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tension is mild or moderate and no abnormal findirigs related
to hypertension are observed, noncardiac surgery may not be
postponed. However, patients with severe hypertension require
careful blood pressure control throughout the perioperative
period. In patients who cannot take drugs orally and who are
going to undergo emergency surgery, intravenous infusion
of antihypertensives is recommended.”?

(3) Priority of Surgeries and Simultaneous Surgery
Abdominal aortic aneurysms (AAA) >6 cm in diameter should
be treated surgically before noncardiac surgery even when
the latter involves surgery of malignant disease, or should be
treated concomitantly during noncardiac surgery in the case
of abdominal surgery 737

Figure 3 shows the guidelines for priority of noncardiac
surgery and TAA surgery. Priority depends on the pathologi-
cal conditions of aortic aneurysms and noncardiac diseases.
Further investigation of optimal management of aortic anen-
rysms in patients receiving noncardiac surgery is needed.

{4} Stent Grafting

Although stent grafting for aortic aneurysm is not a standard
treatment procedure in Japan, and is only available in limited
institutions, it may be used for the treatment of aortic aneu-
rysms depending on the anatomical and structural character-
istics of lesions. It has been found that stent grafting improves
the short- and long-term prognosis of patients with relatively
low risk of surgical complications who are likely to tolerate
conventional artificial vascular graft implantation with thora-
cotomy.or laparotomy, while it does not substantially improve
the prognosis of high-risk patients”s Further clinical data and
analyses are needed to determine the efficacy and safety of
this technique. However, if outcome does not differ between
endovascular stent grafting and surglcal grafting, stent graft—
ing is' worth considering because it is useful, less mvasive
option to treat aortic aneurysms in patients undergoing elec-
tive noncardiac surgery to ensure a favorable clinical conrse
during the perioperative period of noncardiac surgery.

{5) Rare Heart Diseases

i) Aortitis Syndrome (Takayasu Disease)

Surgical treatment is required in 13% of patients with aor-
titis syndrome. To ensure the safety of noncardiac surgery,
patients should be carefully observed for hypertension due to
renal artery stenosis and heart failure associated with aortic
regurgitation. Patients with active inflammation as suggested
by ahigh CRP level should be treated with corticosteroids to
control inflammation and corticostercid therapy should be
reduced before noncardiac surgery when it is not urgently
required.

ii) Marfan Syndrome

The outcome of cardiovascular surgery in patients with
Marfan syndrome is excellent.76”7 When appropriate cardio-
vascular evaluation does not reveal abnormal findings, patients
with Marfan syndrome may usually undergo conventional
noncardiac surgery.

{6} Manpagement of Aortic Aneurysms in Patients

With Other Heart Discases
i} Ischemic Heart Disease
It has been reported that coronary lesions are observed in
one-gights of patients with aortic dissection -and one-thirds
of patients with true aortic aneurysm. Ischemic heart disease
is more common among patients with AAA.7 Ischemic heart

disease should be carefully managed during the periopera-
tive period of patients undergoing aortic aneurysm surgery.
TABP support is often not feasible in this patient population.
Since hemodynamics during the perioperative period are often
unstable due to hypertension and systemic arteriosclerosis,
management of ischemic heart disease is more important dur-
ing aortic surgery than other types of surgery.

Patients with aortic disease requiring elective, nonurgent
surgery and symptomatic or severe coronary artery disease
should undergo coronary surgery first, coronary surgery and
aortic aneurysm surgery simultaneously, or coronary inter-
vention first. DES, which require long-term treatment with
potent antiplatelet drugs, are not feasible in patients planned
to undergo aortic aneurysm surgery after coronary stenting.
When simultaneous surgery is selected, hybrid treatment,
namely, off-pump coronary bypass surgery and transcatheter
coronary intervention should be considered. Patients with
aneurysms in the descending aorta or thoracoabdominal aorta
may simultaneously undergo aortic surgery and bypass sur-
gery to the left anterior descending artery and/or the circum-
flex coronary artery.

ii) Valvular Heart Disease

When aortic surgery and valve surgery can be performed
through the same incision, simultaneous surgery is feasible
provided that cardiac function is normal. Although no con-
sensus has been reached regarding the optimal surgical treat-
ment of aortic lesions and valvular lesions which cannot be
treated through the same incision, it is important to consider
stent grafting as an option.

6. Peripheral Arterial Dissase
{Abdomen, Neck, and Lower Extremities)

Table 15 shows guidelines for evaluation and management
of patients who have AAA, carotid artery stenosis, or arte-
riosclerosis obliterans (ASO) of the lower extremities and
are to undergo noncardiac surgery under general anesthesia
(cases of emergency surgery for noncardiac diseases are
excluded). Since peripheral arterial disease may develop as a
result of arteriosclerosis, patients diagnosed with a vascular
lesion must be examined for other vascular lesions.

(1} Abdominal Aortic Anearysms

When patients with AAA undergo noncardiac surgery, they
should be carefully observed for rupture of aortic aneurysm,
embolism due to mural thrombi, and blood coagulation disor-
der during the perioperative period. It is believed that noncar-
diac surgery before aneurysm surgery does-not significantly
increase the incidence of rupture. The indication for AAA
surgery should be determined primarily without considering
possible effects of noncardiac surgery, and the order of non-
cardiac surgery and AAA surgery should be based on the
prognosisof AAA and noncardiac-disease. Physicians should
avoid performing gastrointestinal fract surgery and AAA sur-
gery simultaneously since vascular grafts may be contami-
nated during surgery.

In cases of spindle-shaped aneurysms >6cm in diameter,
which are known to have a high risk of rupture, and of sac-
cular aneurysms, symptomatic aneurysms, and infectious
aneurysms regardless of the diameter, AAA surgery should
be performed before noncardiac surgery or simultaneously
with it. Although it has been reported that penpheral arterial
embolism develops in 3 to 29% of patients with AAA,78-50
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AAA, abdominal aortic aneurysm; ASO, arteriosclerosis obliterans.

prediction of embolism is difficult. Patients with ecchymoses
and prolonged hemostasis should be suspected to have con-
sumption coagulopathy associated with aneurysms. The inci-
dence of coagulopathy tends to be high in patients with large
aneurysms, and it is difficult to control blood coagulation
unless the aneurysm is surgically treated.

