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Abstract

Background and Purpose—This study utilized middle cerebral artery occlusion (MCAO) with
tissue plasminogen activator (tPA) to assess inhibition of the NOX2 isoform of NADPH oxidase on
brain injury and functional recovery in aged rats.

Methods—Effects of NOX2 on the degree of brain injury and functional recovery following MCAQO
and tPA reperfusion was assessed in young adult and aged rats. Rats received apocynin (NOX2

inhibitor; 5 mg/kg) or saline 30 min prior to MCAO. At 24 h following MCAO, blood-brain barrier
permeability (BBB), stroke infarct volume, edema formation, and oxidative damage were measured.

Results—Apocynin treatment in aged rats increased mortality rate and failed to improve functional
outcome, total infarct volume, edema formation, and BBB permeability. Aged rats displayed
increased BBB permeability to sucrose in the contralateral hemisphere following MCAO and
diminished antioxidant capacity in the brain as compared to young adult rats.

Conclusions—We conclude that inhibition of NOX2 in the aged rat exacerbates stroke injury and
diminishes functional outcome. These results suggest age is an important factor in stroke damage
and more rigorous examination of apocynin as a therapeutic agent for treatment of stroke must be
done.
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1. Introduction

NADPH oxidases are a damaging source of reactive oxygen species during the aging process
(Park L et al., 2007;Hamilton CA et al., 2001). Inhibition of the NOX2 isoform of NADPH
oxidase reduces superoxide formation (Tang et al., 2007), prevents oxidative damage in the
vasculature(Godbole et al., 2009;Park et al., 2008), and was recently touted as a promising
therapeutic target for treatment of stroke(Kahles T et al., 2007). Studies using embolic models
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of stroke have identified many neuroprotective agents; however, none of these drugs have
improved stroke outcome in humans (Gladstone DJ et al., 2002). Most preclinical studies have
been conducted in young rodents. We contend aging impacts brain damage and functional
recovery following stroke and that by not focusing on age-related processes, a vast area of
potential therapeutic growth has been overlooked. This study utilized middle cerebral artery
occlusion (MCAO) with tissue plasminogen activator (tPA) reperfusion to assess inhibition of
NOX2 on brain injury and functional recovery in aged rats. Our results demonstrated that age
is an important factor in stroke damage and suggest more rigorous examination of NOX2
inhibition as a therapeutic strategy for treatment of acute ischemic stroke is needed.

2. RESULTS

A total of 92 young adult and 120 aged rats were used in this study. At 24 h following MCAO,
apocynin treatment led to increased mortality in aged rats from 14% (7 of 51) to 36% (25 of
69). Vehicle-treated aged rats suffered higher mortality than young adult rats (6%; 3 of 45). In
young adult rats, treatment with apocynin (10%; 5 of 47) had no effect on mortality. No rats
were excluded from the study for not meeting the criteria for ischemic depth and reperfusion.
No deleterious signs of hemorrhage from tPA use were observed in the study. These findings
were consistent with prior studies showing that administration of tPA at 5 mg/kg at 2 h after
start of vessel occlusion did not worsen and, in fact, improved infarct volume compared to
ischemic injury following suture occlusion and reperfusion (DiNapoli VA et al., 2006;
DiNapoli VA et al., 2008; Tan Z et al., 2009).

2.1 Functional Score

At 24 h following MCAO, neurological function was assessed using a modified mNSS (Figure
1). Aged rats (11£1) suffered worsened functional outcome compared to young adult rats (8
+0.5). While apocynin improved functional outcome in young adult rats (5x1), no improvement
from apocynin was noted in aged rats (10+0.5).

2.2 Stroke Volume

At 24 h following MCAO, cortical, striatal and total stroke infarct volumes were calculated
from TTC stained brain sections (Figure 2A—C). Apocynin-treated aged rats displayed no
improvement compared to vehicle-treated aged rats in cortical (27£4% and 21+4%,
respectively), striatal (62+7% and 80£5%, respectively) or total (33+3% and 31+3%,
respectively) stroke volumes. Aged rats exhibited significantly worsened cortical (21+4% and
10+2%, respectively) and total (31£1% and 19+2%, respectively) stroke volumes compared
to young adult rats. Treatment with apocynin significantly decreased striatal (33+10% and 72
+7%, respectively) and total (6£2% and 19+2%, respectively) stroke volume in young adult
rats compared to vehicle-treated young adult rats.

