
dysfunction via glucocorticoid receptor phosphorylation in aged 
mice. CNS Neurosci Ther. 2015;21:398-409.

	 6.	 Xiao JY, Xiong BR, Zhang W, et al. PGE2-EP3 signaling exac-
erbates hippocampus-dependent cognitive impairment after 
laparotomy by reducing expression levels of hippocampal syn-
aptic plasticity-related proteins in aged mice. CNS Neurosci Ther. 
2018;24(917–929):9.

	 7.	 Cao XZ, Ma H, Wang JK, et al. Postoperative cognitive deficits 
and neuroinflammation in the hippocampus triggered by surgical 
trauma are exacerbated in aged rats. Prog Neuropsychopharmacol 
Biol Psychiatry. 2010;34:1426-1432.

	 8.	 Rosczyk HA, Sparkman NL, Johnson RW. Neuroinflammation 
and cognitive function in aged mice following minor surgery. Exp 
Gerontol. 2008;43:840-846.

	 9.	 Hu X, Leak RK, Shi Y, et al. Microglial and macrophage polariza-
tion-new prospects for brain repair. Nat Rev Neurol. 2015;11:56-64.

	10.	 David S, Greenhalgh AD, Kroner A. Macrophage and microglial plas-
ticity in the injured spinal cord. Neuroscience. 2015;307:311-318.

	11.	 Kigerl KA, Gensel JC, Ankeny DP, Alexander JK, Donnelly DJ, 
Popovich PG. Identification of two distinct macrophage subsets 
with divergent effects causing either neurotoxicity or regeneration 
in the injured mouse spinal cord. J Neurosci. 2009;29:13435-13444.

	12.	 Hsieh CL, Kim CC, Ryba BE, et al. Traumatic brain injury induces mac-
rophage subsets in the brain. Eur J Immunol. 2013;43:2010-2022.

	13.	 Hu X, Li P, Guo Y, et al. Microglia/macrophage polarization dynam-
ics reveal novel mechanism of injury expansion after focal cerebral 
ischemia. Stroke. 2012;43:3063-3070.

	14.	 Wang M, Cheng L, Chen ZL, et al. Hyperbaric oxygen precondi-
tioning attenuates brain injury after intracerebral hemorrhage 
by regulating microglia polarization in rats. CNS Neurosci Ther. 
2019;25:1126-1133.

	15.	 Zhang B, Bailey WM, McVicar AL, Gensel JC. Age increases re-
active oxygen species production in macrophages and potenti-
ates oxidative damage after spinal cord injury. Neurobiol Aging. 
2016;47:157-167.

	16.	 Suenaga J, Hu X, Pu H, et al. White matter injury and microglia/
macrophage polarization are strongly linked with age-related long-
term deficits in neurological function after stroke. Exp Neurol. 
2015;272:109-119.

	17.	 Wu LJ, Wu G, Akhavan Sharif MR, et al. The voltage-gated proton 
channel HV1 enhances brain damage from ischemic stroke. Nat 
Neurosci. 2012;15:565-573.

	18.	 Yu Y, Yu Z, Xie M, Wang W, Luo X. HV1 proton channel facilitates 
production of ROS and pro-inflammatory cytokines in microglia 
and enhances oligodendrocyte progenitor cells damage from ox-
ygen-glucose deprivation in vitro. Biochem Biophys Res Commun. 
2018;498:1-8.

	19.	 Harry LE, Sandison A, Paleolog EM, Hansen U, Pearse MF, 
Nanchahal J. Comparison of the healing of open tibial fractures 
covered with either muscle or fasciocutaneous tissue in a murine 
model. J Orthop Res. 2008;26:1238-1244.

	20.	 Cibelli M, Fidalgo AR, Terrando N, et al. Role of interleukin-1beta in 
postoperative cognitive dysfunction. Ann Neurol. 2010;68:360-368.

	21.	 Ito D, Tanaka K, Suzuki S, Dembo T, Fukuuchi Y. Enhanced expression 
of Iba1, ionized calcium-binding adapter molecule 1, after transient 
focal cerebral ischemia in rat brain. Stroke. 2001;32:1208-1215.

	22.	 Zhang J, Jiang W, Zuo Z. Pyrrolidine dithiocarbamate attenuates 
surgery-induced neuroinflammation and cognitive dysfunction 
possibly via inhibition of nuclear factor kappaB. Neuroscience. 
2014;261:1-10.

