
RESEARCH ARTICLE

Bone Fracture Pre-Ischemic Stroke
Exacerbates Ischemic Cerebral Injury in Mice
LiangWang1,2☯, Shuai Kang1,3☯, Dingquan Zou1, Lei Zhan1, Zhengxi Li1,4, Wan Zhu1,
Hua Su1*

1 Department of Anesthesia and Perioperative Care, Center for Cerebrovascular Research, University of
California San Francisco, San Francisco, California, United States of America, 2 Department of
Neurosurgery, Tianjin Fifth Center Hospital, Tianjin, China, 3 Department of Neurosurgery, Beijing Tiantan
Hospital, Beijing, China, 4 Department of Neurology, Shanghai Ninth People’s Hospital, Shanghai, China

☯ These authors contributed equally to this work.
* hua.su@ucsf.edu

Abstract
Ischemic stroke is a devastating complication of bone fracture. Bone fracture shortly after

stroke enhances stroke injury by augmenting inflammation. We hypothesize that bone frac-

ture shortly before ischemic stroke also exacerbates ischemic cerebral injury. Tibia fracture

was performed 6 or 24 hours before permanent middle cerebral artery occlusion (pMCAO)

on C57BL/6J mice or Ccr2RFP/+Cx3cr1GFP/+ mice that have the RFP gene knocked into one

allele of Ccr2 gene and GFP gene knocked into one allele of Cx3cr1 gene. Behavior was

tested 3 days after pMCAO. Infarct volume, the number of CD68+ cells, apoptotic neurons,

bone marrow-derived macrophages (RFP+), and microgila (GFP+) in the peri-infarct region

were quantified. Compared to mice subjected to pMCAO only, bone fracture 6 or 24 hours

before pMCAO increased behavioral deficits, the infarct volume, and the number of CD68+

cells and apoptotic neurons in the peri-infarct area. Both bone marrow-derived macro-

phages (CCR2+) and microglia (CX3CR1+) increased in the peri-infarct regions of mice sub-

jected to bone fracture before pMCAO compared to stroke-only mice. The mice subjected

to bone fracture 6 hours before pMCAO had more severe injury than mice that had bone

fracture 24 hours before pMCAO. Our data showed that bone fracture shortly before stroke

also increases neuroinflammation and exacerbates ischemic cerebral injury. Our findings

suggest that inhibition of neuroinflammation or management of stroke risk factors before

major bone surgery would be beneficial for patients who are likely to suffer from stroke.

Introduction
Bone fracture is a common health problem that can cause long-term disability. After adjusting
for competing risk of death, the residual lifetime risk of fracture for women and men from age
60 is 44% and 25%, respectively [1]. Stroke and bone fracture also share some common risk fac-
tors, such as hypertension and diabetes mellitus [2,3]. Stroke is one of the most devastating
complications for bone fracture patients. Although the incidence of stroke after bone fracture
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is rare, bone fracture patients with post-fracture stroke have poor functional recovery and
require more care the first year after bone fracture than those who do not have stroke [4].

The treatment options for stroke patients with fractures are limited. Currently, intravenous
thrombolysis is widely accepted and is still the only therapy approved by the U.S. Food and
Drug Administration for the management of acute ischemic stroke [5,6]. For most of the indi-
viduals who have not received thrombolysis, antiplatelet or anticoagulation therapy is recom-
mended to decrease the incidence of recurrent stroke [5,7]. However, thrombolysis or
anticoagulation therapies can increase the incidence of fracture hemorrhage. There are no
guidelines on the use of antithrombotic drugs after fracture [8]. Understanding the impact of
bone fracture on stroke recovery and the mechanisms will help in developing new preventive
and therapeutic strategies to improve patients’ outcomes.

We have shown that bone fracture 1 day after ischemic stroke in mice exacerbates neuronal
injury and behavioral deficits, which are associated with an increase in neuroinflammation and
oxidative stress [9]. Actvation of α-7 nicotinic acetylcoline receptor reduces neuroinflamma-
tion and ischemic brain injury [10].

In this study, we tested the hypothesis that bone fracture shortly before stroke exacerbates
neuroinflammation and ischemic cerebral injury in mice.

Materials and Methods

Ethics Statement
Animal experimental procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of California, San Francisco, and conformed to National
Institutes of Health guidelines. Mice were fed standard rodent food and water ad libitum, and
were housed (maximum of 5 per cage) in sawdust-lined cages in an air-conditioned environ-
ment with 12-hour light/dark cycles. Animal husbandry was provided by the staff of the
IACUC under the guidance of supervisors who are certified Animal Technologists, and by the
staff of the Animal Core Facility. Veterinary care was provided by IACUC faculty members
and veterinary residents located on the San Francisco General Hospital campus.

For surgeries, mice were anesthetized with 2% isoflurane inhalation, and given acetamino-
phen with drinking water one day before and one day after surgical procedures. Buprenorphine
(0.1 mg/kg body weight) was injected intra-peritoneally to reduce pain: the first dose at the
beginning of the procedure, the second dose 4–6 hours later, and then every 8–12 hours as
needed. An animal's ability to drink water, feed, ambulate, guard painful areas, and its general
overall appearance were evaluated five minutes after surgery. Animals were placed in their
home cages when they were able to ambulate, feed, and drink unaided. They were monitored
twice a day on the first day, daily during the first week, and then 3 times a week until they were
euthanized.

The monitor criteria included: (1) wound inflammation diagnosed by swelling, edema or
dehiscence; (2) wound bleeding diagnosed by local enlargement; (3) pain diagnosed by body
movement and gesture; (4) neurological defects, abnormal gait, hemiplegia, or coma; (5) body
weight loss; and (6) foot necrosis.