Patients with the following anatomical characteristics may
undergo stent grafting for the treatment of AAA, and may
thus undergo noncardiac surgery earlier than those undergo-
ing conventional aneurysm surgery.

1) A 20to 22 Fr catheter sheath may be inserted.

2) Infrarenal abdominal aorta {central landing zone) is 19 te
26mm in diameter and >15mm in length.

3) Infrarenal abdominal aorta with an angle of <60° relative
to long axis of aneurysmi.

4) Common iliac artery (distal landing zone) is 8 to 16mm
in diameter and 210 mm in length.

5) Absence of bilateral common iliac aneurysms.

{2y Carotid Artery Stenosis

The carotid artery should be checked in patients with a history
of cerebral infarction and those suspected to be experiencing
a transient ischemic attack (TTA). Patients with carotid artery
stenosis are at risk for cerebral infarction during the peri-
operative period of noncardiac surgery. Since the risk of
cerebral infarction ishigh in males, patients with a history of
cerebral infarction rather than TIA, patients with cerebral
hemisphere signs and symptoms rather than amaurosis, carotid
surgery should be considered.*#? No benefit of carotid sur-
gery has been observed in patients with mild stenosis with or
without symptoms. Carotid endovascular treatment may be
considered in patients with symptomatic severe carotid artery
stenosis, those in whom the surgical approach to the carotid
artery is difficult, those with a high risks associated with sur-
gery, those with carotid artery stenosis. after radiotherapy,
and those with carotid artery restenosis after surgery. When
noncardiac surgery is performed without treating carotid
artery stenosis, patients should be managed carefully to pre-
vent dehydration and hypotension and thus prevent cerebral
infarction.

(3) Arteriosclerosis Obliterans of the Lower Extremity
Acute exacerbation of hemodynamics of the lower ex-

tremities is an important problem during the perioperative
period of noncardiac surgery. Careful monitoring should be
performed, particularly in patients with severe chronic leg
ischemia whose blood pressure is-of <50 to 70mmHg in the
foot joint and <30 to 50mmHg in the toes ®* When acute ASO
of the lower extremity develops, amputation of the lower
extremities may be required, or reperfusion injury followed
by multi-organ failure may occur.

7. Pulmenary frtery Disease

Primary pulmonary artery disease that can coexist in paients

undergoing noncardiac surgery are mainly idiopathic PH,

familial PH, and chronic pulmonary thromboembolism, and

these entities are discussed here # When the following find-

ings are noted in patients planned to undergo noncardiac sur-

gery, they should be suspected to have PH and carefully

evaluated for it.

Clinical findings:  Exertional dyspnea, leg edema, facial

edema

Pulmonary diastolic murmur and apical

holosystolic murmur

Left second arc protrusion and decrease

in peripheral vessel shadow, left fourth

arc protrusion

ECG: Findings of right ventricular overload
(S1Q3T3 and SI1S2S3 patterns in typical
cases)

Echocardiography: Right ventricular enlargement, paradoxi-
cal motion of the interventricular septum

Auscultation:

Chest X-ray:

Pulmonary artery disease is strongly suspected when rest-
ing mean pulmonary arterial pressure in catheterization is
>25mmHg, and hypocapnia with hypoxemia are observed on
arterial blood gas analysis, while no significant pulmonary
parenchyma diseases or airway disorders are observed on
respiratory function testing. Prior to noncardiac surgery, phy-
sicians should consider that the natural history of moderate
or severe PH is quite poor.

No systematic criteria are available to evaluate the risk of
perioperative complications in noncardiac surgery in patients
with PH. Since patients with PH tend to have hypoxemia and
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Figme 4. Flow chart of evaluationfor cardi’omyopathy, NYHA, New York Heart Association; EF, sjection fraction.

right heart failure, careful monitoring (ECG, arterial line
placement, and pulse oximetry) should be performed from
the induction of anesthesia through the postoperative period.
Although pulmonary arterial catheterization provides impor-
tant information, it is difficult to place the catheter at an
appropriate position, and lung injuries due to puncture and
vessel injuries due to balloon dilatation may cause serious
outcomes. Transesophageal echocardiography is very useful
for monitoring the right ventricular function.

The effects of decreasing pulmonary vascular resistance
during the perioperative period of noncardiac surgery with
inhaled nitric oxide, dipyridamole, phosphodiesterase (PDE)
I inhibitors, PGlz, calcium blockers, and intravenous nitro-
glycerin have been reported. Endothelin-1 receptor-antagonist
are effective but not appropriate during the perioperative
period, since only oral forms of them are available.

8. ldiopathic Cardiomyopathy

Cardiomyopathy is defined as “heart muscle disease associ-
ated with cardiac dysfunction”; and is classified into dilated
cardiomyopathy, hypertrophic cardiomyopathy, restrictive car-
diomyopathy, arrhythmogenic right ventricular cardiomyopa-
thy, and -other unclassifiable cardiomyopathy. “Heart muscle
disease with known etiology or clearly related to systemic
disease” is defined as specific cardiomyopathy, and is not
included into the above classification.®#¢ Although new clas-
sification have recently been proposed, this classification is still
common in Japan and useful in the clinical setting. Figure 4
shows a flow chart of preoperative examinations for cardio-
myopathy.

In management during the perioperative period-of non-
cardiac surgery, arrhythmia and low cardiac output require
special attention in patients with any type of cardiomyopathy.
Extra vigilance is needed in patients with severe ventricular
arthythmia, which may cause sudden death. Patients often
have been treated with antiarrhythmic drugs and may receive
-continuous intravenous lidocaine infusion during the peri-
operative period as needed, and many cases of arthythmia are
intractable. It is important to maintain normal sinus rhythm
by adjusting electrolyte levels. If such treatment is impossi-
ble, heart rate should be controlled while in atrial fibrillation.

