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INTRODUCTION 

STATEMENT OF THE PROBLEM AND SPECIFIC AIMS 

Intracerebral hemorrhage (ICH) is the most prevalent form of hemorrhagic 

stroke, with about 120,000 Americans suffering an ICH annually (Broderick et al. , 

1999; Brown et al. , 1996; Feigin et al. , 2009; Qureshi et al. , 2001 ; Ribo and 

Grotta, 2006). ICH patients exhibit 50-60% mortality within the first year and less 

than 20% of survivors regain functional independence (Broderick et al. , 1999; 

Qureshi et al. , 2001 ). Hematoma enlargement has been correlated to 

neurological deterioration and is an independent determinant of mortality and 

functional outcome after ICH (Christoforidis et al. , 2007; Davis et al. , 2006; Fewel 

et al. , 2003; Labovitz et al. , 2001 ; Qureshi et al. , 2001 ). Neurosurgical 

evacuation of the resulting hematoma may attenuate brain injury and improve 

neurological outcome (Mendelow et al. , 2003); however, the size and location of 

the clot combined with the limited number of suitable candidates can restrict the 

utility of surgical intervention. Thus, treatment options for ICH remain largely 

supportive; leading to the accepted opinion that ICH is the least treatable form of 

stroke and stressing the need for novel therapeutics. 

Hemolysis promotes hematoma resolution after ICH, but the toxic 

hemoglobin by-products released during this process facilitate brain injury. 

Inflammatory mediators promote the clearance of blood cells and cellular debris 

1 



2 

from the injured tissue immediately after ICH (Hua et al., 2000; Wang and Dore, 

2007); however, a prolonged inflammatory response increases oxidative brain 

injury, leading to neuronal and astrocytic death (Han and Suk, 2005; Koeppen et 

al. , 1995; Matsushita et al. , 2000; Wagner et al. , 2006; Woiciechowsky et al., 

2002; X1 et al. , 2006), hematoma expansion (Leira et al., 2004; Platt et al., 1998) 

and poor patient outcomes (Aronowski and Hall, 2005; Christoforidis et al., 2007; 

Davis et al., 2006; Fang et al., 2007; Fewel et al., 2003; Labovitz et al. , 2001 ; 

Qureshi et al. , 2001 ). Of particular interest, tumor necrosis factor-a (TN F-a), a 

pro-inflammatory cytokine, appears within hours after experimental ICH and 

increases neurological injury via poorly defined mechanisms (Hua et al. , 2006; Xi 

et al., 2001 ). Stimulation of the Fas/TNFR family of death-domain receptors 

(DRs) promotes nuclear factor kappa B (NFKB) activity (Schutze et al., 1995) and 

increases caspase activation; however, caspase inhibition does not limit OR

mediated cytotoxicity, which lacks typical apoptotic features and resembles a 

necrotic injury (Holler et al., 2000; Matsumura et al. , 2000; Schulze-Osthoff et al., 

1994). 

Necroptosis is a newly identified form of regulated necrosis that proceeds 

via a caspase-independent mechanism after stimulation of DRs (Degterev et al., 

2005). Necrostatin-1 (Nec-1 ), a potent inhibitor of necroptosis, works by 

allosterically inhibiting receptor interacting protein kinase 1 (RIPK1 ), thus 

preventing its interaction with RIPK3 (Degterev et al., 2008) and subsequent 

signaling to NFKB. It has been shown to dose-dependently reduce cerebral 

infarction and traumatic brain inJury w1th an extended therapeutic window 
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(Degterev et al , 2005; You et al. , 2008). Our central hypothesis is inhibition of 

pro-Inflammatory signaling downstream of TNF-a will improve outcome in a 

mouse model of ICH. The specific aims of this dissertation are: 

Specific Aim 1: Test the hypothesis that inhibition of TN F-a. signaling 

improves outcome after ICH. The ability of R-7050, a TNF-a. receptor 

antagonist, to promote hematoma clearance, attenuate edema, reduce blood

brain barrier opening, and improve neurological score after ICH will be evaluated. 

Specific Aim 2: Test the hypothesis that blocking RIP1 kinase signaling 

improves neurological outcome after ICH. The ability of Necrostatin-1 to 

promote hematoma clearance, attenuate edema, reduce blood-brain barrier 

opening, improve neurological score, and reduce inflammatory gene expression 

will be evaluated after ICH. 

Specific Aim 3: Test the hypothesis that inhibition of NFKB improves 

neurological outcomes after ICH. The ability of curcumin, a clinically available 

NFKB inhibitor, to promote hematoma clearance, attenuate edema, reduce blood

brain barrier opening, improve neurological score, and reduce Inflammatory gene 

expression will be evaluated after ICH 
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LITERATURE REVIEW 

Hematoma size: a possible role for mflammation? 

Intracerebral hemorrhage (ICH), the most prevalent type of hemorrhagic 

stroke, induces 50-60% mortality within the first year and is associated with long

term disability in many survivors (Broderick et al., 1999; Qureshi et al., 2001 ). 

Primary ICH is caused by the rupture of small vessels damaged by chronic 

hypertension or amyloid angiopathy. This rupture leads to the accumulation of 

blood within the brain parenchyma and the formation of a space-occupying 

hematoma. Hematoma volume directly correlates with neurological outcome 

(Davis et al., 2006), supporting clot evacuation as a strategy to improve patient 

prognosis. Unfortunately, a limited number of suitable surgical candidates and/or 

unfavorable size/location of the mass les1on may restnct the utility of 

neurosurgical intervention. As such, treatment options remain largely supportive, 

reinforcing the notion that ICH is the least treatable form of stroke and stressing 

the need for novel therapeutic approaches. 

Acute hematoma enlargement, an independent determinant of both 

mortality and functional outcome after ICH (Davis et al., 2006), results from 

continuous bleeding or re-bleed1ng from the ruptured arteriole, from bleeding 1n 

surrounding compressed vessels, and/or from local clotting defects in the first 

hours after aneurysm rupture (Christoforidis et al , 2007; Fewel et al., 2003; 

Labovitz et al., 2001 ; Qureshi et al., 2001 ). Expansion of the hematoma is 

clinically associated with brain herniation, reduced cerebral perfusion, disruption 

of the blood-brain barrier (BBB), increased vasogenic edema, neurological 
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deterioration, reduced consciousness, and increased patient mortality 

(Chnstoforid1s et al., 2007; Davis et al., 2006; Fewel et al., 2003; Labovitz et al., 

2001 ; Qureshi et al., 2001 ). Early-phase predictors of acute hematoma growth 

remain poorly defined, but inflammation correlates with hematoma expansion in 

preclinical injury models and with neurological deterioration in patients (Leira et 

al., 2004; Platt et al. , 1998). 

NFKB, a key regulator of inflammation 

NFKB, a ubiquitously expressed transcription factor, regulates many pro

inflammatory genes, including iNOS, IL-113, and TNF-a. (Karin and Delhase, 

2000). Some of these mediators, particularly IL-113 and TNF-a., activate NFKB, 

creat1ng a positive regulatory loop that amplifies and perpetuates inflammation 

(Barnes and Karin, 1997). Increased expression of these inflammatory 

mediators promotes secondary neurovascular injury, including oxidative stress, 

increased blood-brain barrier (888) permeability, and the development of 

vasogenic edema (Hickenbottom et al., 1999; Simard et al., 2009; Wakade et al., 

2009; Zhao et al., 2007). Interestingly, NFKB activation was observed within 

minutes and was sustained for several days following ICH in rats (Hickenbottom 

et al., 1999; Zhao et al., 2007). In addition, pen-vascular activation of NFKB has 

been demonstrated to promote endothelial apoptosis (Did1er et al., 2003; Zhao et 

al., 2007). 

Curcumin, a low molecular weight curry sp1ce denved from the rhizome 

Curcuma longa , is a potent inhibitor of NFKB and has been safely consumed by 
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humans for centuries, including use as an anti-inflammatory agent in Ayurveda, 

an ancient Indian system of medicine (Dhandapani et al., 2007; Garodia et al., 

2007; Shishodia et al., 2005; Singh and Aggarwal, 1995). Recent work has 

demonstrated that curcumin reduces neuroinflammation, cerebral edema, and 

acute neurological injury after traumatic brain injury (TBI), attenuates vasospasm 

after subarachnoid hemorrhage (SAH) (Laird et al. , 2010; Wakade et al., 2009), 

and is neuroprotective after cerebral ischemia (Thiyagarajan and Sharma, 2004 ). 

Clinical trials demonstrated that oral administration of curcumin results in 

bioactivity with minimal adverse effects (Anand et al. , 2007; Cheng et al., 2001) 

even at high doses {>12g/day) (Anand et al. , 2007; Bayet-Robert et al., 201 0; 

Cheng et al., 2001 ; Dhillon et al., 2008; Hsu and Cheng, 2007; Sharma et al., 

2004 ). Pharmacokinetic studies in mice showed peak plasma concentrations 

(-1 .6 ,..M) within 15 minutes and brain accumulation within 1 hour after 

intraperitoneal administration of 100 mg/kg curcumin (Pan et al., 1999). These 

levels reflect the serum concentrations observed in patients following daily oral 

ingestion of 8 grams and more importantly, functionally inhibited pro

inflammatory signaling in peripheral blood mononuclear cells from pancreatic 

cancer patients (Cheng et at., 2001 ; Dhillon et al. , 2008). Given the role for 

neuroinflammation in the development of secondary neurological injury, we 

hypothesize that curcumin may restrict neurological demise following ICH. 
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TNF-a as a key to improving patient outcome 

TNF-a. is an extremely potent physiological inducer of NFKB activity 

(Schutze et al., 1995) that has been shown to increase BBB permeability and 

promote vasogenic edema after bra1n injury (Broderick et al. , 1999; Didier et al., 

2003; Hua et al., 2006; Megyeri et al., 1992; Wright and Merchant 1994 ). 

