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ABSTRACT
Background Stroke is a devastating disease, including
intracerebral haemorrhage (ICH) and ischaemic stroke.
Emerging evidences indicate that systemic inflammatory
cascades after stroke contribute to brain damage. However,
the direct effects and features of systemic inflammation on
brain injury, especially comparing between ischaemic and
haemorrhagic stroke, are still obscure.
Methods Pertussis toxin (PT) was used to build a pro-
inflammatory milieu after ICH and ischaemic stroke in
mouse model. The neurodeficits, stroke lesion, immune
response and blood–brain barrier (BBB) destruction were
assessed.
Results In ICH mouse model, PT-induced systemic
inflammation exacerbated neurological deficits, and
enlarged haemorrhage lesion and perihaematomal
oedema. We also found promoted leucocyte infiltration
and inflammatory cytokine release into the brain after PT
treatment. Moreover, the integrity of the BBB was further
disrupted after receiving PT. Furthermore, we demonstrated
that PT enhanced brain inflammation and aggravated
stroke severity in middle cerebral artery occlusion mouse
model.
Conclusions Our results suggest that PT increases
inflammatory response that exacerbates brain injury after
ICH or ischaemic stroke in mouse model.

BACKGROUND
Stroke is an acute and severe disease resulting
in long-term motor and cognitive neurological deficits, with the characteristics of high
morbidity, mortality, disability rate and recurrence rate, including intracerebral haemorrhage (ICH) and ischaemic stroke.1 2 At
present, although progress has been made
in understanding the molecular and cellular
pathways leading to brain injury after stroke,
the current clinical treatments remain poorly
effective. ICH accounts for about 10% to
15% of all strokes. The damage from ICH
includes the primary tissue injury due to
the mechanical effects of the haemorrhage
and also the development of perihaematomal oedema (PHO), which induces a severe
secondary injury and/or destruction of the

adjacent tissue, in addition to an impairment
in the integrity of the blood–brain barrier
(BBB).3 4 Ischaemic stroke constitutes 85%
of all strokes. In ischaemic brain injury, the
neuronal cell death induced by deprivation of
glucose and oxygen orchestrates a secondary
immune response, which participates in the
progression of neuronal damage, BBB disruption and vasogenic oedema after ischaemia/
reperfusion (I/R).5 6 Although the primary
injury mechanisms differ between acute
ischaemic stroke and ICH, recent evidence
has shown that inflammation contributes to
the development and progression of oedema,
and thus subsequent neurological deterioration in ischaemic or haemorrhagic stroke.
On the other hand, the inflammation after
ischaemic stroke or ICH also plays a key
role in the tissue reconstruction and brain
recovery.7 8 So whether the direct inflammatory response after stroke is deleterious or
beneficial remains a matter of controversies.
Pertussis toxin (PT), an exotoxin produced
by Bordetella pertussis, is essential for B. pertussis
infection.9 Many lines of evidence show that
PT plays an important role in neurological complications of whooping cough.10 In
stroke model models, PT has been proved to
reduce neuronal calcium influx, thus minimising neuronal damage and protecting cell
viability after ischaemic stroke.11 However, PT
administration also concomitantly induces
high frequencies of neuroantigen-
specific
IFN-γ-producing and IL-17-producing T cells
that boost inflammatory response in autoimmune disease model, such as experimental
autoimmune encephalomyelitis.12 Therefore,
the use of PT offers an opportunity to investigate the features and direct effect of systematic inflammation on brain injury following
ischaemic stroke and haemorrhagic stroke.
In this study, we adopted the ICH model by
injection of collagenase and used a mouse
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MATERIALS AND METHODS
Animals
Male C57BL/6 mice were purchased from Charles River
(Wilmington, DE, USA). Age-matched male littermates 8
to 10 weeks old, 20–25 g body weight, were used in this
study. All mice were randomly assigned to each experiment. All mice were kept in pathogen-free conditions
and housed under a 12-hour inverted light–dark cycle
with access to food and water ad libitum. Reporting of
this study complied with the ARRIVE (Animal Research:
Reporting in Vivo Experiments) guidelines.13 14
PT administration
Pertussis toxin (List Biological Laboratories, Campbell,
CA) was dissolved in distilled-deionised water followed
by dilution with phosphate-buffered saline (PBS) under
sterile conditions. Also, PT was administered intraperitoneally at a dose of 250 ng or 500 ng (1 ng/µL) per mouse

immediately after surgery. The same volume of PBS was
given in the vehicle group.