Low cardiac output in patients with dilated cardiomyopa-
thy is treated by decreasing afterload with vasodilators and
increasing cardiac contractile force with catecholamines and
PDE IIl inhibitors, while such treatment is contraindicated in
patients with hypertrophic cardiomyopathy and should be
performed with care in patients with restrictive cardiomy-
opathy. Physicians should attempt to optimize intravascular
volume to increase cardiac output regardless of the type of
cardiomyopathy. However, since the range of the target intra-
vascular volume is narrow, a pulmonary artery catheter should
be placed to monitor hemodynamics carefully during the peri-
operative period, in which intravascular volume may change
significantly, and diuretics should be administered whenever
necessary.

Patients who had received warfarin to prevent embolism
should be switched from warfarin to continuous infusion of
heparin at least two days before surgery, and should dis-
continue heparin therapy about 3 hours before surgery. It is
preferable that warfarin therapy be promptly resumed when
the risk of postoperative bleeding has decreased; and that
patients who cannot take drugs orally be administered hepa-
rin continuously. Adequate pain control is necessary, since
postoperative pain increases afterload by increasing sympa-
thetic activity.

9. Arrhythmias

In addition to myocardial infarction, arrhythmias and conduc-
tion disorders are quite common perioperative cardiac com-
plications of noncardiac surgery. Arrhythmia may not occur
as a single disorder. It is important to check for all possible
heart diseases associated with arrhythmia when examining
patients with perioperative arrhythmia.

(1) Perioperative Arrhythmia and Its Treatment

i) Preoperative Arrhythmia

When arrhythmia occurs in patients planned to undergo non-
cardiac surgery, physicians should check for the presence/
absence of an underlying disease causing the arthythmia and
consider how to manage the patient should arthythmia worsen
during the perioperative period. The following types of organic
heart disease may play roles in preoperative arrhythmia.

Clroufation Journdgd § 5ol 75, April 2011



1006

JCS Joint Working Group

' ‘i"ébie%ﬂ The Causes of Arrhythmias That May Occur. Dunng
the Perioperatme Period

Myocardml ischemia
Hypovolemia« bleeding

Hypoxemia+ pneumothorax, bleeding in pleural cavity, atelecta
sis, respiratory tract bleeding, etc.

Coronary embolism (e.g., air embolism}
Goronary spasm (hyperventilation, hypercalcemia)
Cardiac overload

Atrial overload — atrial extrasystole, ventricular ove rload—
ventricular extrasystole

Ove rhydration (transurethral resection of prostate, bums, etc.)

Pulmonary embolism (including air embolism, fat embolism)—
right heart overload

Mitral regurgitation, aortic regurgitation—left heart overload
Neurogenic arrhythmia {(e.g., vagal impulse)
Electrolyte imbalance such as hypokalemia, hypocaicemia
Hypothermia

* Sick sinus syndrome, atrioventricular block (particularly
Mobitz type II, Grade 3) - Coronary heart disease

* Ventricular extrasystole (multifocal, sequential) = Coro-
nary heart disease, previous myocardial infarction

» Ventricular extrasystole — Cardiomyopathy, left ventricu-
lar hypertrophy/dilatation (valvular disease)

+ Atrial fibrillation — Left ventricular diastolic dysfunction,
valvular disease

There are reports suggesting that detailed monitoring and
specific treatment are unnecessary in patients with preopera-
tive ventricular extrasystole when myocardial infarction or
other heart disease is absent.¥ However, since arrhythmia
may worsen during the perioperative period in patients with
ischemic heart disease, appropriate examination should be
performed to exclude possible diseases and uncover undiag-
nosed diseases.

For patients who have been diagnosed with arrhythmia and
are taking antiarrhythmic drugs, physicians should consult
with anesthesiologists to determine whether antiarrhythmic
drugs should be given intravenously or be suspended during
the perioperative period. Many believe that 8 blockers nsed
before surgery should be continued during the perioperative
period.* In patients receiving anticoagulation therapy to con-
trol atrial fibrillation, physicians should consider the benefits
and risks of bleeding with anticoagulation therapy in deter-
mining a strategy of treatment for the perioperative period.

ii) Arrhythmias That May Occur During Surgery
Table 16 lists conditions that may cause arthythmias during
the perioperative period. Although arrhythmias existing be-
fore surgery and underlying heart disease affect the type and
incidence of arrhythmias during surgery, myocardial ischemia,
overload on the heart, hypokalemia, and hypomagnesemia
during surgery may induce arrhythmia. Anesthetics, surgical
procedures, and bleeding control also-affect the incidence of
arrhythmia during surgery. Since cardiac arrest may occur at
the time of reperfusion during surgical treatment of intestinal
ischemia or lower extremity ischemia, appropriate measures
such as exsanguination of venous blood may be required.
Intraoperative bradycardia may be improved for a short
period of time with atropine sulfate and £ agonists. However,
when bradycardia is prolonged or severe, patients may need

ventricular pacing using transvenous leads inserted from the
internal jugular vein, transesophageal pacing, or external
pacing using chest patch electrodes.

iiiy Arrhythmias That May Occur After Surgery

The incidence of cardiac complications is highest during the
first several days after surgery .%® Arthythmias thatmay occur
after surgery include those immediately after recovery from
anesthesia, fatal arrhythmias due to pulmonary embolism,
which is prone to occur during the first several days after
surgery, and atrial fibrillation, the incidence of which is high
during the first week after surgery.

Atrial fibrillation is clinically significant, since thrombus
may develop in the left atrium and cause arterial embolism.
Transesophageal echocardiography is useful arterial to ex-
clude possible arterial thrombus. Patients with atrial fibrilla-
tion may exhibit severe bradycardia requiring temporary
pacing. Since severe and prolonged bradycardia may reflect
the presence of latent conduction disorder, physicians should
consider prompt implantation of permanent pacemakers.

(2) Perioperative Management of Patients Using
Implantable Pacemalkers and Implantable
Cardioverter Defibrillators

In patients with implantable pacemakers and implantable car-

dioverter defibrillators (ICD), electromagnetic interference

and infection are the most important complications of non-
cardiac surgery.