For all cases of wound enlargement, inflammation, bleeding or pain, veterinary staff was
consulted to determine whether the animal should be treated or euthanized. The staff’s instruc-
tions were followed as to the kind and dose of antibiotics to be used for the particular infection.
If the animals were not responsive to treatment, or if there was any evidence of post-operative
respiratory compromise or bleeding, they were euthanized. In our experiments, none of the
mice became so severely ill that they needed to be removed before the experiments ended.
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The following methods were used to euthanize the mice at the end of the study. For the
histological study, mice were perfused with 4% paraformaldehyde through the left cardiac
ventricle after being anesthetized through inhalation of 2% isoflurane. For the protein analy-
sis, mice were perfused with 1X PBS through the left cardiac ventricle after being anesthetized
with 2% isoflurane inhalation. Brain samples were collected after paraformaldehyde or PBS
perfusion.

Animals
C57BL/6J male mice (WT) were purchased from the Jackson Laboratory (Bar Harbor, ME,
USA). Ccr2/RFP/+/Cx3cr1/GFP/+ transgenic mice that have red fluorescent protein gene knocked
into one allele of C-C motif Chemokine receptor-2 (Ccr2RFP/+) and green fluorescent protein
gene knocked into one allele of Cx3cr1 (Cx3cr1GFP/+) mice [11] were provided by Israel F.
Charo at the University of California, San Francisco. Fifty-six 10 to 12-week-old WT mice and
30 10 to 12-week-old Ccr2/RFP/+/Cx3cr1GFP/+ mice were randomly assigned to 5 groups
(Table 1). Fig 1 shows the experimental design. Researchers, blinded to the group assignment,
performed neurobehavioral tests, infarct volume measurement, and cell counting.

Table 1. Experimental groups.

Group Surgery Sacrifice day # of mice group (WT/Ccr2RFP/+/Cx3cr1/GFP/+)

1 BF 3d(control of #4) 10 / 6

2 BF 4d(control of #5) 10 / 6

3 Stroke 3d 12 / 6

4 BF-6h stroke 3d 12 / 6

5 BF-24h stroke 4d 12 / 6

BF: tibia fracture; BF-6h stroke: pMCAO was performed 6 hours after tibia fracture; BF-24h stroke; pMCAO was performed 24 hours after tibia fracture;

Sacrifice day: days after tibia fracture.

doi:10.1371/journal.pone.0153835.t001

Fig 1. Experimental design. Time course for group with bone fracture (A) 6 hours before pMCAO, and (B) 24 hours before pMCAO. All mice underwent
behavioral training 4 days before bone fracture, and baseline behavior performance was collected 1 day before bone fracture. Bone fracture was performed
at day 0 (D0). Behavioral tests were performed 3 days after pMCAO. Brain samples were collected after the behavioral test. TF: tibia fracture.

doi:10.1371/journal.pone.0153835.g001
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Tibia Fracture Surgery
Tibia fracture was performed on mice under aseptic surgical conditions using the method
described previously [9]. After anesthetizing the mice with 2% isoflurane inhalation, the right
hind limb with an intramedullary fixation was fractured. Animals were allowed to recover
spontaneously from anesthesia under warm conditions. Rectal temperature was maintained at
37±0.5°C using a thermal blanket throughout the surgical procedure. Two doses of buprenor-
phine (0.1 mg/kg of body weight) were injected intraperitoneally at the beginning of the sur-
gery and 4 hours later.

Permanent Distal Middle Cerebral Artery Occlusion (pMCAO) Model
Six or 24 hours after tibia fracture, the left distal middle cerebral artery was permanently
occluded (pMCAO) using procedures described below. Mice were anesthetized with 2% iso-
flurane inhalation. A 10-mm skin incision was made from the left orbit to the ear, followed
by a 2 mm2 craniotomy under aseptic surgical conditions. The middle cerebral artery was
then permanently occluded using electrical coagulation just proximal to the pyriform branch
[9,12]. Body temperature was maintained at 37±0.5°C using a thermal blanket during sur-
gery. A laser Doppler flow-meter (Vasamedics, Little Canada, MN, USA) was used to moni-
tor the surface cerebral blood flow to ensure the success of the MCAO procedure. Mice with
surface cerebral blood flow in the ischemic core >15% of the baseline or had massive bleed-
ing because of the arterial injuries were excluded from the experiment. In this study, 6 mice
were excluded from experiments and replaced by additional mice. Two doses of buprenor-
phine (0.1 mg/kg of body weight) were injected intraperitoneally at the beginning of the
surgery and 4 hours after. Mice were allowed to recover from anesthesia under warm
conditions.

Behavioral Tests
Adhesive Removal Test was performed to assess potential somatosensory neglect [13]. Briefly,
a piece of adhesive tape (0.3x0.3 cm) was placed on one of the forepaws, and the time the
mouse took to remove the tape was recorded. The maximum testing time was 120 seconds (s).
Mice were trained twice daily for 4 days before the bone fracture procedure to obtain an opti-
mal level of performance. The adhesive removal times were recorded after 2 practice trials 1
day before bone fracture (D-1, baseline), and 3 days after stroke (Fig 1). It took longer for the
mice to remove the tape from the paw on the opposite side of the stroke. Since the infarct in
our model was on the left side of the brain, the adhesive removal times from the right paw were
more relevant.

Corner Test was performed to detect sensorimotor and postural asymmetries after ischemic
stroke [14]. Mice were placed between two 30 x 20 cm boards. Both sides of their vibrissae were
stimulated as they approached the corner. The mice would then move up and turn to face the
open end. For normal mice, the frequency of right and left turns would be equal. The stroke
mice could not sense the stimulation on the stroke side, and hence, they made more turns to
the ipsilateral side of the lesion (to the left in this study). Three different sets of 10 trials were
conducted. Turning not incorporated in a rearing movement was excluded.