ICH and middle cerebral artery occlusion (MCAO) induction,
neuroimaging and behaviour testing
Adult male mice 10 to 12 weeks old were subjected
to transient 60 min intraluminal occlusion of MCA
or injected collagenase in intra-
striatal as previously
described.15 16 The modified Neurological Severity Score
(mNSS) test and the rota-rod test were performed to
evaluate motor, sensory, reflex and balance. Details of
MCAO and ICH procedures, MRI scan, reactive oxygen
species (ROS) generation and behaviour testing are
provided in online supplemental experimental procedures.
Cortical cerebral blood flow (CBF) measurements and
immunostaining
Cortical CBF was monitored by a laser speckle technique, as previously described.17 The immunostaining
was performed as we previously described.18 More details
could be found in online supplemental experimental
procedures.

Figure 1 Pertussis toxin (PT) increases stroke severity in intracerebral haemorrhage (ICH) mice. ICH was induced by injection
of 0.0375 U collagenase. After surgeries, mice were treated with PT immediately by intraperitoneal injection at a dose of
250 ng or 500 ng or vehicle. Mice were subjected to neurological assessment and MRI scanning until day 7 after ICH. (A, B)
Cumulative data illustrate the neurological assessments of ICH mice and sham mice receiving PT or vehicle from day 1 to
day 7 after surgery, including modified Neurological Severity Score (mNSS) (A) and rota-rod test (B). n=8 mice per group from
three independent experiments. Data were expressed as mean±SEM; *p<0.05; **p<0.01. (C) Representative MR images show
lesion area and haematoma area in ICH mice receiving PT or vehicle. Red lines delineate lesion area, yellow shadows represent
haematoma area and perihaematomal oedema volume was calculated by subtracting the haematoma volume from lesion
volume. (D) Cumulative data show the lesion volume and perihaematomal oedema volume of ICH mice receiving PT or vehicle.
n=4 mice per group from two independent experiments. Data were expressed as mean±SEM; *p<0.05.
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model of transient cerebral ischaemia and reperfusion.
We administered PT to mice and quantified neurological
function and brain pathology. Our results provide direct
induced inflammation exacerbated
evidence that PT-
brain injury in haemorrhagic or ischaemic stroke.
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Flow cytometry and evaluation of BBB permeability
Flow cytometry was performed to analyse immune cell
infiltration of brain.19 In addition, the BBB permeability
was assessed by Evans Blue (EB) dye. More details are
given in online supplemental experimental procedures.
Cytokine array
Inflammatory cytokines in brain tissues were analysed
by Proteome Profiler Mouse XL Cytokine Array. Brain
homogenates were prepared from ICH mice treated with
or without PT at day 3 after ICH. After the total protein
concentration was adjusted to 1 mg/mL, cytokine levels in
these samples were detected using a Mouse XL Cytokine
Array Kit (R&D Systems, Minneapolis, MN) according to
the manufacturer’s instructions.
Statistical analysis
Details on statistical analysis are given in online supplemental experimental procedures.
RESULTS
PT augments neurodeficits and brain edema after ICH
Mice were treated with PT (250 ng or 500 ng) or vehicle
(PBS) by intraperitoneal injection immediately after ICH.
To determine the impact of PT on brain injury after ICH,
we examined neurological deficits, lesion volume and
PHO in ICH mice receiving PT or vehicle. After ICH induction from day 1 to day 7, PT administration at a dose of

500 ng aggravated neurodeficits, and enlarged lesion size
and PHO as compared with ICH group (figure 1A–D). In
addition, PT injection does not affect the baseline of the
neurodeficits score in sham group (figure 1A,B). These
results indicate that 500 ng PT administration exacerbates
collagenase-induced haemorrhagic brain injury. Thus, we
adopted 500 ng dose of PT for the following investigation.