2.3 Edema Formation

At 24 h following MCAO, edema formation was measured (Figure 2D). Apocynin treated aged
rats (20£2%) had exacerbated edema as compared to vehicle-treated aged rats (6£3%). No
difference in edema formation between young adult, young adult apocynin treated, and aged
rats was observed.

2.4 BBB Permeability

At 24 h following MCAO, BBB permeability was measured utilizing a 20 min in situ brain

perfusion with [14C]sucrose (Figure 3). Aged rats treated with apocynin showed no difference
in BBB permeability compared to vehicle-treated aged rats. The ipsilateral hemisphere of aged
rats (4.2+0.2%) showed increased permeability of [14C]sucrose compared to both young adult
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MCAO rats (2.9+0.4%) and aged sham rats (2.0+0.1%). Following MCAO, aged rats also
demonstrated increased permeability to [14C]sucrose in the contralateral hemisphere (2.9
+0.2%) as compared to aged sham rats (2.0+0.1%). The ipsilateral hemisphere of young rats
(2.9+0.4%) exhibited increased permeability of [14C]sucrose as compared to young adult sham
rats (1.6+0.1%). When treated with apocynin 30 min prior to MCAO, young adult rats exhibited
attenuated BBB permeability (2.0+0.2%).

2.5 Antioxidant enzyme activity

At 24 h following MCAO, aged rats treated with apocynin showed reduced SOD activity
compared to respective young adult rats (Figure 4). Following MCAO, young adult rats had
reduced GPx in the contralateral hemisphere (32166 nmol/min/ml) compared to young adult
sham rats (47136 nmol/min/ml). Treatment with apocynin in young adult rats reduced GPx
in the ipsilateral hemisphere (20555 nmol/min/ml and 60557 nmol/min/ml respectively),
and GPx (138+35 nmol/min/ml and 32168, respectively) and CAT (71+0.6 mmol/min/ml and
11515 mmol/min/ml, respectively) in the contralateral hemisphere compared to vehicle-
treated young adult rats. When compared to young adult sham rats, aged sham rats had
decreased SOD (805+80 U/ml and 388+82 U/ml respectively) and GPx (471£36 nmol/min/ml
and 348+66 nmol/min/ml respectively).

2.6 Oxidative Damage

At 24 h following MCAO, lipid peroxidation was assessed by measurement of its byproduct,
MDA (Figure 5A). No significant difference was found between sham and MCAQO rats.
Apocynin treatment significantly decreased MDA concentration in aged rats as compared to
aged sham rats.

Protein oxidation was measured by assessment of protein carbonyl content (Figure 5B). In aged
rats, apocynin treatment significantly increased protein carbonyl content in the ipsilateral (13
+1 nmol/mg) and contralateral (11+2 nmol/mg) hemispheres as compared to aged sham rats
(61 nmol/mg). Aged rats showed significantly higher protein carbonyl content in the
contralateral hemisphere post MCAO (11+2 nmol/mg) than aged sham rats (61 nmol/mg).
When treated with apocynin there was a significant increase in protein carbonyl content in
young adult rats in both the ipsilateral (10+£0.5 nmol/mg and 71 nmol/mg, respectively) and
contralateral (8+1 nmol/mg and 6+£0.7 nmol/mg, respectively) hemispheres as compared to
young adult vehicle-treated rats. At 24 h following MCAO, young adult vehicle-treated rats
showed no change in protein carbonyl content as compared to sham rats.