The use of electric knives may interfere with pacemakers,
which will then not function properly. Unipolar devices are
more susceptible to interference than bipolar devices. Physi-
cians should be aware of the risk of electromagnetic inter-
ference when ‘the surgical site is in close proximity to the
pacemaker or leads. Physicians should also be familiar with
the possible effects of use of electric knives at a surgical site
distant from the pacemaker. Use of bipolar electric knives is
in all cases the safest procedure, though such devices may
make surgical procedures more complicated than unipolar
devices. Pacing mode must be adjusted during surgery if
surgical site is close near to the pacemaker and require fre-
quent use of electric knives to stop bleeding. In patients who
depend on a pacemaker to maintain heart rate, AOO, VOO,
or DOO mode may be used during surgery. In patients in
their own rhythm with the pacemaker in sense mode, the
pacemaker is not used or is used with a low pacing rate dur-
ing surgery.

In patients using an ICD, electromagnetic interference by
electric knives may trigger the device, which may deliver a
shock during surgery. In such patients, external patch elec-
trodes should be placed on the chest wall to prepare for
prompt electrocardioversion, and the ICD should be turned
off during surgery. After surgery, the ICD should promptly be
turned on. Continuous administration of antiarrhythmic drugs
should be considered in patients susceptible to ventricular
tachycardia. In any case, physicians and medical engineers
with expertise in adjusting programs of implantable pace-
makers and ICD should support the surgery.

In patients undergoing gastrointestinal surgery and patients
with traumatic open wounds, bacteremia may develop. If
leads exposed to venous blood become infected, the pace-
maker may need to be removed. In patients with implantable
pacemakers and ICD, antibiotic treatment should be initiated
during surgery to minimize the occurrence of pacemaker in-
fection.
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ARTICLE INFO ABSTRACT

ArtiC{e history: Cerebral ischemia-reperfusion (I/R) injury induces secondary cerebral damage. As drugs for treating this type 23
Received 13 December 2011 of injury have shown poor efficacy and adverse side effects in clinical trials, a novel therapeutic strategy has 24
Accepted 6 February 2012 been long awaited. In this study, we focused on the disruption of the blood-brain barrier after stroke, and ap- 25

plied a liposomal drug delivery system (DDS) designed to enhance the pharmacological effect of the neuro- 26

Keywords: protectant and to avoid side effects. PEGylated liposomes were injected at varying time after the start of 27
Ischemic stroke reperfusion in transient middle cerebral artery occlusion (t-MCAO) model rats. The results showed PEGylated 28
Liposome liposomes accumulated in the ischemic hemisphere at an early stage after reperfusion and were retained in 29
Middle cerebral artery occlusion the lesion for at least 24 h' after injection. We also investigated the effectiveness of asialo-erythropoietin 30
Nanoparticle (AEPO)-modified PEGylated liposomes (AEPO-liposomes) in treating the cerebral I/R injury. AEPO-liposome 31
Neuroprotection treatment significantly reduced TTC-defined cerebral legion following cerebral I/R injury, and ameliorated 32
motor function compared with vehicle and AEPO treatment. In conclusion, these results indicate that AEPO- 33

liposomes are a promising liposomal formulation for protecting the brain from I/R injury, and that this liposomal 34

DDS has potential as a novel strategy for the treatment of cerebral I/R injury. 35

© 2012 Published by Elsevier B.V. 36

38

1. Introduction Cerebral ischemia/reperfusion (I/R) injury is a secondary injury 59
: ) caused by oxidative stresses and inflammatory responses after recov- 60

Cerebral vascular permeability increases 4Vafter cerebral stroke, dis- ery from cerebral ischemia [11,12], and this injury worsens the path- 61
rupting the integrity of the blood-brain barrier (BBB) via several medi- ological condition. Although the results of many experimental and 62
ators [1,2]. Although BBB disruption catses Cerebral edema, resulting in clinical studies have been published, effective therapeutic strategies 63
neurological deficits [3], this increase in cerebral vascular permeability for the treatment of acute stroke have not yet been achieved, due to 64
also permits drugs, which cannot penetrate the BBB under the normal poor efficacy and to adverse side effects in clinical trials {13-16]. 65
condition, to accumulate in the brain parenchyma. A therapeutic strat- Therefore, an increase in drug efficacy with fewer side effects is highly 66
egy focused on increasing cerebral vascular permeability has succeeded desirable for achieving neuroprotection in stroke patients. 67
in the treatment of some diseases [4]. Nanoparticles such as liposomes In recent years, erythropoietin (EPO) has been shown to be cyto- 68
are used as a drug carrier for such a therapeutic strategy. They pass protective in the brain [17,18]. Indeed, EPO binds to EPO receptor 69
through the intercellular space between vascular endothelial cells and (EPOR) expressed on neuronal cells and reduces brain damage by 70
accumulate in the tissue owing to the enhanced permeability and reten- activating MAPK and PI3K/Akt, and by increasing the expression of 71
tion (EPR) effect |{5-9].-In addition, polyethylene glycol-modified lipo- Bcl-x, resulting in the improvement of cerebral stroke outcome in 72
somes (PEGylated liposomes) possess a long circulating property in permanent or transient cerebral ischemic animal models {18-21]. 73
the bloodstream by avoiding interaction with opsonins and the cells Moreover, EPOR-knockout mice show increased sensitivity to hypox- 74
of the mononuclear phagocytic system [10]. PEGylated liposomes ia and apoptosis of brain cells [22]. These data indicate that EPO acts 75
have been used to increase drug stability, safety, and bioavailability in as one of the important factors for neuroprotection and neurodeve- 76
humans. lopment after an ischemic event. However, multiple dosing with 77
EPO might worsen the cerebral injury after a stroke; because the 78

EPO-induced increase in the hematocrit may possibly induce throm- 79

botic complications. Asialo-EPO (AEPO) is a metabolite of EPO that 80

* Corresponding author. has no hematopoietic effect [23]. AEPO binds to the EPOR more 81
E-mail address: oku@u-shizuoka-ken.acjp (N. Oku). strongly than does EPO because of the net positive charge afforded s2

0168-3659/$ ~ see front matter © 2012 Published by Elsevier B.V.
doi:10.1016/j.jconrel.2012.02.004
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by desialylation, resulting in a strong cytoprotective effect [24,25]. Al-
though AEPO might be expected to be an effective agent for the treat-
ment of cerebral I/R injury, it shows low accumulation in the brain
parenchyma because of its short half-life. Therefore, some method
of increasing the accumulation of AEPO at the site on a cerebral injury
is a potential therapeutic strategy for cerebral I/R injury.