	23.	 Terrando N, Monaco C, Ma D, Foxwell BM, Feldmann M, Maze 
M. Tumor necrosis factor-alpha triggers a cytokine cascade 
yielding postoperative cognitive decline. Proc Natl Acad Sci USA. 
2010;107:20518-20522.

	24.	 Newman S, Stygall J, Hirani S, Shaefi S, Maze M. Postoperative cog-
nitive dysfunction after noncardiac surgery: a systematic review. 
Anesthesiology. 2007;106:572-590.

	25.	 Henry CJ, Huang Y, Wynne AM, Godbout JP. Peripheral lipopoly-
saccharide (LPS) challenge promotes microglial hyperactivity in 
aged mice that is associated with exaggerated induction of both 
pro-inflammatory IL-1beta and anti-inflammatory IL-10 cytokines. 
Brain Behav Immun. 2009;23:309-317.

	26.	 Njie EG, Boelen E, Stassen FR, Steinbusch HW, Borchelt DR, Streit 
WJ. Ex vivo cultures of microglia from young and aged rodent brain 
reveal age-related changes in microglial function. Neurobiol Aging. 
2012;33(195):195.e1-195.e12.

https://orcid.org/0000-0002-5592-8899
https://orcid.org/0000-0002-5592-8899


384  |     ZHANG et al.

	27.	 Wynne AM, Henry CJ, Godbout JP. Immune and behavioral conse-
quences of microglial reactivity in the aged brain. Integr. Comp. Biol. 
2009;49:254-266.

	28.	 Kumar A, Stoica BA, Sabirzhanov B, Burns MP, Faden AI, Loane 
DJ. Traumatic brain injury in aged animals increases lesion size and 
chronically alters microglial/macrophage classical and alternative 
activation states. Neurobiol Aging. 2013;34:1397-1411.

	29.	 Zhang B, Bailey WM, Braun KJ, Gensel JC. Age decreases macro-
phage IL-10 expression: Implications for functional recovery and 
tissue repair in spinal cord injury. Exp Neurol. 2015;273:83-91.

	30.	 Fenn AM, Henry CJ, Huang Y, Dugan A, Godbout JP. 
Lipopolysaccharide-induced interleukin (IL)-4 receptor-alpha ex-
pression and corresponding sensitivity to the M2 promoting effects 
of IL-4 are impaired in microglia of aged mice. Brain Behav Immun. 
2012;26:766-777.

	31.	 Liu X, Liu J, Zhao S, et al. Interleukin-4 Is Essential for Microglia/
Macrophage M2 Polarization and Long-Term Recovery After 
Cerebral Ischemia. Stroke. 2016;47:498-504.

	32.	 Labandeira-Garcia JL, Rodriguez-Perez AI, Garrido-Gil P, Rodriguez-
Pallares J, Lanciego JL, Guerra MJ. Brain Renin-Angiotensin 
System and Microglial Polarization: Implications for Aging and 
Neurodegeneration. Front Aging Neurosci. 2017;9:129.

	33.	 Kawai T, Okochi Y, Ozaki T, et al. Unconventional role of volt-
age-gated proton channels (VSOP/HV1) in regulation of microglial 
ROS production. J Neurochem. 2017;142:686-699.

	34.	 Tian DS, Li CY, Qin C, Murugan M, Wu LJ, Liu JL. Deficiency in the 
voltage-gated proton channel Hv1 increases M2 polarization of mi-
croglia and attenuates brain damage from photothrombotic isch-
emic stroke. J Neurochem. 2016;139:96-105.

	35.	 Zuo CL, Wang CM, Liu J, et al. Isoflurane anesthesia in aged mice 
and effects of A1 adenosine receptors on cognitive impairment. 
CNS Neurosci Ther. 2018;24:212-221.

	36.	 Li XM, Su F, Ji MH, et al. Disruption of hippocampal neureg-
ulin 1-ErbB4 signaling contributes to the hippocampus-depen-
dent cognitive impairment induced by isoflurane in aged mice. 
Anesthesiology. 2014;121:79-88.

How to cite this article: Zhang Z-J, Zheng X-X, Zhang X-Y, 
Zhang Y, Huang B-Y, Luo T. Aging alters Hv1-mediated 
microglial polarization and enhances neuroinflammation after 
peripheral surgery. CNS Neurosci Ther. 2020;26:374–384. 
https​://doi.org/10.1111/cns.13271​

https://doi.org/10.1111/cns.13271