PT enhances brain inflammation after ICH
Reactive oxygen species (ROS) induce oxidative stress,
activate alternative death pathways and play an important
role in the progression of inflammation. To examine the
impact of PT on brain inflammation after ICH, we quantified the ROS production using in vivo bioluminescence at
day 1, day 3 and day 7 after ICH. As shown in figure 2, PT
administration induced the production of ROS even in
sham mice, suggesting the pro-inflammatory effect of PT.
ROS levels were significantly higher in ICH mice treated
with PT relative to vehicle at day 3 and day 7 after ICH
(figure 2A,B). We next assessed the release of inflammatory factors in the brain homogenates of ICH mice after
PT administration using a Proteome Profiler Mouse XL
Cytokine Array. At 24 hours after ICH surgery, we found
that PT treatment significantly upregulated the expression of pro-inflammatory cytokines including IL-1, TNF-α
and IL-6 (figure 2C,D). These data show that PT exacerbates ICH-induced brain inflammation.
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Figure 2 Pertussis toxin (PT) enhances brain inflammation after intracerebral haemorrhage (ICH). ICH in mice was induced
using 0.0375 U collagenase injection. PT treatment was given immediately after ICH by intraperitoneal injection, at a dose of
500 ng. (A, B) At day 1, day 3 and day 7 after ICH, representative bioluminescence images and quantification analysis show
reactive oxygen species generation in sham and ICH mice receiving PT or vehicle. n=3 mice per group from two independent
experiments. (C) Brain tissues were obtained from ICH mice receiving PT or vehicle. Sham-operated mice receiving PT or
vehicle were used as control. Brain homogenates were analysed by a Mouse XL Cytokines Array kit. Heat map and cluster
analysis show the expression of inflammatory factors in brain homogenates from sham and ICH mice with indicated treatments.
A heat map was generated and the relative pixel intensity of spots signal is indicated by the representative colour code (red,
upregulated; blue, downregulated). (D) Bar graphs show the top significantly dysregulated factors. n=6 mice per group. The data
were calculated as mean±SEM; *p<0.05; **p<0.01.
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PT promotes brain-infiltrating leucocytes after ICH
Infiltrating leucocytes are a prominent contributor to
brain inflammation and brain damage. To determine the
impact of PT on leucocyte infiltration, we gated and quantified the numbers of brain-infiltrating leucocytes in ICH
mice and sham mice treated with PT or vehicle (figure 3).
PT treatment did not significantly influence immune cell
infiltration in sham mice from day 1 to day 7 (figure 3B).
We found infiltrated immune cells after ICH induction,
including neutrophils, T cells, B cells and NK cells. Moreover, at day 7 after ICH, brain-infiltrating neutrophils,
CD4+ T cells and B cells were further increased in ICH
mice treated with 500 ng PT as compared with vehicle
(figure 3B). These data show that PT promotes ICH
induced leucocyte infiltration in the brain.
PT aggravates haemorrhagic stroke injury through of BBB
breakdown
BBB dysfunction after ICH play a key role in vasogenic
brain oedema, PHO expansion and system immune
cell invasion. Meanwhile matrix metalloproteinase-
9
(MMP-9) contributes to the further disruption of BBB
under inflammatory conditions.4 The BBB breakdown is
characterised by extravasation of large circulating molecules, such as EB, which binds tightly to serum albumin.
PT displayed aggravated BBB disruption on ICH, as documented by increased EB leakage (figure 4A). The tight
junction (TJ) proteins between adjacent endothelial
32

cells are responsible for the extremely low paracellular
permeability the BBB. During stroke, the BBB integrity
is damaged due to the degradation of these proteins.20
To examine the impact and possible mechanisms of PT
on the integrity of the BBB after ICH, we assessed the
levels of TJ protein claudin-5 and MMP-9 by immunostaining (figure 4B–E). As indicated, ICH mice subjected
to PT treatment demonstrated reduced claudin-
5
coverage compared with ICH mice treated with vehicle
(figure 4B,D). Also, we found augmented expression of
MMP-9 in ICH mice treated with PT as compared with
vehicle (figure 4C,E). However, no significant effects of
PT were observed on EB extravasation and expression
levels of claudin-5 or MMP-9 on sham mice (figure 4A-E).