Although it is produced by multiple cell types during inflammation, previous work 

has shown that TNF-a is restricted to cell types resembling neutrophils, 

macrophages, and microglia after ICH (Mayne et al., 2001) In particular, 

perihematomal levels of TN F-a. increase within hours after experimental ICH and 

contribute to complement-mediated damage around the hematoma (Hua et al., 

2006; Lu et al., 2006; Wasserman et al., 2007; Xi et al., 2001 ). The relationship 

between TNF-a. and outcome after ICH in humans remains poorly defined, but 

levels of TNF-a. in plasma samples taken within five hours of hemorrhage onset 

correlate with the degree of edema in humans (Castillo et al., 2002). Thus, we 

hypothesize that blocking TNF-a activation may limit neurovascular injury and 

improve clinical outcomes following ICH. 

Recently, many injectable anti-TNF-a antibody therap1es that affect either 

the TNFR1 (p55) or the TNFR2 (p75) pathway have entered the market. 

Although both pathways can signal to NFKB, in clinical trials with p55 blockers, 

such as lenercept, patients failed to show improvement in symptoms due to the 

formation of anti-drug antibodies (Hallenbeck et al., 2002; Xi et al., 2006). This 

combined with recent data suggestmg an increased cancer nsk with use of p75 

blockers, poss1bly due to their antigenic nature (Tong et al., 2012), Indicates that 
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small molecule inhibitors, such as Triazoloquinoxaline (R-7050), may be a better 

therapeutic option (Gururaja et al. , 2007). R-7050 is a potent, orally available 

compound that acts by blocking the internalization of the TNF-aJTNF-a. receptor 

complex, regardless of receptor subtype, thus inhibiting its association with RIP1 

(Gururaja et al., 2007). It accomplishes this by blocking a mechanism of 

endocytosis that is also used in lysophosphatidic acid (LPA) receptor 

internalization, rather than globally inhibiting endocytosis. Although the net effect 

of R-7050 IS similar to that of the anti-TNF-a. antibodies, its superior route of 

administration and lack of antigemc1ty may represent a new way to treat, not only 

ICH, but a host of autoimmune disorders not responding to current therapies. 

RIP1 kinase: a novel therapeutic target after JCH? 

RIPK1 is a serine/threonine protein kinase that is comprised of 3 major 

domains - an N-terminal kinase domain that is required for necroptosis, an 

intermediate domain that is implicated in NFKB activation, and a C-terminal death 

domain that is important for interaction with other DRs (Degterev et al. , 2008). It 

is activated by binding of the TNF-a receptor (Hsu et al. , 1996) and is expressed 

both constitutively and inducibly in response to cytokines. Cleavage of RIPK1 

results 1n the blockage of TNF-induced NFKB activation, while overexpress1on of 

RIPK1 activates NFKB (Hsu et al. , 1996; Kelliher et al. , 1998). Therefore, we 

believe that inhibiting the activation of RIPK1 signaling pathways may lead to 

improved outcome after ICH. 
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Necrostatin-1 (Nec-1) was originally identified as a selective inhibitor of 

RIPK1 that binds preferentially to the inactive conformation and stabilizes it, thus 

shifting the equilibrium to the inactive state and preventing its interaction with 

RIPK3 (Degterev et al., 2008). Recently, it has also been shown to act as an 

inhibitor of lndoleamine-2,3-dioxygenase (100), a pathway that is responsible for 

converting the am1no acid tryptophan into kynurenine (Vandenabeele et al., 

2013). Also, as RIPK1 has been associated with both necroptosis and 

apoptosis, Nec-1 may act, in part, by inhibiting one or both of these pathways. 

Many of these issues have been resolved with the creation of a new, more 

specific form of Nec-1, called Nec-1s Although the original version of Nec-1 has 

been shown to improve outcome in animal models of brain injury and ischemic 

stroke (Degterev et al., 2005; You et al., 2008), the utility of this compound after 

ICH remains unexplored and the newer version has yet to be tested in any brain 

1njury model. Therefore, we used the older, more validated version of the 

compound. We hypothesize that this version of Nec-1 will exert a beneficial 

effect due to previous work from our laboratory which demonstrated astrocytic 

protection in an in vitro model of ICH (Laird et al., 2008; Sukumari-Ramesh et al., 

2010). 

PROJECT RATIONALE 

Neurovascular diseases are a complex group of human pathologies and 

an important cause of death and disability. ICH, the most common form of 

hemorrhagic stroke, accounts for 15-20% of all strokes and has a 
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disproportionally high mortality rate (Broderick et al., 1999; Ribo and Grotta, 

2006; Wang and Dore, 2007). In addition, ICH survivors frequently lack 

functional independence due to continuing weakness, cognitive deficits, or 

permanent disability. These poor outcomes place a Significant economic burden 

upon our society, a problem that is expected to get worse as our population 

ages. Therefore, new therapies to attenuate damage after ICH, thereby helping 

maintain patient independence, are desperately needed. 
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ABBREVIATIONS 

888 Blood-brain barrier 

ICH Intracerebral hemorrhage 

RIP1 Receptor interacting protein 1 

TN F-a Tumor necrosis factor-a 

TNFR Tumor necrosis factor-a receptor 

TRADD Tumor necrosis factor receptor type 1 associated DEATH 

domain protein 

TRAF Tumor necrosis factor receptor associated factor 
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ABSTRACT 

Intracerebral hemorrhage (ICH), the most common form of hemorrhagic stroke, 

exhibits the highest acute mortality and the worst long-term prognosis of all 

stroke subtypes. Unfortunately, treatment opt1ons for ICH are lacking due in part 

to a lack of feasible therapeutic targets. Inflammatory activation is associated 

with neurological deficits in pre-clinical ICH models and with patient deterioration 

after clinical ICH. In the present study, we tested the hypothesis that R-7050, a 

novel cell-permeable triazoloquinoxaline inhibitor of the tumor necrosis factor 

receptor (TNFR) complex, attenuates neurovascular injury after ICH in mice. Up 

to 2h post-injury administration of R-7050 significantly reduced blood-brain 

barrier opening and attenuated edema development at 24h post-ICH. 

Neurological outcomes were also improved over the first days after injury. In 

contrast, R-7050 did not reduce hematoma volume, suggesting the beneficial 

effects of TNFR inhibition were downstream of clot formation/resolution. These 

data suggest a potential clinical utility for TNFR antagonists as an adjunct 

therapy to reduce neurological injury and improve patient outcomes after ICH. 
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1. INTRODUCTION 

Spontaneous intracerebral hemorrhage (ICH), the most prevalent form of 

hemorrhagic stroke, induces one-year mortality rates >60% and induces the 

worst long-term neurological outcomes of all stroke subtypes (Qureshi et al., 

2001 ). ICH is caused by the rupture of small vessels damaged by chronic 

hypertension or amyloid angiopathy, inducing the formation of an intracranial 

space-occupying hematoma. Neurosurgical clot evacuation improves outcomes 

in some ICH patients, although many patients are not amenable to surgical 

intervention due to an inaccessible location or concurrent intraventricular 

hemorrhage (Mendelow et al., 2005). As such, conservative management 

remains a clinical mainstay. The lack of efficacious therapeutic options 

reinforces the notion that ICH is the least treatable form of stroke and stresses 

the need for improved medical approaches. 

Hemolysis promotes spontaneous hematoma resolution, although th1s 

process simultaneously induces the release of pro-inflammatory mediators 

adjacent to the hematoma. Inflammatory activation is associated with increased 

neurovascular damage, neurological deterioration, and a poor functional recovery 

after ICH (Hickenbottom et al., 1999; Leira et al., 2004; Platt et al., 1998; Zhao et 

al., 2007), although the prec1se mechanisms remain undefined. In particular, 

elevated plasma concentrations of the pro-inflammatory mediator, tumor necrosis 

factor-a (TNF-a), clinically correlated with acute hematoma enlargement, edema 

development, and poor patient outcome following ICH (Castillo et al., 2002; 

Dziedzic et al , 2002; Fang et al., 2007; Kim et al., 1996; Woiciechowsky et al., 
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2002). Similarly, increased TNF-a expression was observed in several different 

species and in multiple experimental models of ICH. Importantly, our laboratory 

and others reported a functional association between peri-hematoma! TNF-a 

expression and the development of brain edema and neurological injury after ICH 

(Hua et al., 2006; King et al., 2011 ; Mayne et al., 2001 ; Wasserman et al., 2007). 

As a whole, these findings support the notion that TNF-a represents a rational 

therapeutic target after ICH. 

Although emerging pre-clinical and clinical evidence suggests a 

detrimental role, small molecule TNF-a pathway inhibitors remain largely 

unexplored in the context of a brain hemorrhage. TNF-a 1nduces biological 

activity via stimulation of the tumor necrosis factor receptor {TNFR) (Ashkenazi 

and Dixit, 1998; Locksley et al. , 2001 ). TNFR interacts with downstream adaptor 

proteins, includ1ng TRADD, TRAF and RIP1 , providing specificity of the response 

toward a pro-inflammatory and/or a cell death response. R-7050 is a novel cell

permeable triazoloquinoxaline compound that selectively inhibited TN F-a induced 

cellular signaling using differential screening of a 300,000 compound library 

(Gururaja et al., 2007). Unlike biologic TNF Inhibitors (e.g. infliximab, etanercept, 

adalimumab) that directly bind TNF-a and function as decoy receptors, R-7050 

does not affect b1nd1ng of TN F-a to TN FR. In contrast, R-7050 selectively inhibits 

the association of TNFR with intracellular adaptor molecules (e.g. TRADD and 

RIP), limits receptor internalization, and prevents subsequent cellular responses 

after TNF-a b1nding (Gururaja et al., 2007). In the present study, we tested the 

hypothesis that R-7050 reduces neurovascular injury after ICH. 