In this study, we investigated whether a liposomal DDS could be
applied as a new strategy for the treatment of cerebral I/R injury. In
addition, we developed AEPO-modified PEGylated liposomes (AEPO-
liposomes) as a neuroprotective agent and examined the therapeutic
efficacy of AEPO-liposomes in model rats with transient cerebral
ischemia.

2. Materials and methods
2.1. Animal

Male Wistar rats (170-210 g) were purchased from Japan SLC, Inc.
(Shizuoka, Japan). The animals were cared for according to the
Animal Facility Guidelines of the University of Shizuoka. All animal pro-
cedures were approved by the Animal and Ethics Review Committee of
the University of Shizuoka.

2.2. Transient middle cerebral artery occlusion model rats

Transient middle cerebral artery occlusion (t-MCAO) model rats
were prepared as described previously [26]. In brief, anesthesia was
induced with 3% isoflurane and maintained with 1.5% isoflurane dur-
ing cerebral stroke surgery. Rectal temperature was maintained at
37 °C with a heating pad. After a median incision of the neck skin,
the right carotid artery, external carotid artery, and internal carotid

artery (ICA) were isolated with careful conservation of the vagal,“"fw

nerve. A 4-0 monofilament nylon filament coated with silicon was in-

troduced into the right ICA and advanced to the origin of the MCA' to
occlude it. Silk thread was used for ligation to keep the filament at the

site of insertion into the MCA. After the operation, the neck was
closed and anesthesia was discontinued. MCAO was perfgr/me/cl for
1 h. Success of the surgery was judged by the appearance of hemipar-
esis. Reperfusion was performed by withdrawing the ﬂlarnent about
10 mm at 1 h after the occlusion under isoflurane anesthesia.

2.3. Preparation of PEGylated liposomes

PEGylated liposomes composed of distea oylphosphatidylcholine
(DSPC), cholesterol, and dlstearoylphos idylethanolamine (DSPE)-
PEG (M.W. of PEG was 2000) (20/10/1 as molar ratio) were prepared
as follows: lipids dissolved in chloroform were evaporated to form a
thin lipid film by using a rotary. evaporator The lipid film was dried
foratleast 1 h under reduced pressure. The dried lipid film was hydrated
with PBS (pH 7.4). The hposo ne solution was freeze-thawed for 3 cycles
with liquid nitrogen and then sonicated for 15 min at 65 °C. Finally, the
particle size of liposomes was adjusted by extrusion through 100 nm-
pore size polycarbonate filters (Nuclepore, Cambridge, MA, USA). For
some experiments, Dil-Cyg (Molecular Probes Inc., Eugene, OR, USA)
or [*H]cholesteryl hexadecyl ether (Perkin Elmer, Boston, MA) was
mixed with initial lipid solution for labeling the liposomes.

2.4. Cerebral distribution of PEGylated liposomes

PEGylated liposomes were fluorescently labeled with Dil-C18. 10-mM
Dil-labeled PEGylated liposomes (0.5 mL) were intravenously injected
into the t-MCAO model rats at 0, 1, 3, 6 or 24 h of reperfusion. Their
brains were dissected at 1 h after the injection and sliced into 2-mm
thick coronal sections with a rat brain slicer (Muromachi Kikai, Tokyo,
Japan). All sections were put in glass slides, and the fluorescence of Dil

was measured with an in vivo imaging system (IVIS, Xenogen Corp.,
Alameda, CA).

2.5. Preparation of AEPO-liposomes

Distearoylphosphatidylethanolamine (DSPE)-PEG-N-hydroxysucci-
nimide (NHS) (0.145 mg) dissolved in 480 L of borate buffer (pH 8.4)
was mixed with 20 pL of AEPO solution (0.9 mg/mL in PBS), and the mix-
ture was incubated for 1 day at room temperature to prepare DSPE-PEG-
AEPO conjugates. A 20-mM solution of PEGylated liposomes was pre-
pared, and then 1mL of the liposomes was incubated with 0.5 mL
of the DSPE-PEG-AEPO conjugates for 15 min at 65 °C. The AEPO-
modified liposomes (AEPO-liposomes) were purified by gel filtration
with Sepharose™ 4 Fast Flow (Amersham Biosciences, Sweden). The
AEPO concentration of AEPO- hposome Was measured by HPLC.

2.6. Cell culture

Pheochromocytoma cells(PC12 cells, ECACC, UK) were cultured in
high-glucose DME medium (WAKO, Osaka, Japan) supplemented
with streptomycin (100.pg/ml), penicillin (100 units/ml), heat-
inactivated 5% fetal bovine serum (FBS, Japan Bioserum, Tokyo,
Japan), and 10% horse serum (HS, MP Biomedicals, Solon, OH, USA)
at37°Cina humldlﬁed chamber with 5% CO.,.

The PC12 cells were plated on poly-p-lysine-coated 24-well plates
for the MTT assay. These cells were caused to differentiate by adding
nerve growth factor (NGF) at 100 ng/ml to the DME medium contain-
ing 0.5% HS at a 48-h interval. Five days after NGF treatment, these
cells: were,,/used for subsequent experiments.

) 27 Cell {i;iability assays

- Differentiated PC12 cells were treated with AEPO-liposomes (0.01,
0.1 or 1.0 nmol/L as AEPO dose) or AEPO (0.1 nmol/L) for 5 days at a
48-h interval. The number of viable cells was measured by use of
TetraColor™ One (Seikagaku, Tokyo, Japan). Briefly, TetraColar™
One solution was added to each well, and the cells were then incubat-
ed at 37 °C for 3 h in a humidified atmosphere containing 5% CO-. Ab-
sorbance at 450 nm was measured by using a Tecan Infinite M200
microplate reader (Tecan, Midnnedorf, Switzerland)

2.8. Biodistribution of AEPO-liposomes

For determination of the biodistribution of AEPO-liposomes, AEPO
was radiolabeled with 21, Briefly, IODO-BEADS® lodination Reagent
(Pierce, Rockford, IL) was added to a Na'1 solution (1 mCi, 890 pL),
and the mixture was incubated for 5 min. AEPO solution (110 L)
was then added to the reacted solution, and incubation conducted
for 15 min. For removal of excess Na'?[ or unincorporated %3], the
mixture was applied to a Zeba™ Desalt Spin Column (Pierce, Rockford,
IL) and centrifuged at 1000 x g for 2 min.