These data suggest that PT treatment aggravated the
TJ breakdown, resulting in the increased disruption of
BBB after ICH. Also, the loss of claudin-5 caused by PT
was mainly related to the degraded effect of increased
MMP-9. Meanwhile, the BBB destruction caused by PT
may contribute to enhanced inflammation and worsen
brain injury after ICH.
PT worsens neurological deficits and enlarges infarct lesion
after ischaemic stroke in mice
A prominent inflammatory response occurs following
haemorrhagic and also ischaemic stroke, thereby exacerbating secondary injury.21 To detect the influences of
PT on ischaemic brain injury, we assessed neurological
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Figure 3 Pertussis toxin (PT) promotes brain-infiltrating leucocytes after intracerebral haemorrhage (ICH). ICH was
induced by 0.0375 U collagenase injection. At day 1, day 3 or day 7 after ICH, single cell suspensions were isolated
from brain tissues of ICH mice treated with PT or vehicle. (A) Gating strategy of brain-infiltrating immune cells including
neutrophils (CD45highCD11b+Ly6G+), CD4+ T cells (CD45highCD3+CD4+), CD8+ T cells (CD45highCD3+CD8+), B cells
(CD45highCD3−CD19+), and NK cells (CD45highCD3−NK1.1+). (B) Quantification of lymphocytes, monocytes and neutrophils in
the brain of sham and ICH mice receiving PT or vehicle at indicated time points. Day 1 after ICH, n=3 mice per group from two
independent experiments; day 3 and day 7 after ICH, n=5 mice per group from three independent experiments. The data were
calculated as mean±SEM; *p<0.05.
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deficits and ischaemic lesion in MCAO mice treated
with 500 ng PT or vehicle. From day 1 to day 3 after
MCAO and reperfusion, the mice treated with PT exhibited higher mNSS and shorter latency in the rota-rod
test compared with controls, as well as enlarged infarct
lesion (figure 5A–C). In contrast, PT treatment did not
significantly alter neurological function in sham control
(figure 5A). These data suggest that PT also exacerbates
acute ischaemic brain injury.
PT augments brain inflammation and enhances leucocyte
infiltration after brain ischaemia
To understand the impact of PT on brain inflammation
after brain ischaemia, we quantified the ROS levels using
in vivo bioluminescence at day 3 after MCAO and reperfusion. In sham mice, ROS level was higher in PT group
as compared with vehicle. Also, we found dramatically
increased ROS signals in MCAO mice treated with PT relative to vehicle at day 3 after ischaemic stroke (figure 6A,B).

These data demonstrate the pro-inflammatory effect of
PT in ischaemic brain.
Recruitment of leucocytes occurs in successive waves in the
early phase of cerebral ischaemia, which significantly influence the pathogenesis of ischaemic brain injury.1 Thus, we
tested whether PT treatment can impact immune cell infiltration. Flow cytometric results indicated that PT increased
the brain infiltration of leucocytes, especially neutrophils,
CD4+ T cells and B cells in MCAO mice on day 3 after ischaemia (figure 6C,D). These results suggest that PT expands
inflammatory milieu of the ischaemic brain during the acute
stage.
PT aggravates ischaemic stroke injury through BBB
destruction
The initial BBB breakdown occurs 3 hours after I/R by
inflammatory mediator upregulation and MMP activation, which facilitates injury progression. Therefore, EB
leakage, and claudin-5 and MMP-9 staining were adopted
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Figure 4 Pertussis toxin (PT) increases the permeability of blood–brain barrier after intracerebral haemorrhage (ICH). ICH
was induced by 0.0375 U collagenase injection. (A) Representative dorsal surfaces and quantification analysis show the Evans
Blue leakage of brain at day 3 after surgeries. n=6 mice per group from three independent experiments. (B, C) Representative
immunostaining for CD31 (green) and claudin-5 (red) and MMP-9 (red) in ipsilateral hemisphere from ICH and sham mice
treated with 500 ng PT or vehicle at day 3 after onset. White lines delineate lesion area. Scale bar: 50 µm, insert: 25 µm. (D, E)
Quantification of claudin-5 and MMP-9 coverage in sham mice and peri-lesion area of ICH mice receiving PT or vehicle at the
indicated time. n=9 sections from 3 mice each group. Data were expressed as mean±SEM; *p<0.05; **p<0.01.