3. DISCUSSION

The primary finding of this study was that inhibition of the NOX2 isoform of NADPH oxidase
prior to MCAO elicited distinctly different brain injuries between young adult and aged rats.
We report, for the first time, that treatment with apocynin prior to MCAO in aged rats resulted
in increased mortality at 24 h with no improvement in total or regional infarct volume, edema
formation, or functional outcome. We showed that at 24 h following MCAO, both ipsilateral
and contralateral hemispheres of aged rats had increased BBB permeability to sucrose (342
Da) and apocynin treatment did not improve BBB functional integrity. Often in stroke studies
utilizing young animals, the contralateral hemisphere is either ignored or considered control.
However, previous clinical studies have observed changes in the contralateral hemisphere
following stroke (Carey et al., 2002; Blank et al., 2003). In addition to changes in BBB
permeability in the contralateral hemisphere, significant changes in catalase activity, GPx
activity, and protein carbonyl content after MCAO were found. This study, in correlation with
others (Buga et al., 2008; Carey et al., 2002; Blank et al., 2003), highlights a potential role for
the contralateral hemisphere as a compensatory mechanism following stroke. Utilizing aged
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rodents in stroke models provides a unique opportunity to gain a better understanding of
changes in the contralateral hemisphere following stroke.

Our study confirmed the findings of previous studies that in young adult rats, NOX2 inhibition
with apocynin prior to MCAO significantly improved total stroke volume and functional
outcome. We demonstrated that much of the improvement in brain injury in young adult rats
following MCAO was due to improved striatal infarct volume, lessened edema formation, and
decreased BBB disruption. Understanding the effects of ischemic brain injury in reproductively
senescent females is an understudied yet important area of research as females have an
increased overall stroke burden (LIoyd-Jones D, et al. 2009). Recent studies indicate that gender
plays a role in some mechanistic pathways following brain injury and recovery after stroke
(De Silva et al., 2009; McCullough LD et al., 2005). Our current results argue against gender-
related differences in NADPH oxidase activity, as results obtained from young adult female
rats in our study were comparable to young adult male rats used in previous studies (Tang et
al., 2007; Tang et al., 2008; Yenari MA et al., 2006; Kahles T et al., 2007); however, further
investigation will need to be done to ascertain if these findings hold true in aged rats.

The decreased SOD and GPx activity observed in aged rats supports the “free radical theory
of aging”, which contends that age-related diseases result from increased generation of reactive
oxygen species (Harman D, 1994) and decreased antioxidant enzyme activity (Azhar S et al.,
1995; Abete P et al., 1999). However, in concurrence with other studies (Meng et al., 2007;
Goto et al., 1999), catalase activity and protein oxidation were unchanged due to the aging
process. The brain, having a high metabolic rate and lack of metabolic reserves, possesses an
increased concentration of mitochondria compared to other organs. Thus the brain is more
resistant to lipid peroxidation (Meyer et al., 2004), perhaps due to break down of MDA by
mitochondrial aldehyde dehydrogenase (Siu and Draper, 1982). Hypoxia and brain injury show
elevated MDA, however, this increase is only seen at early time points, between 1 and 3 h (Lo
W etal., 2007; Wang Q etal., 2006; Pantke etal., 1999). Due to the early formation and stability
of protein carbonyl (Pantke et al., 1999), we propose that it is a better indicator than TBARS
of oxidative damage in the brain at 24h after MCAO.

Inhibition of NOX2 with apocynin has recently gained momentum as a therapeutic option for
treatment of acute ischemic stroke (Tang et al., 2007; Wang Q et al., 2006; Kahles T et al.,
2007) as several studies demonstrate that administration of apocynin (5-50 mg/kg; i.p.) in
young rodents prior to MCAO attenuated superoxide production, infarct volume (Tang et al.,
2007), neuronal death, activated microglia (Wang Q et al., 2006) and edema formation (Kahles
Tetal., 2007). Interestingly though, route of administration may play a role in apocynin toxicity
as a recent study reported that when apocynin (5 mg/kg) was administered intravenously prior
to MCAO, rodents exhibited larger cerebral hemorrhages in both hemispheres and increased
mortality (Tang et al., 2008). These opposing findings suggest that the activation, mechanism
of action, and toxicity of apocynin are still poorly understood and further studies are necessary,
especially before any therapeutic use of NOX2 inhibition is pursued in clinical trials.