Infarct Volume Estimation
Cresyl violet staining was used to determine infarct volume. Three days after pMCAO, mice
were perfused with 4% paraformaldehyde and brain samples were then collected. A series of
20-μm-thick coronal sections were made, of which 1 in 10 (200 μm apart) was stained with
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cresyl violet and imaged. The infarct areas were outlined and their pixel areas were quantified
using IMAGE J (National Institutes of Health, Bethesda, MD, USA). The infarct volumes were
estimated by multiplying the sum of infarct areas from all cresyl violet-stained sections by
200 μm [10].

Immunohistochemistry
Immunohistochemical staining was performed using a series of 20-μm-thick sections. All the
quantifications were performed using the sections in the same anatomical region (bregma 1.2–
1.4 mm). Sections were incubated with the following primary antibodies: CD68 (a macrophage
marker, 1:50, AbD Serotec, MCA1957, Raleigh, NC, USA), and neuronal nuclei (NeuN, 1:500,
MAB377, Millipore, Bedford, MA, USA) at 4°C overnight. After washing with phosphate-buff-
ered saline (PBS), sections were then incubated with Alexa Fluor 647-conjugated, Alexa Fluor
594-conjugated, and Alexa Fluor 488-conjugated IgG (1:500, Invitrogen, Carlsbad, CA, USA).
Negative controls were performed by omitting the primary or the secondary antibodies. Termi-
nal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate (dUTP) nick end-label-
ing (TUNEL) assay was performed using the dedicated kit (ApopTag, Millipore) following the
manufacturer’s instructions. The co-localization of NeuN-TUNEL staining was verified with
confocal imaging. TUNEL positive neurons (NeuN positive) at the peri-infarct region inside
the cortical infarct border were quantified using image J (NIH, USA) on three different pictures
per mice taken under 40X objective.

CD68+, Ccr2+, and Cx3cr1+ cells, as well as Ccr2+ and Cx3cr1+ double-positive cells, were
counted separately using 3 different pictures per mice taken under 40× objective at the peri-
infarct region outside the infarct border [15].

Brain Protein Extraction and Enzyme-linked Immunosorbent Assay
(ELISA)
After being anesthetized through isoflurane inhalation, mice were perfused with 1X PBS
through the left ventricle to remove blood. Brain samples were collected and frozen in dry ice.
Peri-infarct brain regions were dissected out and homogenized in 1X cell lysis buffer (Cell Sig-
naling, Danvers, MA, USA), supplemented with 1 mM PMSF (Cell signaling). The lysates were
centrifuged at 13,000 rpm for 25 minutes, and the supernatants, collected. Protein concentra-
tions were measured using the Bradford Protein Assay (Bio-Rad Laboratories, Hercules, CA,
USA). IL-1ß (R&D systems, Minneapolis, MN, USA) and IL-6 (R&D systems) levels were mea-
sured (using 312 μg protein from each animal) through ELISA assays following the manufac-
turer’s instructions.

Statistical Analyses
Data are presented as mean ± SD. Sample size for each test is indicated in the figure legends.
All analyses in this study, except ELISA data, were performed using SPSS 16.0 software (SPSS
Inc, Chicago, IL, USA). Gaussian distribution was tested with d’Agostino and Pearson omnibus
normality test. Equalities of variances were tested with the F test. For multiple comparisons,
means were compared using one-way ANOVA followed by Fisher’s least significant difference
(LSD) test. A two-tailed P value< 0.05 was considered statistically significant. ELISA data
were analyzed with GraphPad Prism 6 software using the One-Way ANOVA analysis with
multiple comparisons.
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Results

Bone Fracture Before pMCAO Enhanced Brain Injury
We found in our previous study that bone fracture one day after ischemic stroke exacerbates
brain injury [9,12]. To determine if bone fracture before stroke has any influence on ischemic
brain injury, we performed tibia fracture on mice 6 or 24 hours before pMCAO and analyzed
infarct volume and neuron apoptosis. Compared to mice subjected to pMCAO (15.4±5.99
mm3) only, infarct volume increased in mice subjected to bone fracture before pMCAO (Fig 2).

Fig 2. Bone fracture before pMCAO increased infarct volume. (A) Representative images of cresyl violet-stained brain sections. Scale bar: 1mm μm. (B)
Quantification of infarct volume. *: P = 0.05 compared to stroke group, $: P<0.001: compared to stroke group; #: P<0.05, compared to bone fracture 24 hours
before pMCAO group. n = 10 in stroke and tibia fracture 6 hours before stroke group. n = 9 in tibia fracture 24 hours before stroke group. BF 6h Stroke: tibia
fracture 6 hours before pMCAO; BF 24h Stroke: tibia fracture 24 hours before pMCAO.

doi:10.1371/journal.pone.0153835.g002
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Tibia fracture 6 hours before stroke was 28.1±8.89 mm3 (p<0.001); tibia fracture 24 hours
before stroke was 21.8±2.82 mm3 (p< 0.05). The infarct volumes in mice that received pMCAO
6 hours after bone fracture were also larger than those that received pMCAO 24 hours after
(p<0.05).

Bone fracture also increased TUNEL positive neurons in the peri-infarct region: 53.1±6.51%
neurons in mice that received bone fracture 6-hours before pMCAO (p = 0.007), and 49.8±7.33%
in mice that received bone fracture 24 hours before stroke (p = 0.027, Fig 3), compared to that of
stroke-only mice (38.6±9.65, Fig 3). Therefore, bone fracture before stroke increased ischemic
brain injury.