2. MATERIALS AND METHODS 

2. 1 ICH model 
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Animal studies were reviewed and approved by the Committee on Animal 

Use for Research and Education at Georgia Health Sciences University, in 

compliance with NIH guidelines. A mouse collagenase model of ICH was utilized 

for all studies, as detailed by our laboratory (King et al., 2011; Sukumari-Ramesh 

et al., 2012). Briefly, male CD-1 mice (8-10 weeks old; Charles River, 

Wilmington, MA, USA) were placed into a stereotactic frame and a 0.5 mm 

diameter burr hole was drilled over the parietal cortex, 2.2 mm lateral to the 

bregma. A 26-gauge Hamilton syringe, loaded with 0.04U of bacterial type IV 

collagenase in 0.5 IJL saline, was lowered 3 mm deep from the skull surface 

directly into the left striatum. The syringe was depressed at a rate of 450 nUmin 

and left in place for several minutes after the procedure to prevent solution reflux 

and excess diffusion. Sham animals underwent the same surgical procedure, 

except that saline was stereotactically injected rather than collagenase. After the 

syringe was removed, bone wax was used to close the burr hole, the incision 

was surgically stapled, and mice were kept warm until recovery of the righting 

reflex. R-7050 (EMD Biosciences, 6-18 mg/kg) was administered via 

intraperitoneal route at the time of injury or up to 2h post-ICH. 

2. 2 Hematoma volume 

Hematoma volume was quantified by using a QuanttChrom Hemoglobin 

Assay Kit (Bioassay Systems, Hayward, CA), per manufacturer's 
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recommendations and as routine to our laboratory (King et al., 2011 ). The 

amount of hemoglobin in each hemisphere was calculated using the following: 

[(optical density of sample/optical density of calibrator)*1 00]. 

2.3 Blood-brain barrier (888) permeability 

BBB permeability was quantified following administration of Evans blue 

(20 mg/ml in PBS, i.v.) 2h prior to sacrifice, as detailed by our laboratory and 

others (King et al., 2011; Manaenko et al., 2011 ). Absorbance in brain tissue 

was determined at 620nm using a Synergy HT plate reader. The amount of 

Evans blue Within brain tissue was calculated using a standard curve and 

expressed as ~g Evans blue/g brain tissue. 

2.4 Assessment of cerebral edema 

Brain water content, an established measure of cerebral edema, was 

quantified in 2 mm coronal tissue sections of the ipsilateral or corresponding 

contralateral striatum, as routine to our laboratory (Kimbler et al., 2012; King et 

al., 2011; Laird et al., 201 0). Tissue was immediately weighed (wet weight), then 

dehydrated at 65°C. Samples were reweighed 48h later to obtain a dry weight. 

The percentage of water content in each sample was calculated as follows: % 

Brain water content= [((wet weight- dry weight)/wet weight)*1 00]. 
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2.5 Neurological outcomes 

Neurological injury was determined using a modified 24-point scale, per 

our laboratory and others (Clark et al. , 1998; King et al. , 2011 ; Rosenberg et al. , 

1990). This scale was comprised of srx behavioral tests, each of which was 

graded from 0 (performs with no impairment) to 4 (severe impairment). A 

composite score was calculated as the sum of the grades on all six tests. All data 

was scored independently by two investigators blinded to experimental treatment 

groups. 

2. 6 Statistical analysis 

One-way analysis of variance (ANOVA) followed by Student Newman

Keuls or Two-way ANOVA followed by Tukey's post-hoc test were used for 

multiple group comparisons. Data are expressed as mean +/- SEM. A p value of 

<0.05 was considered to be significant. 

3. RESULTS 

R-7050 attenuates neurovascular injury after ICH. 

Blood-brain barrier opening contributes to the development of vasogenic 

edema, an important cause of neurologrcal deterioration after ICH. Evans blue 

extravasation, a sensitive estimate of blood-brain barrier integrity, increased from 

12.2 1.5 IJg Evans blue/g brain tissue in sham-operated mice to 47.2 ± 5.8 IJg 

Evans blue/g brain tissue at 24h post-ICH (p<0.01 vs. sham) (Figure 1 ). R-7050 

(6 mg/kg) reduced Evans blue extravasation to 28.7 .~,. 5.9 IJg and 30.3 ..t 1.9 IJ9 
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Evans blue/g brain tissue when administered at 0.5h or 2h post-ICH, respectively 

(p<0.05 and p<0.01 vs. ICH, respectively; not Significantly different from sham). 

Brain water content, a measure of brain edema, increased from 75.6 r-

0.3% in sham-operated mice to 81.5 ...... 0.5% at 24h post-ICH (p<0.05 vs. sham). 

6, 12, or 18 mg/kg R-7050 reduced brain water content to 78.5 t 0.3%, 78.3 ± 

0.3%, or 79.3 ± 0.5%, respectively (all treatments p<0.05 vs. ICH; treatments not 

significantly different from each other) (Figure 2A). Notably, mice treated with 18 

mg/kg exhibited a reduction in general activity/locomotion; thus follow up studies 

did not utilize this dose. As was observed with Evans blue extravasation, R-7050 

(6 mg/kg) significantly reduced brain water content after ICH. Administration of R-

7050 at 0.5h or 2h post-ICH attenuated brain water content to levels observed in 

sham-operated mice (p<0.05 vs. ICH, not significantly different from sham) 

(Figure 28). 

R-7050 does not reduce hematoma volume after ICH. 

Hematoma volume is directly correlated with functiona l outcomes; thus, 

the effect of R-7050 on hematoma volume was ascertained. In contrast to the 

reduction in BBB opening and edema formation, R-7050 (6 and 12 mg/kg) did not 

sigmficantly reduce hematoma volume over the first 72h, as assessed by 

quantification of hemoglobin content within the ipsilateral hemisphere (Figure 3). 

Specifically, hemoglobin content was increased within the injured hemisphere 

from 30.1 ± 2.0 mg/dl in sham-operated m1ce to 117.9 ± 16.7 mg/dl following 

ICH (p<0.05 vs. sham). Similarly, neither 6 mg/kg nor 12 mg/kg R-7050 affected 
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hemoglobin content, as compared to placebo-treated ICH mice (101 .7 ± 17.0 

mg/dl and 111 .1 ± 17.3 mg/dl, respectively). 

R-7050 improves neurological outcomes after ICH. 

A protective effect of R-7050 was observed across the first three days 

post-ICH, as compared to placebo treated mice, with a complete reduction in 

neurological deficits observed by 72h (p<0.05 vs. ICH, not significantly different 

from sham) (Figure 4). Similarly, an intermediate protective effect was observed 

with both 6 mg/kg and 12 mg/kg R-7050 at 24h and 48h post-ICH (p<0.01 vs. 

ICH, p<0.05 vs. sham). Placebo treatment had no significant effect on 

neurobehavioral outcomes, as compared to ICH with no treatment. 

4. DISCUSSION 

ICH induces the highest mortality of all stroke subtypes and <20% ICH 

survivors recover functional independence after six months (Gebel et al. , 2002; 

Qureshi et al. , 2001 ). Hematoma volume directly correlates with neurological 

deterioration and patient mortality and neurosurgical clot evacuation produces 

more favorable outcomes in subsets of ICH patients (Christoforidis et al. , 2007; 

Qureshi et al., 2001 ); however, many patients remain poor surgical candidates 

and the efficacy of surgical intervention for spontaneous supratentorial ICH 

remains controversial (Broderick et al. , 2007, Mendelow et al. , 2005). These 

data emphasize the devastating nature of ICH and indicate the dire need for 

efficacious med1cal treatment options to improve long-term patient prognoses. 
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Erythrocyte extravasation induces the formation of a space-occupying 

hematoma within the brain parenchyma that may result in microvascular 

compression, herniation, and neurovascular dysfunction (Christoforidis et al. , 

2007; Xi et al. , 2004). Spontaneous hematoma resolution alleviates the mass 

effect of the clot, although the simultaneous release of tox1c hemoglobin 

metabolites enhances immune activation and exacerbates neurological injury. 

Along these lines, acute expression of TNF-a was associated with increased 

neurovascular injury after ICH and elevated cerebrospinal fluid and plasma TNF

a concentrations correlated with patient mortality after spontaneous ICH (Castillo 

et al., 2002; Fang et al., 2007; Hua et al., 2006). Consistent with a possible 

detrimental role in acute brain injury, TNF-a expression temporally preceded glial 

cell death following exposure to hemin, a major hemoglobin oxidation product 

within intracranial hematomas (laird et al., 2008). Similarly, heme exposure 

increased programmed necrosis through autocrine production of TNF-a (Fortes 

et al. , 2012) Furthermore, unconjugated bilirubin, a heme catabolite that 

contributed to inflammatory activation and increased brain edema after ICH in 

mice (Loftspring et at., 2011 ), was associated w1th increased microglial TN F-a 

production and enhanced TNFR-dependent gliotic responses (Fernandes et al., 

2011; Fernandes et al., 2006; Silva et al. , 201 0). These findings support the 

assertion that TN F-a signaling exerts an acute detrimental role after ICH. 

In the present study, a s1ngle administration of R-7050 reduced 

neurovascular injury after ICH. In contrast to biologic approaches that directly 

bind and neutralize TNF-a activity, R-7050 selectively inhibits the association of 
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TNFR with intracellular adaptor molecules, such as TRADD and RIP1 , limiting 

receptor Internalization and preventing subsequent cellular responses after TN F

a binding (Gururaja et al., 2007). Consistent with the assertion that TNFR 

signaling promotes acute brain injury after ICH, we found that necrostatin-1 , a 

selective RIP1 inhibitor (Oegterev et al. , 2008), limited peri-hematoma cell death, 

attenuated neuroinflammatory activation, reduced neurovascular injury, and 

improved neurobehavioral outcomes after ICH (King and Dhandapani, 

unpublished results). RIP1 functionally mediates TNF-a-1nduced activation of the 

pro-inflammatory transcription factor, NFKB (Declercq et al., 2009); thus, our pre

clinical findings are in line with clinical reports suggesting a direct correlation 

between inflammatory activation at the time of admission and early neurological 

detenoration in ICH patients (Leira et al. , 2004). Furthermore, our laboratory and 

others reported that NFKB activation reduces blood-brain barrier integrity, 

increases edema development, and exacerbates neurobehavioral deficits after 

experimental ICH (Hickenbottom et al. , 1999; King et al. , 2011 ; Zhao et al., 

2007). Taken together, these results suggest TNF-a may initiate a detrimental 

signaling cascade after ICH. 