In this study, young adult apocynin-treated rats exhibited decreased GPx activity and increased
protein oxidation after MCAO and reperfusion, possibly as a consequence of unactivated
apocynin, which acts as a pro-oxidant by decreasing the glutathione to glutathione disulfide
ratio (Riganti et al., 2006). Unactivated apocynin promotes hydrogen peroxide production and
increases protein carbonyl formation (Riganti et al., 2006; Ciolino and Levine, 1997).
Unactivated apocynin must be activated to inhibit NOX2 (Stefanska and Pawliczak, 2008).
Activation of apocynin by myeloperoxidase (MPO) forms an apocynin dimer, which prevents
recruitment of the cytosolic proteins and thereby inhibits NADPH oxidase activation
(Stefanska and Pawliczak, 2008). In pathologic inflammatory conditions MPO is elevated
(Tsimikas, 2008). In particular, aged animals exhibit exacerbated inflammatory cell infiltration
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(DiNapoli VA et al., 2008) and worsened stroke volume which produces increased MPO
expression (Romanos et al., 2007). The positive correlation between MPO expression and
apocynin activation suggests enhanced NOX2 inhibition with age. Data gathered from young
animals suggest that increased NOX2 inhibition results in a favorable outcome. In direct
contrast, our data show that aged rats exhibit exacerbated edema formation and increased
mortality. We conclude that inhibition of NOX2 with apocynin exacerbates stroke injury in
the aged rat and would be a poor choice for clinical treatment of stroke.

Results from models utilizing aged animals are increasingly divergent from those in young
adult animals. Evidence collected from aged animal models (DiNapoli VA et al., 2008;
DiNapoli VA et al., 2006; Badan | et al., 2003; Popa-Wagner et al., 2007; Schroeder E et al.,
2003) suggests that, in addition to exacerbated brain injury and persistent functional deficit
after stroke, changes are occurring in the contralateral hemisphere. Disregarding the aging
process in stroke research may be an important and yet overlooked mechanism resulting in
failure to produce clinically applicable therapies.

4. EXPERIMENTAL PROCEDURE
4.1 MCAO and Apocynin Treatment

Female rats were used in this investigation due to the exaggerated sexual dimorphism of size
and weight in young adult versus aged males. Female Sprague-Dawley rats [(3—4 months, 260—
280 g, N=92) and (18-20 months, 275-350 g, N=120)] were received from Harlan
(Indainapolis, IN) and housed under natural light/dark conditions with food and water available
ad libitum. Procedures involving animals abided by the West Virginia University Animal Care
and Use Committee. Before MCAO or sham surgery, rats from both age groups were randomly
divided into apocynin (5 mg/kg; i.p.) and vehicle (0.9% saline; i.p.) treated groups. Treatment
was administered 30 min prior to surgery. Rats were anesthetized with ketamine (90 ma/kg;
i.p.; Webster Veterinary; Sterling, MA) and xylazine (5 mg/kg; Webster Veterinary) prior to
surgery and then supplemented as needed. Rats underwent MCAO for 2 h followed by tPA
(Genentech; San Francisco, CA)-induced reperfusion as previously described (DiNapoli VA
et al., 2006). Briefly, a micro-catheter was inserted into the internal carotid artery (ICA) and
advanced until its tip occluded the ipsilateral MCA. This mechanical occlusion was verified
by laser Doppler (LD-CBF) monitoring of the cerebral blood flow in the MCA perfusion
territory. A 25 mm fibrin-rich, autologous blood clot was then injected directly into the MCA.
Sham surgery consisted of all steps above except for occlusion of the MCA. Ischemia was
monitored continuously. At 2 h, tPA (5 mg/kg) was administered via the femoral vein, and
restoration of blood flow through the MCA was verified by LD-CBF. Ischemia was defined
as a perfusion drop across the MCA territory of >80% as determined by laser Doppler and
successful reperfusion was denoted as a return to >80% of baseline perfusion rate by 30 min
after tPA administration.

4.2 Functional Testing

At 24 h following MCAO, functional testing was performed using the modified Neurological
Severity Scores (MNSS), which is a composite score of motor, sensory, balance and reflex
measures ranging from 1-17, with higher scores indicating greater neurological injury (Chen
Jetal., 2001).