Bone Fracture Before pMCAO Increased Behavioral Deficits
To test if bone fracture before pMCAO increases behavioral dysfunction, we performed adhe-
sive removal and corner tests on mice 3 days after pMCAO. To match the tibia fracture time,
we included two groups of mice that were subjected to tibia fracture only in the tests. One group
had behavioral tests before and 3 days after the fracture, which was used as control for the
group subjected to pMCAO 6 hours after tibia fracture. The other group was tested before and 4
days after tibia fracture, which was used as control of the group subjected to pMCAO 24 hours
after tibia fracture. We found that compared to stroke-only mice (29±6.8 seconds), those sub-
jected to bone fracture and pMCAO took longer to remove the sticker from the right forepaw
(Fig 4A): bone fracture 6 hours before pMCAO group, 52±14.5 seconds, p<0.001; bone fracture
24 hours before pMCAO, 40±12.2 seconds, p = 0.05. The mice subjected to bone fracture 6
hours before pMCAO also took a longer time than those that received bone fracture 24 hours

Fig 3. Bone fracture increased apoptotic neurons in the peri-infarct region. (A) Representative images of TUNEL and NeuN antibody-stained sections.
Scale bar: 50 μm. (B) Quantification of TUNEL positive neurons. * P = 0.007 compared to stroke-only group; #: P = 0.027 compared to stroke-only group
n = 6. 6h Stroke: tibia fracture 6 hours before pMCAO; tibia fracture 24 hours before pMCAO.

doi:10.1371/journal.pone.0153835.g003
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Fig 4. Bone fracture before pMCAO increased behavioral deficits. (A) Adhesive removal test (right paw).
Mice that received bone fracture took longer to remove adhesive from right paw. #: P<0.001 compared to
stroke-only mice. *: P = 0.05: compared to stroke-only group. & = 0.02 compared to mice that received tibia
fracture 24 hours before pMCAO. (B) Adhesive removal test (left paw). n = 10 for control groups (BF+3-day,
BF+4day) that received tibia fracture and sham pMCAO, and had their behavioral test done 3 or 4 days after
bone fracture. (C) Corner test. #: P = 0.001 compared to stroke group; *:P = 0.035 compared to stroke group.
n = 10 for control groups (BF+3-day, BF+4day) that received tibia fracture and sham pMCAO, and had their
behavioral test done 3 or 4 days after bone fracture. n = 10 for pMCAO-only group. n = 12 for groups that
received bone fracture 6 hours or 24 hours before pMCAO. BF 6h Stroke: tibia fracture 6 hours before
pMCAO; BF 24h stroke: tibia fracture 24 hours before pMCAO.

doi:10.1371/journal.pone.0153835.g004
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before pMCAO (p = 0.02). The time it took to remove the adhesive from the left paw was simi-
lar among all the groups (p>0.05, Fig 4B).

Compared to stroke-only mice (65±5.5%), mice with bone fracture and stroke made more
left turns (lesion side) in the corner test: bone fracture 6 hours before pMCAO group, 75±8.7%
(p = 0.001); bone fracture 24 hours before pMCAO group, 71±5.2% (p = 0.035, Fig 4C). There-
fore, bone fracture shortly before ischemic stroke exacerbated stroke-related behavioral
dysfunction.

Bone Fracture Before pMCAO Increased Microglia/ Macrophage
Infiltration in the Peri-infarct Region
To analyze if bone fracture before stroke increases neuroinflammation, we quantified CD68+

cells in the peri-infarct cortex (Fig 5A). We also used CCR2RFP/+CX3CR1GFP/+ mice to identify
bone marrow-derived macrophages and local microglia. We found that bone fracture 6 hours
before stroke increased the number of CD68+ cells in the peri-infarct regions (33.4±7.62% of
total DAPI positive nuclei) compared to the stroke-only group (21.80±4.27%, p = 0.004, Fig 5B
& 5C).

Mice that had bone fracture 6-hours before pMCAO also had more bone marrow-derived
macrophages (40.4±9.78% of DAPI labeled nuclei, CCR2+) in the peri-infarct regions com-
pared to stroke-only mice (24.4±5.15%, p = 0.001) and bone fracture 24 hours before pMCAO
mice (24.0±5.57%, p = 0.001, Fig 6B & 6D). Mice that received bone fracture 6 hours before
pMCAO also had more microglia (39.6±3.66%, CX3CR1+) in the peri-infarct regions com-
pared to stroke-only mice (24.2±4.88%, p<0.001, Fig 6A & 6D) and mice that received bone
fracture 24 hours before pMCAO (31.4±5.54%, p = 0.01, Fig 6D).

Fig 5. Bone fracture increased CD68+ macrophages in the peri-infarct region. (A) Image illustrates infarct core (Core), infarct border (dotted line) and the
peri-infarct region (P.I.). (B) Quantification of CD68+ cells. *: P = 0.004, compared to stroke-only group. (C) Representative images of anti-CD68 antibody-
stained sections. BF + 6hS: mice that received tibia fracture 6 hours before pMCAO; BF+1dS: mice that received tibia fracture 24 hours before pMCAO.
Scale bars: 50μm. N = 6.

doi:10.1371/journal.pone.0153835.g005
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In addition, mice that received bone fracture 6 hours before pMCAO had more CCR2/
CX3CR1 double positive cells (8.4±1.40%) compared to those that received pMCAO only (4.0
±1.68%, p< 0.001, Fig 6C & 6D) or mice that received bone fracture 24 hours before pMCAO
(4.0±0.99%, p<0.001, Fig 6C & 6D). These data suggest that bone fracture shortly before stroke
increases both bone marrow-derived macrophages and microglia in the peri-infarct region;
some of the bone marrow-derived macrophages acquired the microglia phenotype.