Although most accurately m1m1cking the spontaneous intracerebral 

bleeding and evolving hematoma expansion observed in patients, the intrastriatal 

injection of bacterial collagenase used in this model may induce an exaggerated 

inflammatory response, as compared to the blood inJection model of ICH. Thus, 

the beneficial effects of R-7050 may be overestimated. Nonetheless, TNF-a was 

elevated in ICH patients (Fang et al., 2007) and Increased peri-hematoma TNF-a 
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expression contributed to edema development after ICH in rodents (Hua et al., 

2006). These data suggest the beneficial effects of R-7050 observed herein are 

unlikely to be model specific and rather, may have more widespread therapeutic 

implications. Despite a clear damaging role in acute brain injury, TN F-a may also 

prime cerebral endothelial cells for erythropoietin-induced angiogenesis and 

enhance functional recovery after a brain hemorrhage (Wang et al., 2011 ). This 

potential caveat indicates both beneficial and detrimental effects of TNF after 

brain injury and suggests the need for additional research prior to clinical 

translation of these data. Future work by our laboratory will further delineate the 

specific roles of TNF-TNFR signaling after ICH. 

In conclusion, we identified a novel role for the triazoloquinoxaline TNF-a 

inhibitor, R-7050, in the attenuation of neurovascular injury and neurobehavioral 

improvement in a pre-clinical model of ICH. These data suggest therapeutic 

targeting of TN F-a represents a feasible means to limit neurological injury after a 

brain hemorrhage; however, we cannot exclude the possibility that R-7050 may 

exert neuroprotective effects via off-target effects independent of TN FR. Future 

work by our laboratory will continue to explore the translational potential of this 

compound, including further studies of drug spec1fic1ty, as well as the 

establishment of a full therapeutic window and dosing paradigm in multiple pre

clinical models of ICH, including both collagenase and blood inJection models of 

ICH. 
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Figure 1: R-7050 maintains blood-brain barrier integrity after ICH. Mice 

were administered 6 mg/kg R-7050 at 0.5h or 2h after collagenase-induced ICH. 

Evans blue extravasation, a sensitive measure of BBB disruption was assessed 

24h later. Data are expressed as mean ± SEM and were analyzed by one-way 

ANOVA followed by Student Newman Keul's post-hoc test (**p<0.01, n=8-9 per 

group). 
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Figure 2: R-7050 reduces edema development after ICH. (A) Mice were 

administered R-7050 (6, 12, and 18 mg/kg) just prior to collagenase-induced 

ICH. Brain water content, a measure of cerebral edema, was assessed in the 

ipsilateral hemisphere at 24h post-ICH. (B) Mice were adm1mstered 6 mg/kg R-

7050 at 0.5h or 2h after collagenase-induced ICH. Brain edema was assessed 

24h later. Comparisons within each hemisphere between different treatment 

groups were done using a one-way ANOVA followed by Student Newman Keul's 

post-hoc test (# p<0.05 vs. sham, *p<0.05, **p<0.01 ). No significant differences 

were observed between groups in the contralateral hemispheres. Data are 

expressed as mean ± SEM from 8 to 9 mice/group. 
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Figure 3: R-7050 does not affect hematoma volume after ICH. R-7050 (6 

and 12 mg/kg) administration at the time of ICH failed to reduce hematoma size 

at 72h post-ICH. Hematoma volume was quantified by determining the 

hemoglobin content of each hemisphere at 72 hours post-ICH. Data are 

expressed as mean± SEM (*p<O.OS, ***p<0.001 vs. sham; n=8 per group). 
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Figure 4: R-7050 improves neurological outcome after ICH. Mice were 

administered R-7050 (6 and 12 mg/kg, i.p.) 0.5h after collagenase-induced ICH. 

Neurological outcomes were assessed at 24h, 48h, or 72h following sham or ICH 

using a 24 point neurological scale score. Data are the mean ± SEM (n=9-

1 0/group) and were analyzed using repeated measures AN OVA followed by 

Bonferroni's post hoc test (*p<0.05, **p<0.01 ). 
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ABSTRACT 

Intracerebral hemorrhage (ICH) is the most common form of hemorrhagic stroke, 

accounting for 15% of all strokes. ICH has the h1ghest acute mortality and the 

worst long-term prognosis of all stroke subtypes. Unfortunately, the dearth of 

clinically effective treatment options makes ICH the least treatable form of stroke, 

emphasizing the need for novel therapeutic targets. Recent work by our 

laboratory identified a novel role for the necroptosis inhibitor, Necrostatin-1 (Nec-

1 ), in limiting neurovascular injury in tissue culture models of hemorrhagic injury. 

In the present study, we tested the hypothesis that Nec-1 reduces neurovascular 

injury after collagenase-induced ICH in mice. Nec-1 significantly reduced 

hematoma volume at 72h post-ICH, as compared to either sham-injured mice or 

to mice administered a biologically inactive, structural analogue of Nec-1 . Nec-1 

also limited cell death, reduced blood-brain barrier opening, attenuated edema 

development, and improved neurobehavioral outcomes after ICH. These data 

suggest a potential clinical utility for Nec-1 and/or novel necroptosis inhibitors as 

an adjunct therapy to reduce neurological injury and improve patient outcomes 

after ICH. 



35 

INTRODUCTION 

Spontaneous intracerebral hemorrhage (ICH) accounts for -15% of all 

strokes and induces a 30-day mortality rate of -40% (Dennis et al., 1993; Dennis, 

2003; Gebel et al., 2002; Rincon and Mayer, 2004; Weimar et al., 2003). The 

rupture of small vessels damaged by chronic hypertension or amyloid angiopathy 

induces primary ICH, creating a space-occupying hematoma within the brain 

parenchyma. Hematoma volume directly correlates with neurological 

deterioration and patient mortality (Christoforidis et al. , 2007; Fewel et al. , 2003; 

Gebel et al., 2002; Lyden et al., 2007; Qureshi et al., 2001) and neurosurgical 

clot evacuation produces more favorable outcomes in subsets of ICH patients 

(Mendelow and Unterberg, 2007); however, many patients are not amenable to 

surgical intervention due to hematoma location or concurrent intraventricular 

hemorrhage (Mendelow et al. , 2005) As such, conservative management 

remains a climcal mainstay, reinforcing the notion that ICH is the least treatable 

form of stroke and stressing the need for novel therapeutic approaches. 

Vascular injury and inflammatory activation are predictive markers of 

hematoma enlargement, development of vasogemc edema, and acute 

neurological deterioration (Leira et al . 2004; Silva et al , 2005) Apoptosis of 

cerebral endothelial cells increased BBB permeability, vasogenic edema, and 

neurological impairment after hemorrhagic stroke (Doczi, 1985; Park et al. , 

2004 ). Furthermore, activation of the pro-inflammatory transcnption factor, 

NFKB, correlated with apoptotic cell death within perihematoma blood vessels 

after ICH (Hickenbottom et al., 1999). Thus, a reduction in neurovascular injury 
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may improve outcomes after ICH; however, the underly1ng mechanisms remain 

poorly defined and contribute to the lack of medical treatment options after ICH. 

Inflammation is a conserved immune response to tissue injury. 

Hemolysis of extravasated erythrocytes tnggers the release of pro-inflammatory 

mediators in and around the hematoma core. Along these lines, inflammatory 

activation correlates with increased hematoma expansion, neurological 

deterioration, and a poor functional recovery after ICH (Hickenbottom et al. , 

1999; Leira et al., 2004; Platt et al., 1998; Zhao et al., 2007). Notably, elevated 

plasma concentrations of the pro-inflammatory mediator, tumor necros1s factor-a 

(TNF-a), clinically correlated with acute hematoma enlargement, edema 

development, and patient outcome following ICH (Castillo et al.. 2002; Dziedzic 

et al. , 2002; Fang et al., 2007; Kim et al., 1996; Woiciechowsky et al. , 2002) . 

Similarly, TNF-a expression was acutely increased within the perihematoma 

t1ssue us1ng multiple species and models of experimental ICH (Aronowski et al. , 

2005; Lu et al., 2006; Mayne et al. , 2001 ; Wagner et al., 2006; Wasserman et al. , 

2007; Xi et al., 2001 ). Coupled with our finding that neurovascular injury directly 

correlated with TNF-a expression after ICH in mice, TNF-a may induce acute 

neurological injury after ICH; however, the mechanisms underlying TNF-a

mduced neurovascular injury after ICH remain poorly defined. 

Recent evidence suggests that TNF-a induces necroptosis, a novel form 

of cell death that exhibits features of apoptos1s, necrosis, and type 2 autophagic 

death (Galluzzi and Kroemer, 2008; Hitomi et al., 2008; K1tanaka and Kuchmo, 

1999; Kroemer et al , 2009). Although the role of necroptotic cell death after ICH 
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remains unexplored, we first reported that hemin, a hemoglobin oxidation 

byproduct that accumulates within intracranial hematomas (Letarte et al., 1993), 

induced TNF-a expression and promoted necroptotic cell death in cultured 

astrocytes (Laird et al., 2008). Receptor interact1ng prote1n k1nase 1 (RIPK1) is a 

multi-functional protein kinase that interacts with TNF-a receptor (TNFR), to 

promote NFKB and to activate necroptotic cell death (Degterev et al., 2005; 

Degterev et al., 2008; Kelliher et al., 1998). Thus, RIPK1 may represent a novel 

therapeutic target after ICH. Herein, we hypothesized that Necrostatin-1 (Nec-1 ), 

a novel inhibitor of RIPK1 , improves neurological outcomes following ICH. 