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to identify the effect and the potential mechanism of
PT on the permeability of BBB. As shown in figure 7,
the MCAO mice treated with PT showed a significant
increased extent of EB dye extravasation at day 3 after
brain ischaemia (figure 7A), and which was relevant to
the capacity of PT to increase claudin-5 degradation and
MMP-9 expression (figure 7B–E). Also, in sham control,
no significant differences were found (figure 7A–E).
These results allow us to speculate that MMP-9 opens the
BBB by degrading the TJ protein claudin-5. These data
support that the further destruction of BBB caused by
PT may promote immune cell migration and exacerbate
brain injury after cerebral ischaemia.
DISCUSSION
This study provides evidence that PT-
induced inflammation exacerbates brain injury after ICH or ischaemic stroke.
As documented here, PT aggravates neurological deficits,
lesion size and brain PHO after ICH. PT increased ROS
generation, and enhanced BBB permeability, leucocyte infiltration and inflammatory cytokine production in the brain,
which may contribute to the aggravated brain injury after
ICH. In MCAO model, PT augments brain inflammation
34

and exacerbates stroke severity in a similar way. These results
suggest that enhanced inflammatory response by PT exacerbates brain injury after ICH or ischaemic stroke.
Mounting evidence have shown that systemic inflammatory response plays a critical role in the secondary
injury process of stroke, and the extent of neuronal
damage seemed to correlate with the degree of immune
response.22 23 For example, the inhibition of vascular
adhesion protein-1 attenuated adhesion and transmigration of circulating immune cells to the site of local injury
and ameliorated brain injury during acute phase in ICH
and ischaemic stroke.24 25 The sphingosine-1-phosphate
receptor agonist, siponimod or fingolimod, confirmed
a neuroprotective effect in ischaemic or haemorrhagic
stroke experimentally and clinically, which reduced
brain oedema and improved neurological outcome by
preventing the egress of peripheral lymphocytes from
peripheral stores.26 27 Despite these studies, there is lack
of direct evidence about the effect of systemic inflammation on brain injury in the early stage of stroke. In line
with previous studies, we show that PT-induced systemic
inflammation directly exacerbates brain injury in ICH and
MCAO mouse model. These results suggest a detrimental
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Figure 5 Pertussis toxin (PT) exacerbates neurological deficits and brain infarction after cerebral ischaemia and reperfusion.
Mice were treated with 500 ng PT or vehicle immediately by intraperitoneal injection after 60 min of middle cerebral artery
occlusion (MCAO) and reperfusion. Neurological deficits, lesion volume and the cerebral blood flow (CBF) were evaluated in
MCAO mice. (A) Summarised results show the modified Neurological Severity Scores and the rota-rod test latency of MCAO
mice and sham mice receiving PT or vehicle at the indicated times. n=6 mice per group from three independent experiments.
(B) Representative MR images show infarct area (outlined in red) in MCAO mice and sham mice receiving PT or vehicle. Bar
graphs show the infarct lesion at day 3 after ischaemia/reperfusion. n=4 mice per group. (C) Images of CBF in MCAO mice that
received PT or vehicle treatment. Quantification of reduced blood flow in the ipsilateral hemisphere. The data were calculated as
mean±SEM; *p<0.05, **p<0.01.
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impact of systemic inflammatory response at least in the
early phase of stroke.
Primary brain injury occurs immediately after the onset
of stroke and is often irreversible. In ICH, primary brain
injury is caused by the tissue disruption due to the parenchymal blood accumulation and the mechanical effect
damage associated with the mass effect.28 In ischaemic
stroke, the arterial occlusion results in the death of neural
cells, engendering an ischaemic core, surrounded by a
hypoperfused region termed the penumbra.1 7 Despite
the different primary injury mechanisms, the release of
damage-associated molecular patterns defines a common
pathway that triggers the innate and adaptive immune
response in the brain, which induces the secondary brain
injury in stroke.29 PT mainly contributes to the secondary
injury by increasing permeability of BBB and infiltration
of the inflammatory cells to the central nervous system.
Therefore, PT has a similar effect to brain injury in ICH
and ischaemic stroke, which was proved by our results.