Bone Fracture Before pMCAO Did Not Increase Interleukin 1ß (IL-1 ß)
and IL-6 in the Peri-infarct Region
Previous studies have shown that tibia fracture increases interleukin 1ß (IL-1 ß), IL-6, and
tumor necrosis factor α (TNFα) in the blood and hippocampus. It would be interesting to
determine whether these cytokine levels are higher in the peri-infarct region of mice subjected
to tibia fracture plus stroke vs. mice subjected to stroke only. TNF α expression increases in
plasma shortly after tibia fracture, peaks at 30 minutes and returns to normal 12 hours later
[16]. In this study, the brain samples were collected 3 days (group with tibia fracture 6 hours
before the stroke group) or 4 days (group with tibia fracture 24 hours before stroke) after tibia
fracture. It is unlikely to detect bone fracture induced increase of TNFα expression at these
time points. The increase of IL-1ß and IL-6 lasts longer [17,18]. Therefore, we analyzed IL1-ß

Fig 6. Bone fracture increased both microglia and bonemarrow-derived macrophages in the peri-
infarct region. (A-C) Representative image of Cx3cr1 positive cells (green, A), Ccr2 positive cells (red, B),
and Cx3cr1 and Ccr2, double positive cells (yellow, C). (D) Quantification of Cx3cr1+, Ccr2+ and Ccr2 and
Cx3cr1 double positive cells in the peri-infarct region. *: P = 0.001, compared to stroke-only group, #:
P = 0.001, compared to mice that received tibia fracture 24-hours before pMCAO. $: P<0.001 compared to
stroke-only group, &: P = 0.01 compared to bone fracture 24 hours before pMCAO group. ^: P<0.001
compared to bone fracture 24-hours before pMCAO group. BF 6h Stroke: tibia fracture 6 hours before
pMCAO; BF 24h stroke: tibia fracture 24 hours before pMCAO. Scale bar: 50μm.

doi:10.1371/journal.pone.0153835.g006
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and IL-6 levels in the peri-infarct tissues. We found that the IL-1ß level was significantly higher
in mice with both tibia fracture and stroke than in uninjured mice (WT) and mice with stroke
alone. The IL-1ß in mice that have been subjected to tibia fracture 6 hours before stroke was
also higher than in mice with tibia fracture or stroke only (Fig 7A). IL-6 levels were higher in
mice subjected to both injuries than in WT and mice subjected to tibia fracture alone (Fig 7B).

Discussion
In this study, we examined the effects of bone fracture shortly before stroke on stroke-related
brain injury and functional deficits. Two bone fracture time-points, 6 hours and 24 hours
before stroke, were analyzed. We found that bone fracture before stroke exacerbates ischemic
cerebral injury and behavior dysfunction and neuroinflammation. Bone fracture 6 hours before
stroke had a more negative impact on ischemic injury than bone fracture 24 hours before
pMCAO.

Tibia fracture increases systemic and hippocampal inflammation [16,19], and we reported
previously that tibia fracture 1 day after ischemic stroke exacerbates neuroinflammation and
injury [9]. Clinically, patients with post-fracture stroke have poor functional recovery and
require more care the first year after bone fracture than those who did not have stroke [4]. The
impact of bone fracture occurring before stroke has not been studied.

We showed in this study that bone fracture occurring shortly before stroke also increases
ischemic brain injury. Compared to mice that had bone fracture 24 hours before stroke, those
with bone fracture 6 hours before had more severe neuroinflammation and brain injuries. Ter-
rando et al showed that serum TNFα peaks at 30 minutes and HMGB1, IL-1ß, IL-6 at 6 hours
after tibia fracture [16,18]. Therefore, we included a group that had bone fracture 6 hours
before stroke. The severity of brain injury in this group compared to the group that received
bone fracture 24 hours before stroke could be due to the higher inflammatory cytokines in the
blood.

Inflammation plays an important role in stroke pathology and has a biphasic effect [20].
At the acute stage of stroke, it has an adverse effect on stroke recovery [20–22], and

Fig 7. IL1ß and IL-6 levels increased in the peri-infarct brain of stroke mice. (A) Quantification of IL-1ß expression. *: P<0.05 vs. WT group; #: P = 0.001
vs. BF 3-day group; $: P<0.001 vs. BF 4-day group; &: P<0.01. (B) Quantification of IL-6 expression. *: P<0.05 vs. WT group; #: P<0.05 vs. BF 3-day group;
$: P<0.05 vs. BF 4-day group. N = 6. BF 3 Days: Samples were collected 3 days after tibia fracture, which served as control for mice subjected to tibia fracture
6 hours before pMCAO. BF 4 Days: Samples were collected 4 days after tibia fracture, which served as control for mice subjected to tibia fracture 24 hours
before pMCAO; BF 6h Stroke: tibia fracture 6 hours before pMCAO; BF 1 Day Stroke: tibia fracture 24 hours before pMCAO.

doi:10.1371/journal.pone.0153835.g007
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modulating inflammation has been shown to promote the healing process and functional
recovery [9,23,24]. Both experimental and clinical evidence suggests that augmented inflam-
mation triggered by bone fracture is responsible for the negative impact of bone fracture on
stroke recovery. (1) In mice, tibia fracture increases pro-inflammatory cytokines, alarmins
and monocytes/macrophages in the blood and the hippocampus [16,17]. (2) Inflammation
induces acute cognitive/behavioral dysfunction [16,25,26]. (3) Increased tumor necrosis fac-
tor α (TNFα) in the blood of mice with tibia fracture [16] modulates synaptic plasticity and
neural injury [27,28]. (4) Prolonged systemic inflammation increases functional impair-
ments after focal ischemia in rats [29]. (5) Our previous study showed that activation of
anti-inflammation α-7 nicotinic acetylcholine receptor reduces inflammation and improves
functional recovery in mice suffering from stroke or stroke followed by tibia fracture 1 day
later [10].