MATERIALS AND METHODS 

ICH model 

Animal studies were reviewed and approved by the Committee on Animal 

Use for Research and Education at Georgia Health Sciences University, in 

compliance with NIH guidelines. Male CD-1 mice (8-10 weeks old; Charles 

River, Wilmington, MA, USA) were anesthetized with a cocktail of 8 mg/kg 

xylazine and 60 mg/kg ketamine. Throughout all surgical procedures, body 

temperature was maintained at 3JDC by using a small-animal temperature 

controller (Dav1d Kopf Instruments, Tujunga, CA. USA). Briefly, m1ce were 

placed into a stereotactic frame and a 0.5 mm diameter burr hole was dnlled over 

the parietal cortex, 2.2 mm lateral to the bregma. A 26-gauge Ham1lton syringe, 

loaded with 0 04U of bacterial type IV collagenase in 0.5 IJL saline, was lowered 

3 mm deep from the skull surface directly into the left striatum. The synnge was 
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depressed at a rate of 450 nUmin and left in place for 5 minutes after the 

procedure to prevent solution reflux and excess diffusion. Sham animals 

underwent the same surgical procedure, except that saline was stereotactically 

injected rather than collagenase. After the syringe was removed, bone wax was 

used to close the burr hole, the incision was surgically stapled, and mice were 

kept warm until recovery of the righting reflex. This entire procedure was 

detailed previously by our laboratory (King et al. , 2011 ; Sukumari-Ramesh et al., 

2012). For drug treatments, saline, Nec-1 (5.2 ~Jg) , or inactive Nec-1 structural 

analog (Nec-1 inacuve) (Tocris, Ballwin, MO) was administered in 2.5 IJL via the 

intracerebroventricular (icv) route at the time of injury. These doses are 

consistent with previous studies using the compound (Degterev et al., 2005; 

Northington et al , 2011 ; You et al., 2008). 

Hematoma volume 

Hematoma volume was spectrophotometrically quantified using by 

QuantiChrom Hemoglobin Assay Kit (Bioassay Systems, Hayward, CA), per 

manufacturer's recommendations and as routine to our laboratory (King et al., 

2011) The amount of hemoglobin in each hemisphere was calculated using the 

follow~ng: [(optical density of sample/optical density of calibrator)*1 00. 

Blood-brain barrier (BBB) permeability 

BBB permeability was quantified following administration of Evans blue 

(20 mg/ml in PBS, i.v.) 2h prior to sacrifice. Blood (1 00 IJL) was obtained by 
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cardiac puncture, centrifuged, and then the plasma was diluted in N, N

Dimethylformamide (1 :1 000). Following perfusion with saline, brains were 

we1ghed, solubilized in N,N-dimethylformam1de, and then incubated at 78°C for 

18h. Absorbance was then determined in brain and blood samples at 620 nm 

using a Synergy HT plate reader (Bio-Tek, Winooski, VT). The concentration of 

Evans blue (~g/~L) in each sample, a measure of BBB permeability, was 

calculated using a standard curve, and permeability was equal to [(Evans blue 

concentration of brain/weight of brain) I (Evans blue concentration of 

plasma/circulation time)] , as reported previously by our group (King et al., 2011 ). 

Assessment of cerebral edema 

Brain water content, an established measure of cerebral edema, was 

quantified in 2 mm coronal tissue sections of the ipsilateral or corresponding 

contralateral striatum, as routine to our laboratory (Kimbler et al. , 2012; King et 

al., 2011 ; Laird et al., 201 0). Tissue was immediately weighed (wet weight), then 

dehydrated at 65°C. Samples were reweighed 48h later to obtain a dry weight. 

The percentage of water content in each sample was calculated as follows: % 

Brain water content= [((wet weight - dry weight)/wet weight)*1 00]. 

RNA isolation and qRT-PCR 

Total RNA was isolated (SV RNA Isolation kit, Promega, Madison, WI , 

USA) and qRT-PCR performed on a Cepheid SmartCycler II (Cepheid, 

Sunnyvale, CA, USA) using a Superscnpt Ill Platinum SYBR Green One-Step 
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qRT-PCR kit (Invitrogen, Carlsbad, CA, USA), per our laboratory (Kimbler et al., 

2012; King et al., 2011; Laird et al. , 2008; Laird et al., 201 0; Wakade et al., 

2009). Product specificity was confirmed by melting curve analysis and 

visualization of a single, appropriately s1zed band on a 2% agarose gel. Gene 

expression levels were quantified using a eDNA standard curve and data was 

normalized to RPS3, a housekeeping gene that is unaffected by the experimental 

manipulations. Data is expressed as fold change vs. sham. 

Immunohistochemistry 

Deeply anesthetized mice were perfused with saline followed by ice cold 

4% paraformaldehyde in PBS. Bra1ns were removed and post-fixed in 4% 

paraformaldehyde overnight at 4 C, then transferred into 30% sucrose. Tissue 

sect1ons (20 IJm) were direct mounted onto glass slides and stained using a 

primary antibody against glial fibrillary acidic protein (GFAP; Dako, 1:200, as 

detailed by our laboratory (Kimbler et al., 2012; Sukumari-Ramesh et al., 2012). 

After labeling with an Alexa-Fiuor tagged secondary antibody, immunoreactivity 

was determined using a Zeiss LSM51 0 confocal microscope. 

Propidtum lodtde Staining 

Propidium iodide (PI, 150 ng) was administered via tail vein five hours 

prior to sacnfice. Following tissue sectioning, brain sections were imaged by 

confocal microscopy. The number of PI positive cells was quantified by cell 
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counts in three specified regions within the peri-hematoma regions. Counts were 

normalized to placebo-treated mice after ICH. 

Neurologtca/ outcomes 

Neurological injury was determined using a modified 24-point scale, as 

detailed previously by our laboratory and others (Clark et al., 1998; King et al., 

2011; Rosenberg et al., 1990). This scale was comprised of six behavioral tests, 

each of which was graded from 0 (performs with no impairment) to 4 (severe 

impairment). A composite score was calculated as the sum of the grades on all 

six tests. 

Statisttcal analysts 

One-way analysis of variance (ANOVA) followed by Student Newman

Keuls or Two-way ANOVA followed by Tukey's post-hoc test were used for 

multiple group comparisons. Data are expressed as mean +/- SEM. A p value of 

<0.05 was considered to be significant. 

RESULTS 

Necrostatin-1 reduces hematoma volume after ICH 

Administration of Nec-1 significantly reduced hematoma volume within the 

ipsilateral hemisphere at 72h post-ICH (Figure 1 ). Specifically, hemoglobin 

content was increased within the injured hemisphere from 24.1 ± 2.1 mg/dl in 

sham-operated m1ce to 72.6 ± 6.1 mg/dl following ICH (p<0.001 vs. sham). 
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lntrastriatal delivery of Nec-1 at the time of ICH reduced hemispheric hemoglobin 

content to 30.4 ± 4.7 mg/dl (p<0.001 vs. ICH, not s1gmficantly different from 

sham). Unexpectedly, administration of Nec-11nact•ve also reduced hemoglobin 

content after ICH (48.6 ± 7.2 mg/dl; p<0.05 vs. sham, ICH, and Nec-1 treated 

mice). 

Cell death is attenuated by necrostatin-1 after ICH 

The effect of Nec-1 on hematoma volume was mirrored by brain lesion 

volume, as assessed by hematoxylin and eosin staining (data not shown). 

Consistent with this finding, Nec-1 reduced the number of propidium iodide 

positive (Pn cells within the peri-hematoma! tissue by 48%, as compared to 

placebo-treated ICH mice (p<0.01) (Figure 2). In contrast, Nec-1 nactive reduced 

the number of PI+ cells by 6.3% (not Significantly different from placebo treatment 

after ICH). Astrogliosis, a conserved response to brain injury, was similarly 

reduced by Nec-1 treatment (Figure 3 ). Administration of Nec-1, but not Nec-

1 ~nact•ve . reduced GFAP expression, consistent with the attenuation of cellular 

injury after ICH. These changes were reflected by immunohistochemistry 

whereby ICH induced a dramatic increase in the characterized reactive gliosis 

phenotype. Coupled with our observation that Nec-1 attenuated pro

inflammatory gene expression, including reduced TNF-a expression (MEK and 

KMD, unpublished observations), these findings suggest necroptos1s contnbutes 

to glial reactivity after ICH. 
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Necrostatin-1 reduces neurovascular injury after JCH 

Cerebral edema is a maJor cause of patient deterioration after ICH. Over 

the first 24h post-ICH, a significant increase in Evans blue extravasation, a 

sensitive measure of blood-brain barrier disrupt1on, is observed. This breach in 

the blood-brain barrier was maximal between 3-12h after injury, with 

spontaneous resealing observed at 24h. Administration of Nec-1 at the time of 

injury significant reduced Evans blue extravasation at all time points (Figure 4 ). 

In contrast, Nec-1,nact.ve did not significantly reduce blood-brain barrier opening at 

any time point, as compared to placebo treated mice, suggesting a specific effect 

of Nec-1 . 