MMP-9 is a member of the MMP family and belongs
to the group of gelatinases.30 Various studies in human
and mice brains show that the protein level of MMP-9 is
increased both in ischaemic and haemorrhagic stroke,31 32
which is consistent with our results. At the acute phase,
these changes in MMP-9 protein level result in aberrant
proteolysis that contributes to BBB dysfunction.33 Also,
Toft-Hansen and colleagues proved that the parenchymal
brain infiltration induced by PT was associated with
changes in expression of MMP genes in an animal model
of multiple sclerosis.34 Combining with our findings, these

reveal that MMP-9 mediates PT-induced BBB destruction
in ischaemic and haemorrhagic stroke.
Inflammatory cells and inflammatory mediators have
a major role in the pathology of secondary brain damage
by exacerbating BBB damage, microvascular failure, brain
oedema, oxidative stress and by directly inducing neuronal
cell death.3 8 In our study, we found that PT increased the
infiltration of systemic immune cells, specifically neutrophils, CD4+ T cells and B cells, to the brain parenchyma. In
addition, with the increase of systemic immune cells accumulating in the brain, there was a marked increase in pro-
inflammatory cytokines and an increase in ROS levels. These
events in turn led to oedema expansion and worsened the
clinical outcome during the early phase of stroke.
Our study has several limitations to be resolved in the
future. In this study, we show the direct effect of PT on brain
injury, and compared between haemorrhagic or ischaemic
stroke. Future work should extend to immune regulation
and mechanism study after stroke. Moreover, it is still unclear
whether and how PT may impact brain recovery after haemorrhagic or ischaemic stroke. Few studies address the effect
of inflammatory response on long-term outcome during late
stage of stroke. Hirudin, which inhibits the conversion from
fibrinogen to fibrin, reduced leucocyte infiltration, modulated microglia phenotype and improved long-term outcome
from day 7 to day 28 after ICH.35 Also, lymphocyte infiltration
persists during late-stage cerebral ischaemia, which probably
plays some part in the resolution phase.36 Therefore, future
studies are required to determine the potential impact of
PT-induced inflammatory response during stroke recovery.
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Figure 6 Pertussis toxin (PT) augments brain inflammation after brain ischaemia and reperfusion. (A, B) Visualisation of
reactive oxygen species generation, in vivo bioluminescence imaging and quantification of signal strength in sham and middle
cerebral artery occlusion (MCAO) mice given PT or vehicle at day 3 after ischaemia and reperfusion. n=3 mice per group from
two independent experiments. (C) Counts of central nervous system–infiltrating immune cell subsets were measured using flow
cytometry on day 3 after reperfusion. Representative flow cytometry plots show the gating strategy of leucocyte subpopulations
isolated from the brain. (D) Summarised results show the cell counts of the indicated subsets in the brain of sham and MCAO
mice receiving PT or vehicle. n=4 mice per group. The data were calculated as mean±SEM; *p<0.05, **p<0.01.
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CONCLUSIONS
In summary, our data reveal that PT increases inflammatory
response and exacerbates brain injury after ICH and brain
ischaemia in a mouse model. This study will advance our
understanding of brain inflammatory features after haemorrhagic or ischaemic stroke, as well as pave the way for
immune intervention to benefit patients who had a stroke.
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Animals
Male C57BL/6 mice were purchased from Charles River (Wilmington, DE, USA). 8- to 10-week-old, 2025g body weight, age-matched male littermates were used in this study. All mice were randomly assigned to
each experiment. All mice were kept in pathogen-free conditions and housed under a 12-h inverted lightdark cycle with access to food and water ad libitum. Reporting of this study complied with the ARRIVE
(Animal Research: Reporting in Vivo Experiments) guidelines.[1, 2]
Pertussis toxin administration
Pertussis toxin (List Biological laboratories, Campbell, CA) was dissolved in distilled-deionized water
followed by dilution with phosphate buffer saline (PBS) under sterile conditions. And PT was administrated
intraperitoneally at a dosage of 250 ng or 500 ng (1ng/l) per mouse immediately after surgery. The same
volume PBS was given in the vehicle group.