In this study, we determined that bone fracture 6 hours before stroke increased CD68+ mac-
rophages, the levels of IL-1ß and IL-6 in the peri-infarct region, which was accompanied by
increased neuronal death and behavior dysfunction. Using Ccr2RFP/+Cx3cr1GFP/+ mice, we
showed that both Ccr2+ bone marrow-derived macrophages and Cx3cr1+ microglia increased
and that some of bone marrow-derived macrophages adopted the microglia phenotype
expressing Cx3cr1. Whether inhibition of bone marrow-derived macrophages homing to the
infarct region at the acute stage could reduce neuronal death and improve functional recovery
of mice with both bone fracture and stroke needs to be studied in the future.

In addition to microglia and bone marrow-derived macrophages, astrocytes are also capable
of secreting inflammatory factors (e.g., cytokines, chemokines and nitric oxide) that increase
adhesive molecules in the endothelial surface and facilitate the infiltration of leukocytes and
macrophages [30–33]. In addition, astrocytes normally prevent excitotoxic glutamate eleva-
tions in brain extracellular space. The astrocyte glutamate uptake is reduced in the ischemic
brain, resulting in glutamate effluxes that enhance oxidative stress, neuroinflammation and
neuronal death. The role of astrocytes in the neuroinflammation of mice subjected to stroke
and tibia fracture will be studied in the future.

In summary, there is currently no established therapeutic strategy to prevent the occurrence
of stroke in bone surgery patients who are likely to suffer from stroke. Using a mouse model of
bone fracture before pMCAO, we demonstrated that bone fracture shortly before pMCAO
exacerbates ischemic cerebral injury, behavior dysfunction and neuroinflammation. In our pre-
vious animal study, we showed that depletion of macrophages by clodrolip, inhibition of high-
mobility-group box chromosomal protein-1 (HMGB1) through a specific antibody [9], or
reduction of inflammation through activation of α7 nicotinic acetylcholine receptor [10]
reduce stroke injury of mice that were subjected to tibia fracture one day after stroke. There-
fore, block-specific inflammatory pathways could be utilized in developing a strategy specifi-
cally to prevent stroke in bone surgery patients who are likely to suffer from it post-surgery
and improve functional outcomes in patients suffering from both injuries.

Acknowledgments
We thank members of the UCSF BAVM Study Project (http://avm.ucsf.edu) for their support,
and Voltaire Gungab for assistance with manuscript preparation.

Author Contributions
Conceived and designed the experiments: HS LW. Performed the experiments: LW SK LZ ZL
WZ. Analyzed the data: LW SK DZ HS. Wrote the paper: LW HS.

Bone Fracture Increases Stroke Injury

PLOS ONE | DOI:10.1371/journal.pone.0153835 April 18, 2016 12 / 14

http://avm.ucsf.edu


References
1. Nguyen ND, Ahlborg HG, Center JR, Eisman JA, Nguyen TV. Residual lifetime risk of fractures in

women and men. J Bone Miner Res. 2007; 22: 781–788. doi: 10.1359/jbmr.070315 PMID: 17352657

2. Sennerby U, Melhus H, Gedeborg R, Byberg L, Garmo H, Ahlbom A, et al. Cardiovascular diseases
and risk of hip fracture. JAMA. 2009; 302: 1666–1673. doi: 10.1001/jama.2009.1463 PMID: 19843901

3. Sathiyakumar V, Avilucea FR, Whiting PS, Jahangir AA, Mir HR, ObremskeyWT, et al. Risk factors for
adverse cardiac events in hip fracture patients: an analysis of NSQIP data. Int Orthop. 2016; 40: 439–
445. doi: 10.1007/s00264-015-2832-5 PMID: 26194916

4. Mathew RO, HsuWH, Young Y. Effect of comorbidity on functional recovery after hip fracture in the
elderly. Am J Phys Med Rehabil. 2013; 92: 686–696. doi: 10.1097/PHM.0b013e318282bc67 PMID:
23370578

5. Jauch EC, Saver JL, Adams HP Jr, Bruno A, Connors JJ, Demaerschalk BM, et al. Guidelines for the
early management of patients with acute ischemic stroke: a guideline for healthcare professionals from
the American Heart Association/American Stroke Association. Stroke. 2013; 44: 870–947. doi: 10.
1161/STR.0b013e318284056a PMID: 23370205

6. Vidal SM, Chaudhry FS, Schneck M. Management of acute ischemic stroke. Hosp Pract (1995). 2013;
41: 108–122. doi: 10.3810/hp.2013.04.1060 PMID: 23680742

7. Hankey GJ. Secondary stroke prevention. Lancet Neurol. 2014; 13: 178–194. doi: 10.1016/S1474-
4422(13)70255-2 PMID: 24361114

8. Palan J, Odutola A, White SP. Is clopidogrel stopped prior to hip fracture surgery—A survey of current
practice in the United Kingdom. Injury. 2007; 38: 1279–1285. doi: 10.1016/j.injury.2007.05.014 PMID:
17880978

9. Degos V, Maze M, Vacas S, Hirsch J, Guo Y, Shen F, et al. Bone fracture exacerbates murine ischemic
cerebral injury. Anesthesiology. 2013; 118: 1362–1372. doi: 10.1097/ALN.0b013e31828c23f8 PMID:
23438676