Blood-brain barrier opening contributes to the development of vasogenic 

edema; thus, the effect of Nec-1 on edema development was next assessed. As 

was observed with Evans blue extravasation, Nec-1 reduced brain water content 

at all time points up to 5 days post-ICH. The maximal effect of Nec-1 was noted 

at 24h post-ICH whereby brain water content was reduced from 80.3 + 0.2% in 

placebo-treated ICH mice to 76.8 t 0.4% following Nec-1 administration (p<0.05 

vs. placebo) (Figure 5). As was observed with blood-brain barrier opening, Nec-

1mact•ve was without effect on brain edema development after ICH (81.0 ± 0. 7%; 

p<O 05 vs Nec-1, not significantly different from placebo) 

Necrostatin-1 improves neurological outcomes after ICH 

In line with a reduct1on in cell death and reduced edema development, 

necrostatin-1 improved neurological outcomes after ICH. Specifically, 
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necrostatin-1 significantly improved outcomes using a 24-point scale across the 

first 72h post-injury, as compared to either placebo or Nec-1 ,nact•ve treated mice 

after ICH (p<O 001 vs. placebo, Nec-1 ~nactJve treated ICH mice) (Figure 6). Mice 

treated with necrostatin-1 were behaviorally not significantly different from sham

operated mice. 

DISCUSSION 

ICH, the most common form of hemorrhagic stroke, is associated with the 

highest mortality and the worst long-term neurological outcomes of all stroke 

subtypes (Qureshi et al., 2001 ). One-year mortality rates are >60% and of the 

-67,000 Americans suffering an ICH annually <20% recover functional 

independence after six months (Brodenck et al., 2007; Dennis et al., 1993; Gebel 

et al., 2002). Notably, the incidence of ICH is expected to double over the next 

several decades due to an aging population and changes in racial demographics 

(Rincon and Mayer, 2004 ). These data emphasize the devastating nature of ICH 

and indicate the need for improved treatment options. 

Extravasation of erythrocytes creates a space-occupy1ng hematoma within 

the brain parenchyma (Christoforidis et al., 2007; Davalos et al , 2005; Davis et 

al., 2006, Fewel et al., 2003; Labovitz and Sacco, 2001, Lyden et al., 2007; 

Qureshi et al., 2001; Wang et al , 201 0; Wu et al., 2003). Hematoma growth 

continues over the ensuing hours due to re-bleeding from the ruptured arteriole, 

from bleeding in surrounding compressed vessels, and/or from local clotting 

defects after vessel rupture (Fewel et al., 2003; Labov1tz and Sacco, 2001; 



45 

Qureshi et al , 2001 ). The persistent or recurrent bleeding exacerbates the mass 

les1on, induces local compression of the microvasculature, and contributes to 

subsequent neurovascular dysfunction (Chnstoforidis et al , 2007; Davalos et al. , 

2005; Fewel et al. , 2003; Labov1tz and Sacco, 2001 ; Mclaughlin and Marion, 

1996; Nehls et al. , 1988; Rincon and Mayer, 2004; Qureshi et al. , 2001 ; Wang et 

al. , 201 0; Wu et al. , 2003). Hemolysis promotes spontaneous hematoma 

resolution; however, the concurrent production of hemoglobin degradation 

metabolites induces the release of pro-inflammatory mediators within and around 

the hematoma core. Along these lines, acute increases in TNF-a within the 

cerebrospinal fluid and plasma of spontaneous ICH patients correlated with 

patient mortality (Fang et al. , 2007). Furthermore, increased expression of Fasl 

and a corresponding decrease in s-Fas (an inhibitor of Fas activation) were 

detected in peri-hematoma! brain tissue from ICH patients, as compared to 

control patients (Delgado et al. , 2008). Although the functional significance of the 

inflammatory response remains incompletely understood, acute expression of 

both Fasl and TNF-a were associated with cellular injury and with edema 

formation after ICH (Castillo et al. , 2002; Delgado et al. , 2008; Hua et al. , 2006). 

These findings suggest a detrimental role for the early inflammatory response 

after ICH, yet the prec1se mechanisms whereby inflammation contributes to poor 

patient outcomes remain elusive. 

Cell death 1s regarded as an important component of neurological injury 

after ICH, although the form(s) of cell death after ICH remains poorly defined. 

Features of both apoptotic and necrotic cell death appear within six hours of 
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injury in peri-hematoma neurons and glia in pre-clinical ICH models and in post

mortem human studies, with peak rnjury noted at three days (Gong et al., 2001 ; 

Matsushita et al., 2000; Nguyen et al. , 2008; Qureshi et al., 2003). Similarly, loss 

of plasmalemma integrrty, a phenotypic hallmark of necrotrc cell death, increased 

over the first three days after collagenase-induced ICH in mice (Zhu et al., 2012), 

further suggesting a prominent role for necrosis after ICH. In contrast to the view 

of necrosis as a passive, irreversible form of cell death, necroptosis is a newly 

described form of programmed necrosis that is induced by Fasl and/or TNF-a 

(Christofferson and Yuan, 201 0). As activation of the pro-inflammatory 

transcription factor, NFKB, was associated with cell death after ICH, we 

hypothesized necroptosis may contribute toward neurovascular injury after a 

brain hemorrhage. To test thrs possibility, we investigated whether Nec-1 , a 

novel small molecule rnhibitor of necroptosis that does not affect necrotic cell 

death (Christofferson and Yuan, 201 0), could reduce neurological after ICH. 

Herein, we identified a novel role for Nec-1 in reducing cell death, 

attenuating hematoma expansion, limiting blood-brain barrier disruption, and 

restricting edema development after ICH. Although the mechanism(s) whereby 

Nec-1 limited neurological injury were not explored in this study, it is notable that 

the biologically inactive, structural analog of Nec-1 did not exert many of the 

protective effects of Nec-1. These results confirm recent work that determined 

the structurally rnactive compound is around ten times more potent in mouse 

models of disease than originally believed (Takahashi et al., 2012). Additionally, 

they found that a low dose of the compound sensitizes cells to TNF-induced 
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mortality. Taken together, these new findings could explain our data show1ng 

positive and negative effects of the inactive compound and suggests that the 

actions of Nec-1 may be select1ve rather than due to some non-specific 

antioxidant effect. 

RIPK1, the proposed molecular target of Nec-1 (Degterev et al., 2008), is 

a serine/threonine protein kinase implicated in NFKB activation as well as in the 

initiation of necroptotic cell death (Declercq et al., 2009). Although Nec-1 is 

widely regarded as a selective RIPK1 inhibitor, recent work (Takahashi et al., 

2012; Vandenabeele et al., 2013) suggests Nec-1 may also inhibit indoleamine-

2,3-dioxygenase (100). 100 is an intracellular enzyme that degrades the amino 

acid tryptophan and is important for immune system regulation, especially T -cell 

activation (Mellor and Munn, 2004). It is expressed by a wide variety of cell types 

in response to a variety of stimuli (Curti et al, 2009). Expression of 100 has 

been shown to be upregulated after ligation of CD40 on dendritic cells, a 

phenomenon that occurs through non-canonical NFKB activation (Puccetti et al., 

2007; Tas et al., 2007). Additionally, this ligation induces the early production of 

mflammatory mediators through a canonical NFKB signaling pathway (Curti et al., 

2009). Although it has never been linked to outcome after ICH, activation of 100 

and higher concentrations of several pathway metabolites have been observed 

after ischemic stroke and are assoc1ated with increased mortality as well as post

stroke cognitive impairment (Gold et al., 2011 ). Without further work using 

s1RNA technology, it 1s 1mposs1ble to rule out the possibility that Nec-1 is acting 

as an 100 mhibitor. 
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Inflammatory activation at the time of admission was associated with early 

neurological deterioration in ICH patients (leira et al., 2004) and NFK8 activation 

was sustained over the first several days in a pre-clinical ICH model (Zhao et al., 

2007) We and others reported that NFK8 activation st1mulates the expression of 

inflammatory mediators associated with necroptosis (e.g. TNF-a), induces blood

brain barrier permeability, increases edema development, and exacerbates 

neurobehavioral deficits after experimental ICH (Hickenbottom et al., 1999; King 

et al., 2011 ; Zhao et al. , 2007). Furthermore, we reported the NFK8 inhibitor, 

curcumin, promoted hematoma resolution and improved neurological outcomes 

after collagenase-induced ICH 1n mice (Kmg et al , 2011 ). Taken together, these 

results raise the unexplored possibility that RIPK1 mediates acute neurological 

injury after ICH. Future work by our laboratory will characterize this interesting 

mechanism in further detail. 

Nuclear blebbing and karyorrhexis were observed in glial cells within the 

white matter after intraventricular hemorrhage in pre-term infants 

(Chamnanvanakij et al. , 2002). Astrocytic loss temporally preceded vascular 

injury after experimental ICH (Gong et al., 2001 ; Wasserman et al., 2007) and 

focal astrocyte loss increased microvascular damage and induced transient 888 

opening (Willis et al., 2004). Although the cellular target(s) of Nec-1 after ICH 

were beyond the scope of the present study, these findings raise the possibility 

that the beneficial effects of Nec-1 observed herein may 1nvolve, at least 1n part, 

maintenance of glial function. Astrocytes are the primary source of the non

enzymatic ant1-ox1dant, glutathione, within the brain. We first reported that hemin 
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rapidly depleted intracellular glutathione and induced caspase-independent cell 

death in murine astrocytes via an inflammatory mechanism (la1rd et al., 2008). 

Interestingly, this cellular injury was reversed by Nec-1 , suggesting a role for 

necroptosis after hemorrhagic injury (laird et al., 2008). Our finding is consistent 

with a subsequent report demonstrating glutathione depletion enhanced the 

release of neurotoxiC substances, including TNF-a from human astrocytes (lee 

et al., 201 0). Similarly, Nec-1 prevented glutamate-induced glutathione depletion 

and caspase-independent cytotoxicity in HT -22 cells (Xu et al. , 2007). Coupled 

with our recent finding that astrocyte-derived glutathione reduced hemorrhagic 

injury in cerebral microvessels (Sukumari-Ramesh et al. , 2010), Nec-1 may 

improve neurological outcomes by limiting astrocytic dysfunction. 