125[_]abeled AEPO-liposomes were intravenously injected into the
t-MCAO rats just after the start of reperfusion. At 3 and 24 h of reper-
fusion, the rats were sacrificed, and the blood was collected. Then the
brain, heart, lung, liver, spleen, kidney, thyroid, and femur were re-
moved and weighed. The radioactivities of organs were measured
by using a gamma counter (Aloka, Tokyo, Japan).

2.9. TUNEL staining

Brains of t-MCAO model rats were dissected at 24 h after the injec-
tion of PBS or AEPO-liposomes (8 pg/kg as AEPO dose), embedded in
OCT compound (Sakura Finetek, Torrance, USA), and then frozen in
dry ice/ethanol. Frozen sections (10 um) were prepared by using a cryo-
static microtome (HM 505E, Microm, Walldorf, Germany) and were
stained with TUNEL reagents supplied in an ApopTag® Plus Fluorescein
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in situ Apoptosis Detection Kit (Chemicon International, Inc, USA), as
described below. For fixation of the sections, they were incubated in
4% paraformaldehyde for 15 min at room temperature, and in ethanol/
acetic acid (2:1) solution for 5 min at —20 °C. DNA strand breaks were
labeled with the digoxigenin-conjugated terminal deoxynucleotidy!
transferase enzyme by incubation for 1h at 37 °C. Then, the sections
were incubated in anti-digoxigenin-fluorescein solution for 30 min at
room temperature. Finally, the sections were mounted with Perma
Fluor Aqueous Mounting Medium (Thermo Shandon, Pittsburgh, PA,
USA) included in DAPI solution (1.0 pg/mL) and observed for fluores-
cence with a microscopic LSM system (Carl Zeiss, Co., Ltd., Germany).

2.10. Therapeutic experiment

PBS, AEPO (8 pg/kg), AEPO-liposomes (8 pg/kg as AEPO dose) or
PEGylated liposomes were intravenously injected into t-MCAO rats im-
mediately after the start of reperfusion. The volume of damaged area,
the degree of brain swelling, and the functional outcome of rats were
assessed at 24 h of reperfusion. For investigation of the functional out-
come, the rats underwent a 21-point neurological score analysis prior
to dissection of the brain, as described previously [27]. Then their brains
were dissected, and the blood was collected to assess the hematopoietic
effect of AEPO. The brains were sliced into 2-mm-thick coronal sections
by using a rat brain slicer (Muromachi Kikai, Tokyo, Japan) and stained
with 2, 3, 5-triphenyltetrazolium chloride (TTC, Wako Pure Chemical
Ind. Ltd., Tokyo, Japan) for the measurement of brain cell death. The vol-
ume of damaged area was calculated by using an image-analysis system
(NIH Image J). The damage regions were considered as completely
white areas. Brain swelling was calculated as the ratio of volumes be-
tween right and left hemisphere sections.

2.11. Statistical analysis

. with at 1h after injection (Fig. 1B, F), suggesting that the PEGylated

Statistical analysis was performed by one-way analysis of variance
(ANOVA) followed by Dunnett's multiple comparison tests. Data are
presented as mean = S.D. A S

péseciom”2/st

Color Bar
Min = 2,30210
bax = 4. 70e10

3. Results 2

DICIN!

3.1. PEGylated liposomes accumulated in ischemic region after reperfusion 2

To determine therapeutic time window for PEGylated liposomal
usage, we examined the time course of changes in the cerebral distri-
bution of fluorescence-labeled PEGylated liposomes with DilCyg after
reperfusion ex vivo (Fig. TA-E). t-MCAO rats were injected with Dil-

the start of reperfusion; and then brain sections were prepared
from them at 1 h after the injection. The fluorescence of the labeled
liposomes in the brain sections was then observed with an in vivo im-
aging system. The accumulation of Dil-labeled PEGylated liposomes
in the ischemic hemisphere was detected in and around the striatum
immediately after the start of reperfusion. The most abundant locali-
zation of Dil-labeled PEGylated liposomes was observed when the
liposomes were injected at 3 h after reperfusion (Fig. 1C). A small
amount of liposomal fluorescence was observed when the liposomes
were injected at 6 h of reperfusion (Fig. 1D), but hardly any was
detectable when the injection was done at 24 h of reperfusion
(Fig. 1E). Therefore, it appears that the region where the PEGylated li-
posomes accumulated in the ischemic hemisphere gradually spread
as time passed until around 3 h after the start of reperfusion. Next,
t-MCAO rats were injected with Dil-labeled PEGylated liposomes im-
mediately after the start of reperfusion, and their brains were dissect-
ed at 24 h post injection to examine the cerebral distribution of the
liposomes. The results revealed that the fluorescence of Dil-labeled

2
2
2
2
labeled PEGylated liposomes via a tail vein at 0, 1, 3, 6 or 24 h after 2
2
2
2
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PEGylated liposomes was detected in the ischemic hemisphere at 252

24 h (Fig. 1F). These data suggest that PEGylated liposomes were
retained in the ischemic hemisphere for an extended period of time.
Moreover, higher liposomal fluorescence intensity was observed in
the brain sections taken at 24 h after injection than in those taken

liposomes gradually accumulated in the brain parenchyma due to 258

the EPR effect. To quantify the accumulated amount of PEGylated
liposomes that accumulated in the ischemic hemisphere, we labeled