ICH induction
ICH in mouse was induced by intra-striatal injection of collagenase as described previously.[3, 4] Mice were
anesthetized with an intraperitoneal injection of 5% chloral hydrate (30 mg/kg). Briefly, mice were
immobilized onto a stereotactic frame and a 1-mm-diameter hole was drilled on the right side of skull (2.3
mm lateral to midline and 0.5 mm anterior to bregma). 0.0375U Type Ⅳ collagenase (Sigma, St.Louis, MO)
in 0.5 l saline were injected at a depth of 3.7 mm under the skull. Sham mice were subjected to the same
surgical procedure with no collagenase injection. Body temperature was maintained at 37.0 ± 0.5°C during
the surgery.
Middle cerebral artery occlusion (MCAO) procedure
The model of transient 60-min intraluminal occlusion of MCA was conducted as previously described.[5]
The mice were anesthetized with 5% chloral hydrate (30 mg/kg). The left common carotid artery, the
external carotid artery and the internal carotid artery were exposed and then isolated and ligated. A
standardized silicone rubber-coated nylon monofilament (RWD Life Science, Shenzhen, China) was inserted
1
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into the beginning of the left MCA to occlude circulation for 60 min and then allow reperfusion. Sham mice
were subjected to the same surgical procedure, but the filament was not advanced far enough to occlude the
MCA. Cerebral blood flow (CBF) was monitored by a laser Doppler probe (model P10, Moor Instruments,
Wilmington, DE, USA) for 5 min both before and after MCAO as well as during the first 10 min of
reperfusion. Animals that did not show a CBF reduction of at least 75% of baseline level were excluded
from further experiments. The body temperature was maintained at 37.0 ± 0.5 °C during surgeries.
Neurological deficit assessment
Neurological tests were performed by investigators blinded to the treatment groups. The modified
Neurological Severity Score (mNSS) test consisted of motor, sensory, reflex and balance assessments with
the highest possible score being 18. The rota-rod test was performed to evaluate systemic motor function,
especially for coordination and balance. The mice were placed on the accelerating rotating rod. The speed
was increased from 0 to 40 rpm. Mice were tested 3 times daily with a break of at least 5 min. The latency to
fall off the rotating rod was recorded and the results were calculated as the average of three times.[3]
Neuroimaging
Magnetic resonance imaging (MRI) was performed using a 7T small-animal MRI (Bruker, Billerica, MA)
equipped with a 72 mm linear transmitter coil and mouse surface receiver coil. The mice were under
anesthesia by inhalation of 3.5% isoflurane, and maintained by 1.0–2.0% isoflurane in 70% N2O and 30%
O2. The T2-weighted images (T2) were performed to assess the lesion volume of ICH model using the
following parameters: TR = 4500 ms, TE = 65.5 ms, FOV = 28 × 28 mm2, image matrix = 256 × 256, slice
thickness = 0.5 mm. Susceptibility weighted imaging (SWI) measurements are sensitive to the presence of
paramagnetic substances such as iron compounds. The SWI data were obtained with TR 30 ms and TE 10
ms, flip angle = 25°, FOV = 32 ×32 × 16 mm3, image matrix = 256 × 256. The lesion was drawn using a T2
sequence, and the hematoma was extracted from the SWI sequence with MRIcorN. The hematoma and T2
were transformed to template space by co-registration in SPM8 and overlaid. T2-weighted images of the
brain were acquired with a fat-suppressed rapid acquisition with relaxation enhancement sequence (TR =
4000 ms, TE = 60 ms, FOV = 19.2 × 19.2 mm2, matrix size = 192 × 192, slice thickness = 0.5 mm) to detect
2
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the infarct size of the ischemic stroke model. The MRI data were analyzed with Image J software (National
Institutes of Health, Bethesda, MD).
To detect reactive oxygen species (ROS) generation in the brain, living bioluminescence images were
captured using IVIS spectrum (Perkin Elmer, Waltham, MA). Mice were injected intraperitoneally with 200
mg/kg luminol (Invitrogen, Carlabad, CA).[6, 7] Bioluminescence images were captured the
chemiluminescent intensities within the brain were defined and measured. Data were collected as photons
per second per cm2 by Living Image Software (Perkin Elmer, Waltham, MA).