Necroptosis is a novel form of programmed cell death that is initiated by 

pro-inflammatory mediators such as TNF-a. The model of ICH utilized in this 

study involves the intrastriatal injection of bacterial collagenase Although this 

model best recapitulates the spontaneous intracerebral bleeding and evolving 

hematoma expansion observed in patients, the use of collagenase is a caveat as 

this may induce an exaggerated inflammatory response. Thus, the beneficial 

effects of Nec-1 may be overestimated. Nonetheless, cells exhibiting both 

apoptotic and/or necrotic phenotypes characteristic of necroptosis are observed 

in post-mortem human brain sections, suggesting the validity of the protection 

observed in this study. Another limitation of the present study is the mechanisms 

of Nec-1 protection remain undetermined. Although regarded as a highly 

specific RIPK1 Inhibitor (Degterev et al . 2008), several in vitro studies suggest a 
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possible direct anti-oxidant role for Nec-1 , while others have implicated 100 

signaling (Takahashi et al. , 2013). Although the inclusion of Nec-1 nact•ve suggests 

a select1ve effect, the possibility that some or all of the beneficial actions of Nec-1 

are med1ated v1a an RIPK1 independent mechanism after ICH cannot be 

excluded. Future work by our laboratory will further characterize the specific 

therapeutic role of RIPK1 targeting after brain hemorrhage. 

In conclusion, we identified a novel role for the necroptosis inhibitor, 

Necrostatin-1 , in reducing neurovascular injury and improving outcomes in a pre

clinical model of ICH. These data suggest targeting of programmed necrosis 

may represent a novel therapeutic option after brain hemorrhage. 
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Figure 1: Nec-1 attenuates hematoma size after ICH. Nec-1 administration at 

the time of injury reduced hematoma size at 72h post-ICH. Coronal brain images 

were prepared and digitally captured to visualize hematoma size (top panels). 

Hematoma volume was quantified by determintng the hemoglobin content of 

each hemisphere at 72 hours post-ICH (bottom panel). Data are expressed as 

mean± SEM (*p<0.05,***p<0.001 vs. Sham; n=1 0-14 per group). 
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Figure 2: Nec-1 reduces cell death after ICH. Nec-1 administration at the time 

of ICH reduced peri-hematoma! cell death, as assessed by PI staining. Top 

panels are representative images from placebo- or Nec-1-treated mice following 

ICH. Bottom panel depicts the quantification of PI staining following treatment 

with Nec-1 or Nec-1inactive· Cell counts were normalized to placebo-treated ICH 

mice, which was expressed at 1.0. Data are expressed as mean ± SEM 

(**p<0.01 vs. placebo; n=5 per group). 
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Figure 3: Effect of Nec-1 on ICH-induced reactive gliosis. Reactive 

astrogliosis was visualized by immunohistochemistry for glial fibrillary acidic 

protein (GFAP) at 72h post-ICH. GFAP immunoreactivity was increased and 

exhibited a characteristic stellate morphology after ICH. Administration of Nec-1 

significantly reduced these effects whereas Nec-1 1nactive was without effect. Data 

are representative of 5 mice/group. Scale bar =20 IJm. 
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Figure 4: Nec-1 maintains blood-brain barrier integrity after ICH. Mice were 

administered Nec-1 or Nec-1 inactive at the time of collagenase-induced ICH. 

Evans blue extravasation, a sensitive measure of 888 disruption was assessed 

at (A) 3h or (B) 12h post-ICH. Data are expressed as mean ± SEM and were 

analyzed by one-way ANOVA followed by Student Newman Keul's post-hoc test 

(**p<0.01 , ***p<0.001 , n=7-8 per group). 
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Figure 5: Nec-1 reduced edema development after ICH. Mice were 

administered Nec-1 or Nec-1 inacuve at the time of collagenase-induced ICH. Brain 

water content, a measure of cerebral edema, was assessed in the ipsilateral 

hemisphere at (A) 24h or (B) 72h following ICH. Comparisons within each 

hemisphere between different treatments groups were done using a one-way 

AN OVA followed by Student Newman Keul's post-hoc test (*p<0.05, ***p<0.001 ). 

No significant differences were observed between groups in the contralateral 

hemispheres. Data are expressed as mean ± SEM from 10 mice/group 
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Figure 6. Nec-1 improves neurological outcome after ICH. Mice were 

administered Nec-1 or Nec-1 ,nactJve at the time of collagenase-induced ICH. 

Neurological outcomes were assessed at 24h, 48h, or 72h following sham or 

ICH. Data are the mean ± SEM (n=10/group) and were analyzed using a 

repeated measures ANOVA followed by Bonferroni's post hoc test (*p<O.OS, 

**p<0.01 , ***p<0.001 . 
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ABSTRACT 

Object Intracerebral hemorrhage (ICH) is associated with significant 

morbidity and mortality. Acute hematoma enlargement is an important predictor 

of neurological injury and poor clinical prognos1s; but neurosurgical clot 

evacuation may not be feasible in all patients and treatment options remain 

largely supportive. Thus, novel therapeutic approaches to promote hematoma 

resolution are needed. In the present study, the authors investigated whether the 

curry spice curcumin limited neurovascular injury following ICH in mice. 

Methods: Intracerebral hemorrhage was induced in adult male CD-1 mice 

by intracerebral administration of collagenase or autologous blood. Clinically 

relevant doses of curcumin (75-300 mg/kg) were administered up to 6 hours after 

ICH, and hematoma volume, inflammatory gene expression, blood-brain barrier 

permeability, and brain edema were assessed over the first 72 hours. 

Neurological assessments were performed to correlate neurovascular protection 

with functional outcomes. 

Results: Curcumin increased hematoma resolution at 72 hours post-ICH. 

This effect was associated with a significant reduction in the expression of the 

proinflammatory mediators, tumor necros1s factor-a, interleukin-6, and 

interleuk~n-113. Curcumin also reduced disruption of the blood-brain barrier and 

attenuated the formation of vasogenic edema following ICH Consistent with the 

reduction in neuroinflammation and neurovascular injury, curcumm s1gmficantly 

improved neurological outcome scores after ICH. 



66 

Conclusions: Curcumin promoted hematoma resolution and limited 

neurological injury following ICH. These data may indicate clinical utility for 

curcumin as an adjunct therapy to reduce brain injury and improve patient 

outcome. 
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INTRODUCTION 

Intracerebral hemorrhage leads to a 50%-60% mortality rate within the 1st 

year after onset and is associated with long-term disability in many survivors 

(Brodenck et al., 1999; Qureshi et al., 2001 ). Primary ICH may be caused by the 

rupture of small vessels damaged by chronic hypertension or amyloid 

angiopathy. This can lead to the accumulation of erythrocytes in the parenchyma 

and the formation of a space-occupying hematoma. Hematoma volume directly 

correlates with neurological outcome (Davis et al. , 2006), supporting clot 

evacuation as a strategy to attenuate brain injury and Improve patient prognosis. 

Unfortunately, a limited number of suitable surgical candidates and/or 

unfavorable s1ze/location of the mass lesion may restrict the utility of 

neurosurgical intervention. As such, treatment options remain largely supportive, 

reinforcing the notion that ICH is the least treatable form of stroke and stressing 

the need for novel therapeutic approaches. 

Acute hematoma enlargement, an independent determinant of both 

mortality and functional outcome after ICH, is clinically associated with 

neurovascular damage and an increased mortality rate (Christoforidis et al. , 

2007; Davis et al., 2006; Fewel et al., 2003; Labovitz et al., 2001 ; Qureshi et al. , 

2001 ). Early-phase pred1ct1ve markers of acute hematoma growth remain poorly 

defined, but an inflammatory reaction has been correlated with hematoma growth 

in preclinical injury models and with neurological detenoration in pat1ents 

suffering from ICH (Leira et al., 2004, Platt et al., 1998). The activation of the 

proinflammatory transcription factor NF-KB mcreased the expression of 
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inflammatory mediators associated with cell death, increased BBB permeability, 

and Induced the development of vasogenic edema after experimental ICH 

(Hickenbottom et al., 1999; Simard et al., 2009; Wakade et al , 2009; Zhao et al., 

2007). Along these lines, IL-6 is an independent predictor of hematoma 

enlargement (Platt et al., 1998), and both TNF-a.and IL-1 ~ increase BBB 

permeability and promote vasogenic edema after brain injury (Castillo et al., 

2002; Didier et al., 2003; Hua et al., 2006; Megyeri et al., 1992; Wright et al., 

1994 ). Thus, a reduction in inflammatory activation may limit neurovascular 

injury and improve clinical outcomes following ICH. 

Recent work by our laboratory demonstrated that curcumin, a low

molecular-weight curry spice derived from the Curcuma longa, reduced vascular 

inflammation and acute injury after SAH and TBI via a reduction in NF-KB activity 

(Laird et al., 2010; Wakade et al. , 2009). Curcumin has been safely consumed 

by humans for centuries, and its use has included that of an anti-inflammatory 

agent in Ayurveda, an ancient Indian system of medicine (Garodia et al., 2007; 

Shishodia et al., 2005). Recent clinical trials have also demonstrated that oral 

administration of curcumin resulted in bioactivity with minimal adverse effects, 

even when administered at high doses (Cheng et al , 2001 ). Given the role of 

neuroinflammation in the development of secondary neurological injury, we 

hypothesized that curcumin may restrict neurological decline following ICH. 
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METHODS 

Intracerebral Hemorrhage Model 

Animal studies were reviewed and approved by the Committee on Animal 

Use for Research and Education at the Medical College of Georgia, in 

compliance with National Institutes of Health guidelines. Male CD-1 mice (8-1 0 

weeks old; Charles River) were anesthetized (8 mg/kg xylazine and 60 mg/kg 

ketamine). Throughout all surgical procedures, body temperature was 

maintained at 3rC using a small-animal temperature controller (David Kopf 

Instruments). Mice were placed into a stereotactic frame and a 0.5-mm burr hole 

was formed 2.2 mm lateral to the bregma using a high-speed dental drill. A 26-

gauge Hamilton syringe contain ing 0.04 U of bacterial Type IV collagenase 1n 0.5 

IJI of saline was lowered 3 mm into the left striatum, as described previously 

(Balla et al., 1992; Clark et al., 1998). A blood injection model of ICH was also 

tested to confirm the effects observed 1n the collagenase model. Briefly, 30 IJI of 

autologous tail blood was injected directly into the striatum via a 22-gauge 

Hamilton syringe, using the aforementioned coordinates, as detailed previously 

(Rynkowski et al. , 2008). In both injury models, the syringe was depressed at a 

rate of 450 nl/minute and remained in place for 1 0 minutes to prevent reflux. The 

burr hole was sealed with bone wax, and the incision was surgically stapled. 