D E

Right brain Left brain

Fig. 1. Time course of PEGylated liposome localization in the brain of t-MCAO model rats. A-E) The t-MCAO rats were injected with Dil-labeled PEGylated liposomes (0.5 mL/rati.v.)
at0, 1,3, 6 or 24 h of reperfusion; and then the rats were sacrificed at 1 h after the injection. F) The t-MCAO rats were injected with Dil-labeled PEGylated liposomes (0.5 mL/rati.v.)
immediately after the start of reperfusion, and then their brains were dissected at 24 h after the injection. Dil-labeled PEGylated liposomes localized in the brain sections were ob-
served with IVIS. The left hemispheres of the brain slices are the non-ischemic side; and the right hemispheres are the ischemic side. Bar shows the relative levels of fluorescence
intensity, ranging from low (blue), to medium (green), to high (yellow, red). G) PEGylated liposomes were radiolabeled with [*H]cholesteryl hexadecyl ether. t-MCAQ rats were
injected with [*H]-labeled PEGylated liposomes immediately after the start of reperfusion. These rats were sacrificed at 3, 6 or 24 h of reperfusion, their brains were removed,
and the radioactivity of the [*H]-labeled PEGylated liposomes in the ischemic and non-ischemic hemispheres of the brain was determined. The columns indicate the mean 4 SD,
and the significant differences are as indicated: *p<0.05, ** p<0.01 vs. corresponding value for non-ischemic hemisphere. Fluorescence data represent of 5 independent animal
experiments, all of which demonstrated a similar profile of responses. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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PEGylated liposomes with a radioisotope and injected them into t-
MCAO model rats immediately after the start of reperfusion, and then
sacrificed the animals at 3, 6 or 24 h after the injection (Fig. 1G and
Fig. S1). The results revealed that PEGylated liposomes had a signifi-
cantly higher degree of accumulation in the ischemic hemisphere
compared with their amount in the non-ischemic hemisphere at 6
(p=0.007) and 24 h (p =0.02), but not at 3 h (p = 0.08), after the injec-
tion. Because cardiac perfusion was not performed in this experiment,
both hemispheres included the radioactive PEGylated liposomes in the
bloodstream. Thus, actual differences in the accumulation between
ischemic and nonischemic hemispheres would be much larger. These
data also indicate that PEGylated liposomes gradually accumulated in
the ischemic region in a time-dependent manner. In addition, there
was no significant difference between the hemispheres in the accumu-
lation of PEGylated liposomes injected at 3 h after the start of reperfu-
sion (Fig. S2). Taken together, these data suggest that the therapeutic
time window for the use of PEGylated liposomes in the treatment of
cerebral I/R injury is up to around 3 h after the start of reperfusion,
with the most effective injection time point being regarded as immedi-
ately after the start of reperfusion.

3.2. AEPO-liposomes showed cytoprotective activity toward
differentiated PC12 cells

After AEPO had been conjugated to DSPE-PEG-NHS, the conjugates
were incubated with PEGylated liposomes; and then the AEPO-
liposomes were purified by gel filtration (Fig. 2A). The optimal amount
of AEPO to be used to modify the liposomes was determined by chang-
ing the molar ratio of AEPO to DSPE-PEG-NHS (Fig. S4A). Modification
ratio of AEPO to PEGylated liposomes was approximately 35%, hence,
0.31 g of AEPO was modified to 1 pmol of PEGylated liposomes. The av-
erage particle size and ¢-potential of AEPO-liposomes were 129 nm and

0.29 mV, respectively (Fig. S4B). The particle size of AEPO-liposomes
showed little change in the presence of serum (Fig. S5). To examine _
the pharmacological activity of AEPO-liposomes, we evaluated thejiyto- ;

protective effects of them on PC12 cells by performing an MTT assay.”
PC12 cells are known to differentiate into nerve-like cells when. tfeated

“with NGF; and the depletion of NGF induces programmed cell death

(apoptosis) in the differentiated PC12 cells {28]. Depletlon of NGF has
also been observed in the striatum and cortex of the ischemic hemi-
sphere of t-MCAO rats for 24 h of reperfusion {29,30]. In accordance
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with these findings, in the absence of NGF, the number of surviving dif- 300
ferentiated PC12 cells was decreased to 32.1% of the number in the pres- 301
ence of the growth factor (Fig. 2B). Treatment of the cells with AEPO or 302
AEPO-liposomes significantly suppressed the cell death observed in the 303
absence of NGF (0.1 nmol/L AEPO vs. NGF (—) p=2.5x1075; 0.01,0.1 304
or 1.0 nmol/L AEPO-liposomes vs. NGF (—) p=7.8x107>,8.0x107>, 305
2.5x 1073, respectively). The suppression of cell death brought about 306
by the treatment with AEPO-liposomes occurred in a dose-dependent 307
manner. The addition of PEG liposomes to PC12 cells in the absence of 308
NGF did not significantly affect cell survival, indicating that the non- 309
modified PEGylated liposomes were not neuroprotective. 310

3.3. Accumulation of AEPO in ischemic region was enhanced by liposomal 311
DDS - 312

AEPO was labeled with 121 to trace the biodistribution of AEPO and 313
AEPO-liposomes in the t-MCAO model rats The rats were injected with 314
125].labeled AEPO or '**I-labeled AEPO-hposomes via a tail vein immedi- x5
ately after the start of reperfusxon and then their distribution was evalu- 316
ated at 3 and 24h of reperfusmn by measuring the accumulated 317
radioactivity in each organ (F}g 3A-D). The retention of AEPO in the 318
bloodstream at 3 and 24 h after injection was significantly prolonged by 319
liposomalization (p 0002 and p=0.04, respectively; Fig. 3A-B). 320
AEPO-hposomes showed higher accumulation in the liver than AEPO at 321
both time points (p=2.1x10"> and p=0.008 respectively). Fig. 3C 322
and D show the amount of accumulation in the brain at 3 and 24 h after 323
injection.. The amount of AEPO-liposomes accumulated in the ischemic 324
hemlsphere was higher than that of AEPO at both times (p=24x10"7 325
and p= 0004 respectively). In addition, AEPO-liposomes accumulated 326
51gmﬁcantly more in the ischemic hemisphere than in the non-ischemic 327
isphere (p=0.007 and p=0.04, respectively); whereas AEPO 328

~ showed no difference between the ischemic and non-ischemic hemi- 329
“spheres. Thus, liposomalization of AEPO prolonged the blood circulation 330

time and increased the accumulation and retention of AEPO in the ische- 331
mic hemisphere at both 3 and 24 h of reperfusion. 332

3.4. AEPO-liposomes ameliorated neuronal apoptosis following cerebral 333
I/R injury in rats subjected to t-MCAO 334

To evaluate the anti-apoptotic activity of AEPO-liposomes in the 335
t-MCAO model rats, we observed TUNEL-positive cells in frozen brain 336