4.3 Determination of Infarct Volume and Edema Formation

At 24 h following MCAO, rats (n=6 rats per group) were anesthetized with ketamine and
xylazine, sacrificed by decapitation, brains removed and sliced coronally at 2 mm intervals.
Sections were incubated in 2% 2,3,5-triphenyltetrazolium chloride (TTC) for 20 min at 37°C.
Following TTC staining, infarct volumes were quantified according to method previously
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described (Yang ZW et al., 1998). For each brain section, ischemic area was outlined and infarct
volume calculated. To avoid overestimation of infarct volume, the corrected infarction volume
(CIV) was calculated: CIV=(LA-[RA-RI])xd, where LA was area of the left hemisphere
(mm?2), RA was area of the right hemisphere (mm?2), Rl was the infracted area (mm?), and d
was slice thickness (2 mm). Edema index (%) was calculated according to previously described
method (Maier etal., 1998). Briefly, edema index=(RV-LV)/LVx100%, where RV was volume
of right hemisphere (mm3) and LV was volume of left hemisphere (mm3).

4.4 Blood-brain barrier (BBB) permeability

At 24 h following MCAO, In situ brain perfusion and capillary depletion were carried out as
described previously (n=6 rats per group) (Preston JE et al., 1995; Triguero D et al., 1990).
Briefly, rats were anesthetized with ketamine (90 mg/kg; i.p.) and xylazine (5 mg/kg; i.p.) and
heparinized (10,000 U/kg; i.p.). The common carotid arteries were exposed, cannulated and
perfused with modified Krebs-Henseleit Ringer’s (117 mmol/L NaCl; 4.7 mmol/L KCI; 0.8
mmol/ L MgSOy; 24.8 mmol/L NaHCOg3; 1.2 mmol/L KH2POy4; 2.5 mmol/L CaCly; 10mmol/
L D-glucose; dextran (70,000 Da) 29 g/L; bovine serum albumin 10 g/L), aerated with 95%
0,/5% CO, and warmed to 37°C. With start of the perfusion jugular vein was sectioned to
allow for drainage. Once both arteries were cannulated, [1*C]-sucrose was infused (flow rate:
0.5 ml/min) into the inflowing Ringer’s solution (total flow rate: 3.6 ml/min/hemisphere). After
20 min, the brain was flushed for 20 s with unlabeled Ringer’s solution and the rat sacrificed
by decapitation. The brain was removed, dissected into ipsilateral and contralateral
hemispheres and the choroid plexis and meninges excised. Brain tissue samples (~150 mg wet
weight) and 100 pl of perfusate samples were prepared for radioactive counting by addition of
1 ml of tissue solubilizer (TS-2; Research Products Inc.; Mount Prospect, IL). After 72 h in
TS-2, 250 pl glacial acetic acid and 4 ml scintillation cocktail (Bio-Safe NA; Research Products
Inc.) were added and samples analyzed by liquid scintillation counting (Beckman LS5801;
Beckman Coulter; Fullerton, CA). Amount of [14C] radioactivity in the brain (Cijssue; dpm/g)
was expressed as a percentage of that in artificial perfusate (Cperfusate; dpm/ml) and termed
Riissue% (1l/g) as follows: Ryissue% = (Ctissue / Cperfusate) % 100%.

Capillary depletion was carried out after in situ perfusion, the brain was removed dissected
into ipsilateral and contralateral hemispheres and choroid plexis and meninges excised.
Hemispheres were homogenized in 1.5 ml capillary depletion buffer (4-[2-hydroxyethyl]-1-
piperazineethanesulfonic acid (HEPES); 141 mM NaCl; 4 mM KCI; 2.8 mM CaCl,; 1 mM
MgSQy; 1 mM NaH,POy4; 10 mM D-glucose; pH 7.4) maintained at 4°C. An equal volume of
ice-cold 26% dextran (60,000 Da) solution was added to homogenate. Aliquots of homogenate
were taken and centrifuged at 5,400 x g for 15 min. Capillary depleted supernatant was
separated from the vascular pellet. Homogenate, supernatant, and resuspended vascular pellet
were assayed for radioactivity using a liquid scintillation counter.