10. Han Z, Li L, Wang L, Degos V, Maze M, Su H. Alpha-7 nicotinic acetylcholine receptor agonist treat-
ment reduces neuroinflammation, oxidative stress and brain injury in mice with ischemic stroke and
bone fracture. J Neurochem. 2014; 131: 498–508. doi: 10.1111/jnc.12817 PMID: 25040630

11. Saederup N, Cardona AE, Croft K, Mizutani M, Cotleur AC, Tsou CL, et al. Selective chemokine recep-
tor usage by central nervous systemmyeloid cells in CCR2-red fluorescent protein knock-in mice.
PLoS One. 2010; 5: e13693. doi: 10.1371/journal.pone.0013693 PMID: 21060874

12. Han Z, Shen F, He Y, Degos V, Camus M, Maze M, et al. Activation of alpha-7 nicotinic acetylcholine
receptor reduces ischemic stroke injury through reduction of pro-inflammatory macrophages and oxida-
tive stress. PLoS One. 2014; 9: e105711. doi: 10.1371/journal.pone.0105711 PMID: 25157794

13. Bouet V, Freret T, Toutain J, Divoux D, Boulouard M, Schumann-Bard P. Sensorimotor and cognitive
deficits after transient middle cerebral artery occlusion in the mouse. Exp Neurol. 2007; 203: 555–567.
PMID: 17067578

14. Zhang L, Schallert T, Zhang ZG, Jiang Q, Arniego P, Li Q, et al. A test for detecting long-term sensori-
motor dysfunction in the mouse after focal cerebral ischemia. J Neurosci Methods. 2002; 117: 207–
214. PMID: 12100987

15. Inacio AR, Ruscher K, Leng L, Bucala R, Deierborg T. Macrophage migration inhibitory factor promotes
cell death and aggravates neurologic deficits after experimental stroke. J Cereb Blood Flow Metab.
2011; 31: 1093–1106. doi: 10.1038/jcbfm.2010.194 PMID: 21063426

16. 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 U S A. 2010; 107:
20518–20522. doi: 10.1073/pnas.1014557107 PMID: 21041647

17. Cibelli M, Fidalgo AR, Terrando N, Ma D, Monaco C, Feldmann M, et al. Role of interleukin-1beta in
postoperative cognitive dysfunction. Ann Neurol. 2010; 68: 360–368. doi: 10.1002/ana.22082 PMID:
20818791

18. Terrando N, Rei Fidalgo A, Vizcaychipi M, Cibelli M, Ma D, Monaco C, et al. The impact of IL-1 modula-
tion on the development of lipopolysaccharide-induced cognitive dysfunction. Crit Care. 2010; 14: R88.
doi: 10.1186/cc9019 PMID: 20470406

19. Terrando N, Eriksson LI, Ryu JK, Yang T, Monaco C, Feldmann M, et al. Resolving postoperative neu-
roinflammation and cognitive decline. Ann Neurol. 2011; 70: 986–995. doi: 10.1002/ana.22664 PMID:
22190370

20. Lo EH. T time in the brain. Nat Med. 2009; 15: 844–846. doi: 10.1038/nm0809-844 PMID: 19661986

Bone Fracture Increases Stroke Injury

PLOS ONE | DOI:10.1371/journal.pone.0153835 April 18, 2016 13 / 14

http://dx.doi.org/10.1359/jbmr.070315
http://www.ncbi.nlm.nih.gov/pubmed/17352657
http://dx.doi.org/10.1001/jama.2009.1463
http://www.ncbi.nlm.nih.gov/pubmed/19843901
http://dx.doi.org/10.1007/s00264-015-2832-5
http://www.ncbi.nlm.nih.gov/pubmed/26194916
http://dx.doi.org/10.1097/PHM.0b013e318282bc67
http://www.ncbi.nlm.nih.gov/pubmed/23370578
http://dx.doi.org/10.1161/STR.0b013e318284056a
http://dx.doi.org/10.1161/STR.0b013e318284056a
http://www.ncbi.nlm.nih.gov/pubmed/23370205
http://dx.doi.org/10.3810/hp.2013.04.1060
http://www.ncbi.nlm.nih.gov/pubmed/23680742
http://dx.doi.org/10.1016/S1474-4422(13)70255-2
http://dx.doi.org/10.1016/S1474-4422(13)70255-2
http://www.ncbi.nlm.nih.gov/pubmed/24361114
http://dx.doi.org/10.1016/j.injury.2007.05.014
http://www.ncbi.nlm.nih.gov/pubmed/17880978
http://dx.doi.org/10.1097/ALN.0b013e31828c23f8
http://www.ncbi.nlm.nih.gov/pubmed/23438676
http://dx.doi.org/10.1111/jnc.12817
http://www.ncbi.nlm.nih.gov/pubmed/25040630
http://dx.doi.org/10.1371/journal.pone.0013693
http://www.ncbi.nlm.nih.gov/pubmed/21060874
http://dx.doi.org/10.1371/journal.pone.0105711
http://www.ncbi.nlm.nih.gov/pubmed/25157794
http://www.ncbi.nlm.nih.gov/pubmed/17067578
http://www.ncbi.nlm.nih.gov/pubmed/12100987
http://dx.doi.org/10.1038/jcbfm.2010.194
http://www.ncbi.nlm.nih.gov/pubmed/21063426
http://dx.doi.org/10.1073/pnas.1014557107
http://www.ncbi.nlm.nih.gov/pubmed/21041647
http://dx.doi.org/10.1002/ana.22082
http://www.ncbi.nlm.nih.gov/pubmed/20818791
http://dx.doi.org/10.1186/cc9019
http://www.ncbi.nlm.nih.gov/pubmed/20470406
http://dx.doi.org/10.1002/ana.22664
http://www.ncbi.nlm.nih.gov/pubmed/22190370
http://dx.doi.org/10.1038/nm0809-844
http://www.ncbi.nlm.nih.gov/pubmed/19661986