Cortical cerebral blood flow (CBF) measurements
Cortical CBF was monitored by a laser speckle technique, as previously described.[8] Briefly, images were
acquired through the laser speckle contrast imager (PeriCam PSI System, Stockholm, Sweden). Mice treated
with PT or vehicle were subjected to measurements of CBF at day 3 after MCAO. CBF changes were
expressed as a percentage of baseline.
Immunostaining
The immunostaining was performed as we previously described.[3, 7] Frozen slices were made with 8 m
thickness and then permeabilized and blocked in 5% donkey serum consisting of 0.3% Triton X-100.
Thereafter, tissue sections were incubated with primary antibodies against CD31 (Abcam, Cambridge, MA),
claudin-5 (Invitrogen, Carlabad, CA) or Matrix Metalloproteinase-9 (MMP-9) (Abcam, Cambridge, MA) at
4°C overnight. After washing with PBS, slices were incubated appropriate fluorochrome conjugated
secondary antibodies: donkey anti-rabbit 488 (Invitrogen, Carlabad, CA), donkey anti-mouse 546
(Invitrogen, Carlabad, CA), at room temperature for 1 h. Nuclei were co-stained with DAPI (Abcam,
Cambridge, MA). Images were captured by microscope (BioTek, Burlington, VT). For claudin-5/MMP-9
coverage, claudin-5-, MMP-9-, and CD31- positive fluorescent areas were measured by Image J (National
Institutes of Health, Bethesda, MD). Claudin-5/MMP-9 coverage was defined as the percentage (%) of
claudin-5/MMP-9-positive fluorescent area covering CD31-positive vessel area.
Flow cytometry

3
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Flow cytometry was performed to analyze immune cell infiltration of brain. [6, 7] After the brain has been
digested and myelin removed, the cells were stained with fluorochrome conjugated antibodies. All
antibodies were purchased from BD Biosciences (San Jose, CA) or BioLegend (San Diego, CA), unless
otherwise indicated. The following antibodies were used: CD45 (30-F11), Ly6G (1A8), CD11b (M1/70),
CD3 (145- 2C11), CD8 (53-6.72), CD4 (GK1.4), NK1.1 (PK136), CD19 (1D3). Flow cytometric
measurements were performed on a FACS AriaⅢ (BD Biosciences, San Jose, CA) and analyzed using
Flowjo 7.6 software (Informer Technologies, Walnut, CA).
Cytokine array
Inflammatory cytokines in brain tissues were analyzed by Proteome Profiler Mouse XL Cytokine Array.
Brain homogenates were prepared from ICH mice treated with or without PT at day 3 after ICH. After the
total protein concentration was adjusted to 1 mg/ml, cytokine levels in these samples were detected using a
Mouse XL Cytokine Array Kit (R&D Systems, Minneapolis, MN) according to the manufacturer’s
instructions.
Evaluation of BBB permeability
Evans Blue (EB) dye (Sigma, St. Louis, MO) was used to assess the BBB permeability of all mice in each
group as previously described. [9] Briefly, Evans Blue dye (2% in saline, 4ml/kg) was injected as a tracer at
day 3 after ICH or MCAO from internal carotid sinus and then waited for 4 hours before sacrifice. The
ipsilateral hemisphere was weighed on a scale and then homogenized into a tube with 2 ml of formamide
(Sigma, St. Louis, MO). Follow by incubation in a 60 ℃ water bath for 72h. After centrifugation,
supernatants were collected and the optical density (OD) at 600 nm was measured by a microplate reader
(Thermo Scientific, Varioskan Flash, USA). The concentration of EB was calculated by the following
formula: EB content in brain tissue (g/ g wet brain) = EB concentration×formamide (ml) / wet weight (g).
Statistical analysis
All results were analyzed by investigators blinded to the treatment groups. And the data are expressed as
mean ± SEM. Statistical data analyses were performed using Graphpad Prism 8.0 software (GraghPad, San
Diego, CA). Two-tailed unpaired Student t-test was used to determine the significance of differences
4
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between two groups. One-way ANOVA followed by Tukey post hoc test was used for 3 or more groups.
Two-way ANOVA accompanied by Bonferroni post hoc test was performed for multiple comparisons. P
values < 0.05 were considered statistically significant.
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