4.5 Markers of oxidative stress

At 24 h following MCAO, rats (n=6 rats per group) were anesthetized with ketamine and
xylazine and transcardially perfused with 0.9% saline with heparin (2 U/ml). Brains were
removed, and the ipsilateral and contralateral hemispheres separated. Brain sections were
weighed and stored at —80°C. Measurement of superoxide dismutase (SOD), glutathione
peroxidase (GPx), and catalase (CAT) activities as well as, thiobarbituric acid reactive
substances (TBARS) in the form of malondealdehyde (MDA) and protein carbonyl were
carried out according to manufacturer’s protocols(Cayman Chemicals; Ann Arbor, Ml).

4.6 Statistics

Data are presented as mean + S.E. BBB permeability and oxidative stress assays were compared
by three-way (ANOVA) with Tukey’s post hoc analysis. Functional score, stroke infarct
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volume and edema formation were compared by two-way ANOVA with Tukey’s post hoc
analysis. Statistical significance was set at p<0.05.

Abbreviations

MCAO
middle cerebral artery occlusion
tPA
tissue plasminogen activator
TTC
2,3,5-tripheny!l tetrazolium chloride
BBB
blood-brain barrier
SOD
superoxide dismutase
GPx
glutathione peroxidase
CAT
catalase
MDA
malondealdehyde
TBARS
thiobarbituric acid reactive substances
MPO
myeloperoxidase
ICA
internal carotid artery
MCA
middle cerebral artery
LD-CBF
laser Doppler monitoring of cerebral blood flow
mNSS

modified neurological severity score
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Figure 1.

Functional outcome was measured utilizing the modified Neurological Severity Score (mNSS).
Values are expressed as mean * S.E. Statistical significance was determined as * p < 0.05 as
compared to vehicle treated MCAOQ young adult rats and # p < 0.05 compared to apocynin-
treated young adult rats using two-way ANOVA with Tukey’s post hoc analysis.
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Figure 2.

TTC stained brain sections were used to calculate (A) cortical, (B) striatal, and (C) total stroke
volume and (D) edema formation at 24 h following MCAO in vehicle and apocynin-treated
young adult and aged rats. Bars represent mean = S.E. (n=6 rats per group). Statistical
significance was set at *p<0.05 compared to vehicle-treated young adult rats, #p<0.05 as
compared to apocynin-treated young adult rats using two-way ANOVA with Tukey’s post hoc
analysis.
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Figure 3.

At 24 h following MCAO, (A) in situ brain perfusion using [**C]sucrose (342 Da) was used
to determine the degree of BBB permeability and (B) the effect of apocynin treatment on
changes in BBB permeability in young adult and aged rats. Brains were separated into infarcted
and non-infarcted hemispheres. Bars represent mean + S.E. (n=6 rats per group). Statistical
significance was set at *p<0.05 compared to vehicle-treated age-matched sham, #p<0.05
compared to respective hemisphere of the vehicle-treated young adult MCAQ rats, 1p<0.05
compared to the respective non-infarct hemisphere, and tp<0.05 as compared to apocynin-
treated young adult rats using three-way ANOVA with Tukey’s post hoc analysis.
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Figure 4.

(A) Superoxide dismutase (SOD), (B) glutathione peroxidase (GPx), and (C) catalase (CAT)
activities were spectrophotometrically measured in infarcted and non-infarcted hemispheres
at 24 h following MCAO in vehicle and apocynin-treated young adult and aged rats. Bars
represent mean = S.E. (n=6 rats per group). Statistical significance was set at *p<0.05 compared
to age-matched sham, #p<0.05 compared to vehicle-treated young adult MCAO rats, £p<0.05
compared to respective non-infarct hemisphere, tp<0.05 compared to apocynin-treated young
adult rats and §p<0.05 compared to respective young adult group using three-way ANOVA
with Tukey’s post hoc analysis.
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Figure 5.

Downstream products of lipid peroxidation (A) malondialdehyde (MDA) and (B) protein
carbonyl were spectrophotometrically measured to assess the effect of apocynin treatment on
oxidative stress at 24 h following MCAO in young adult and aged rats. Brains were separated
into infarcted and non-infarcted hemispheres. Bars represent mean + S.E. (n=6 rats per group).
Statistical significance was set at *p<0.05 compared to age-matched sham, #p<0.05 compared
to vehicle-treated young adult MCAO, and §p<0.05 compared to respective young adult group
using three-way ANOVA with Tukey’s post hoc analysis.
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