21. Hayakawa K, Qiu J, Lo EH. Biphasic actions of HMGB1 signaling in inflammation and recovery after
stroke. Ann N Y Acad Sci. 2010; 1207: 50–57. doi: 10.1111/j.1749-6632.2010.05728.x PMID:
20955426

22. Chamorro A, Hallenbeck J. The harms and benefits of inflammatory and immune responses in vascular
disease. Stroke. 2006; 37: 291–293. PMID: 16410468

23. Alberti A, Agnelli G, Caso V, Venti M, Acciarresi M, D'Amore C, et al. Non-neurological complications of
acute stroke: frequency and influence on clinical outcome. Intern Emerg Med. 2011; 6 Suppl 1: 119–
123. doi: 10.1007/s11739-011-0675-7 PMID: 22009623

24. Emsley HC, Hopkins SJ. Acute ischaemic stroke and infection: recent and emerging concepts. Lancet
Neurol. 2008; 7: 341–353. doi: 10.1016/S1474-4422(08)70061-9 PMID: 18339349

25. CunninghamC, Campion S, Lunnon K, Murray CL, Woods JF, Deacon RM, et al. Systemic inflamma-
tion induces acute behavioral and cognitive changes and accelerates neurodegenerative disease. Biol
Psychiatry. 2009; 65: 304–312. doi: 10.1016/j.biopsych.2008.07.024 PMID: 18801476

26. Rosi S, Ramirez-Amaya V, Vazdarjanova A, Esparza EE, Larkin PB, Fike JR, et al. Accuracy of hippo-
campal network activity is disrupted by neuroinflammation: rescue by memantine. Brain. 2009; 132:
2464–2477. doi: 10.1093/brain/awp148 PMID: 19531533

27. Beattie EC, Stellwagen D, Morishita W, Bresnahan JC, Ha BK, Von ZastrowM, et al. Control of synaptic
strength by glial TNFalpha. Science. 2002; 295: 2282–2285. PMID: 11910117

28. Ferguson AR, Christensen RN, Gensel JC, Miller BA, Sun F, Beattie EC, et al. Cell death after spinal
cord injury is exacerbated by rapid TNF alpha-induced trafficking of GluR2-lacking AMPARs to the
plasmamembrane. J Neurosci. 2008; 28: 11391–11400. doi: 10.1523/JNEUROSCI.3708-08.2008
PMID: 18971481

29. Langdon KD, Maclellan CL, Corbett D. Prolonged, 24-h delayed peripheral inflammation increases
short- and long-term functional impairment and histopathological damage after focal ischemia in the rat.
J Cereb Blood FlowMetab. 2010; 30: 1450–1459. doi: 10.1038/jcbfm.2010.23 PMID: 20332799

30. Lakhan SE, Kirchgessner A, Hofer M. Inflammatory mechanisms in ischemic stroke: therapeutic
approaches. J Transl Med. 2009; 7: 97. PMID: 19919699 doi: 10.1186/1479-5876-7-97

31. Swanson RA, YingW, Kauppinen TM. Astrocyte influences on ischemic neuronal death. Curr Mol Med.
2004; 4: 193–205. PMID: 15032713

32. Choy FC, Klaric TS, LeongWK, Koblar SA, Lewis MD. Reduction of the neuroprotective transcription
factor Npas4 results in increased neuronal necrosis, inflammation and brain lesion size following
ischaemia. J Cereb Blood Flow Metab. 2015. doi: 10.1177/0271678X15606146 PMID: 26661154

33. Chisholm NC, Sohrabji F. Astrocytic response to cerebral ischemia is influenced by sex differences and
impaired by aging. Neurobiol Dis. 2016; 85: 245–253. doi: 10.1016/j.nbd.2015.03.028 PMID:
25843666

Bone Fracture Increases Stroke Injury

PLOS ONE | DOI:10.1371/journal.pone.0153835 April 18, 2016 14 / 14

http://dx.doi.org/10.1111/j.1749-6632.2010.05728.x
http://www.ncbi.nlm.nih.gov/pubmed/20955426
http://www.ncbi.nlm.nih.gov/pubmed/16410468
http://dx.doi.org/10.1007/s11739-011-0675-7
http://www.ncbi.nlm.nih.gov/pubmed/22009623
http://dx.doi.org/10.1016/S1474-4422(08)70061-9
http://www.ncbi.nlm.nih.gov/pubmed/18339349
http://dx.doi.org/10.1016/j.biopsych.2008.07.024
http://www.ncbi.nlm.nih.gov/pubmed/18801476
http://dx.doi.org/10.1093/brain/awp148
http://www.ncbi.nlm.nih.gov/pubmed/19531533
http://www.ncbi.nlm.nih.gov/pubmed/11910117
http://dx.doi.org/10.1523/JNEUROSCI.3708-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18971481
http://dx.doi.org/10.1038/jcbfm.2010.23
http://www.ncbi.nlm.nih.gov/pubmed/20332799
http://www.ncbi.nlm.nih.gov/pubmed/19919699
http://dx.doi.org/10.1186/1479-5876-7-97
http://www.ncbi.nlm.nih.gov/pubmed/15032713
http://dx.doi.org/10.1177/0271678X15606146
http://www.ncbi.nlm.nih.gov/pubmed/26661154
http://dx.doi.org/10.1016/j.nbd.2015.03.028
http://www.ncbi.nlm.nih.gov/pubmed/25843666