PEGylated liposomes

LS

qilile

NGF{+) NGF( 001 0.1 0.1  PEGylated
AEPO-liposomes (nmcIfL) AEPO liposomes
{nmol/L)

Fig. 2. Cytoprotective effect of AEPO-liposomes on PC12 cells. A) The strategy of modification of PEGylated liposomes with AEPO. B) PC12 cells were caused to differentiate by the
addition of NGF at 100 ng/mL to culture medium supplemented with 0.5% HS. Following 5 days in culture for differentiation, the culture medium was changed to that without NGF,
and each liposomal sample was added to the culture medium. After 5 additional days in culture, the number of viable cells was determined by performing the MTT assay. Data are
presented as the mean -+ S.D. (n=6). Statistical differences were calculated by one-way analysis of variance (ANOVA) followed by Dunnett's multiple comparison tests (comparison
with NGF-free group). (***p<0.001 vs. NGF [—]).
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Fig. 3. Biodistribution of AEPO-liposomes in the t-MCAOQ model rats, AEPO was labeled with 2°]. The t-MCAO model rats were injected with '?*-labeled AEPO or '*°|-labeled AEPO-
liposomes via a tail vein. Biodistribution of each sample was determined by measuring the radioactivity in each organ at 3 (A and C) or 24 h (B and D) after the injection. Data are

presented as the mean+S.D. (n=>5). Significant differences are indicated as follows:
hemisphere.

sections of striatum and cerebral cortex by confocal microscopy
(Fig. 5A-D). In the non-ischemic hemisphere, almost no TUNEL-
positive cells were observed in either the striatum or the cerebral cor-
tex. However, in the ischemic hemisphere of the control (PBS-treated)
group, many cerebral cells in both the striatum and the cerebral cortex
were TUNEL positive. In contrast, in the AEPO-liposome-treated group,
the number of TUNEL-positive cells in the striatum of the ischemic
hemisphere was significantly reduced compared that of the control
group (p=0.02; Fig. 5A, C). On the other hand, no signiﬁcant difference
in TUNEL-positive cell number was found in the cerebral cortex
(p=0.16; Fig. 5B, D).

The therapeutic effect of AEPO-liposomes on the cerebral I/R injury
in the t-MCAO model rats was examined by evaluating the volume of
damaged brain, degree of brain swelling, and motor activity of rats at
24 h after the start of reperfusion (Figs. 4E~G, 5). As judged by TTC
staining, AEPO-liposomes greatly reduced cerebral cell death compared
with the control (PBS) and AEPO (p= 2.3x107 > and p=0.003, respec-
tively; Fig. 5E, F). In particular, TTC-defined cerebral lesion in the stria-
tum was strongly suppressed by the treatment with AEPO-liposomes.
The volume of damaged brain was not changed by the PEGylated lipo-
somes, indicating that PEGylated these liposomes were neither neuro-
protective nor augmented the cerebral I/R injury. Brain edema, a life-
threatening complication caused by cerebral I/R, was determined
based on the difference between the volume of the right cerebral hemi-
sphere and that of the left one. One hour of ischemia and 24 h of reper-
fusion increased ischemic hemisphere volume compared with the
volume for the sham group (Fig. 5G). However, the brain swelling was
significantly suppressed by the treatment with AEPO-liposomes
(p=1.9x107>). Moreover, AEPO-liposomes clearly improved neuro-
logical function at 24 h of reperfusion (p=0.03; Fig. 6). These results
taken together indicate that AEPO-liposomes have the potential to im-
prove stroke outcome and a patient's prognosis. It is also significant
that these liposomes did not increase the hematocrit value (an indicator
of blood viscosity), as such an increase is suggestive of a poor cerebral
stroke outcome (Table S1). This indicates that liposomalization of
AEPO did not stimulate hematopoiesis, despite affording an increase
in the AEPO level in the blood circulation.

* p<0.05, ** p<0.01, ** p<0.001 vs. AEPO value, # p<0.05, ## p<0.01 vs. nonischemic

4. Discussion

‘We previously reported that obvious damaged area appeared at

- 3h of reperfusion in our t-MCAO model rats [31]. In the present

study, using the same model rats, we observed that PEGylated lipo-
somes injected after the start of reperfusion accumulated in the
brain parenchyma quickly thereafter. These results suggest that lipo-
somal drug delivery to an ischemic region after reperfusion is possible
before the occurrence of obvious brain damage. A number of neuro-
protective drugs have failed in clinical trials due to inadequate setting
of the therapeutic time window [32]. We speculated that the thera-
peutic time window of nanoparticles would be up to about 3 h after
the start of reperfusion, since the accumulation of PEGylated lipo-
somes in the ischemic hemisphere was low in the case of the injection
given at 6 h of reperfusion.

Our results indicated that there was little accumulation of PEGy-
lated liposomes in the ischemic region when injected more than 6 h
after reperfusion had begun. One possible reason for this poor accu-
mulation is the interruption of blood flow. It has been reported that
I/R impedes the microcirculation [33]. Two hours of ischemia and
6 h of reperfusion have been shown to induce the contraction of peri-
cytes by causing oxidative-nitrative stress. This phenomenon may
limit drug delivery to an ischemic region. This finding suggests that
pericyte contraction may interrupt the circulation of nanoparticles
in the ischemic hemisphere. This hypothesis would thus explain
why PEGylated liposomes given at 24 h after the start of reperfusion
did not accumulate in the ischemic region. Elimination of this
oxidative-nitrative stress might possibly prolong the therapeutic
time window of liposomal agents.

Several reports have described the usefulness of AEPO for the
treatment of cerebral stroke in rodent models. Wang et al. showed
that the intraperitoneal injection of AEPO (80 pg/kg) before focal is-
chemia reduces infarct volume in their hypoxic-ischemic model rats
by suppressing ERK activation and up-regulating SNAP-25.25 Another
report showed that AEPO (44 pg/kg) administered intravenously at
the restoration of cerebral bloodstream in focal ischemia model rats
decreases infarct volume measured at 24 h after the injection [24].
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