Curcumin (>98% purity; Acros Organics) (Figure 1) was dissolved in corn oil 

(vehicle) and administered via an intraperitoneal injection followmg 

randomization, prior to or up to 6 hours post-ICH Sham animals underwent the 

same treatments (corn oil or curcumin) and surgical procedures, but they only 
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received an intracerebral saline (vehicle) injection. The surgeon was blinded to 

drug treatments throughout the expenment. Mice were maintained at 3rC until 

recovery of the righting reflex. 

Hematoma Assessment 

Mice were intracardially perfused with saline, and 2-mm-thick coronal 

sections were immediately prepared. Anterior and posterior views of each brain 

section were digitized, and a region of interest was traced around the perimeter 

of the hematoma. The hematoma area was quantified using Adobe Photoshop 

software to calculate the number of pixels within the reg1on of interest. The 

hemoglobin content, a sensitive measure of hematoma volume, was quantified in 

the ipsi- or contralateral cerebrum using a QuantiChrom Hemoglobin Assay Kit 

(BioAssay Systems) (Choudhri et al. , 1997, 01n et al. , 2007). 

8/ood-Bram Barrier Permeability 

Blood-brain barrier permeability was quantified following intravenous 

administration of Evans blue (20 mg/ml in phosphate buffered saline) 2 hours 

before the animals were killed. Blood (1 00 IJI) was obtained by cardiac puncture, 

centnfuged, and the plasma was then diluted 1n N,N-dimethylformamide (1 :1 000). 

Following perfusion with saline, the brains were we1ghed, solubilized in N,N

dimethylformamide, and Incubated at 78 C for 18 hours. Absorbance was 

determined in brain and blood samples at 620 nm using a Synergy HT plate 

reader (BioTek). The concentration of Evans blue (IJg/IJI) in each sample, a 
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measure of BBB permeability, was calculated using a standard curve, and 

permeability was equal to the following: [(Evans blue concentration of 

brain/weight of brain) I (Evans blue concentration of plasma/circulation time)] , as 

reported prev1ously (Xu et al., 2001 ). 

Assessment of Cerebral Edema 

Brain water content, an established measure of cerebral edema, was 

quantified in 2-mm-thick coronal tissue sections of the ipsilateral or 

corresponding contralateral striatum, as detailed by our laboratory and others 

(Dempsey et al. , 2000; Silakova et al. , 2004; Wakade et al. , 2009). Tissue was 

immediately weighed (wet weight) and then dehydrated at 65°C. Samples were 

reweighed 48 hours later to determine a dry weight. The percentage of water 

content in each sample was calculated as follows: percentage of brain water 

content= [(wet weight - dry weight) I (wet weight x1 00)]. 

Total RNA Isolation and Quantitative RT-PCR 

Total RNA was isolated (SV RNA Isolation System, Promega), and 

quantitative RT-PCR was performed on a Cepheid SmartCycler II using a 

SuperScript Ill Platinum SYBR Green One-Step qRT-PCR k1t {Invitrogen), as 

described by our laboratory (Laird et al., 2008; Wakade et al , 2009). Primers 

were as follows: IL-1~ (FP 5'-GCCCATCCTCTGTGACTCAT-3'; RP 5'

AGGCCACAGGTATTTIGTCG-3'); IL-6 (FP 5'-AGTTGCCTTCTTGGGACTGA-

3'; RP 5'-TCCACGATTTCCCAGAGAAC-3'); TNF-u (FP 5'-CGTCAGCCGATTT 
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GCTATCT-3'; RP 5'-CGGACTCCGCAAAGTCTAAG-3'); and RPS3 (FP 5'

AA TGAACCGAAGCACACCAT A-3'; RP 5' -A TCAGAGAGTTGACCGCAGTT -3'). 

Product specificity was confirmed by melting curve analysis and visualization of a 

single, appropriately sized band on 2% agarose gel. Gene expression levels 

were quantified using a eDNA standard curve {Dhandapani et al., 2007ab, 2005; 

Laird et al. , 2008; Rajeevan et al., 2001 ; Wakade et al. , 2009) and data were 

normalized to RPS3, a housekeeping gene that was unaffected by the 

experimental manipulations (data not shown). Data were expressed as fold 

change compared with sham. 

Neurological Outcomes 

Neurological injury was determined using a modified 24-pOint scale, as 

detailed previously (Balla et al., 1992; Clark et al., 1998). This scale was 

composed of 6 behavioral tests, each of which was graded from 0 (performs with 

no impairment) to 4 (severe impairment). Prior to experimentation, the mice 

were pretested, and any mouse unable to climb without impairment was 

excluded from further study. A composite score was calculated as the sum of the 

grades on all 6 tests. 

Stat1st1cal Analysis 

A 1-way ANOVA followed by an SNK test or a 2-way ANOVA followed by 

Bonferroni post hoc test were used for multiple group comparisons, and a t-test 

was used for 2-group comparisons, as indicated in the figure legends. Data are 
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expressed as mean :t SEM. A p value <0.05 was considered to be significant. 

RESULTS 

Curcumin, hematoma size, and brain hemoglobin content after ICH 

Administration of curcumin (150 mg/kg) significantly reduced gross 

hematoma size in the ipsilateral cortex following ICH. Notably, no beneficial 

effect was observed prior to 72 hours post injury, indicating curcumin did not 

reduce collagenase activity or limit acute hematoma expansion (Figure 2A). At 

72 hours post injury, quantification of the hematoma indicated a significant 

reduction in the curcumin-treated group (1 0.6 :t 1.2 mm2) , compared with 

placebo-treated mice (16.1 :t 1.6 mm2
, p < 0 01 , 8 mice/group) (Figure 28 ). 

Conversely, significant differences in hematoma size were not observed at either 

the 24- or 48-hour time points. These changes mirrored the temporal pattern of 

hemoglobin content in the brain, a validated measure of hematoma volume. 

Specifically, acute administration of curcumin reduced hemoglobin content by 

28% compared with placebo-treated mice (p < 0.01 vs. ICH, 8 mice/group) in the 

collagenase ICH model (Figure 2C). Similarly, curcumin reduced hematoma 

volume by 42% compared with placebo-treated mice in an autologous blood clot 

model of ICH (Figure 3). 

At 72 hours post-ICH, hematoma volumes were significantly attenuated 1n 

mice in which curcumin was administered 15 minutes prior to injury; however, 

this pretreatment regimen may not be clinically feasible Thus, the therapeutic 

window for acute curcumin administration to limit hematoma size was 
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established. As we observed using a pretreatment paradigm, administration of 

curcumin up to 3 hours post-ICH significantly reduced hemoglobin content in the 

ipsilateral cortex at 72 hours. A 0.5-hour post-ICH dose (150 mg/kg curcumin) 

was associated with a 38% reduction in hematoma volume (p < 0.001 vs. ICH [8 

mice]), whereas a 3-hour post-ICH dose induced a 20.5% reduction in hematoma 

size (p < 0.05 vs. ICH [8 mice]) (Figure 4). This protective effect was lost when 

post treatment was delayed by 6 hours or more after ICH (data not shown), 

suggesting the molecular mechanisms responsible for hematoma resolution after 

curcumin treatment are restricted to the acute time period following injury. 

Attenuation of inflammatory gene expression after ICH 

We next investigated whether curcumin limits inflammatory gene 

expression following ICH. Pretreatment with curcum1n (150 mg/kg) significantly 

reduced the expression of IL-6, IL-113, and TNF-u, inflammatory mediators 

strongly Implicated in the pathophysiology of ICH, adjacent to the hematoma by 

24 hours post-ICH. Expression of IL-6, a cytokine that is clinically correlated with 

hematoma expansion, was increased 18.2 + 6.0-fold (p < 0.01 vs. sham) within 

the perihematomal region. Th1s mcrease was s1gmficantly reduced by 

pretreatment with curcumin (2.4 ± 1.3-fold vs sham; p < 0 01 vs. ICH [8 mice]) 

(Figure SA). Similarly, curcumin reduced the express1on of IL-113 (0.4.:!:. 0.2-fold 

vs. sham; p < 0.001 vs. ICH; 29.5 ± 8 2-fold vs. sham [8 mice]) (Figure 58) and 

TNF-a (1 .5 ± 1.0-fold vs. sham; p < 0.01 vs. ICH, 5.9 ± 1.5 fold vs. sham [8 

mice]) (Fig. 5C). Notably, inflammatory gene expression in the contralateral 
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hemisphere following ICH did not significantly differ from that in sham-operated 

mice (data not shown). 

Curcumin-mduced reduction of BBB permeability and cerebral edema after 

hemorrhagic injury 

Production of proinflammatory mediators, such as those elevated following 

ICH, is associated with disruption of the BBB and the development of vasogenic 

edema. Consistent with this assertion , curcumin significantly reduced the 

extravasation of Evans blue dye, a sensitive estimate of BBB permeability, at 6 

hours (p < 0.001 vs. ICH [1 0 mice/group]), 12 hours (p < 0.01 vs. ICH [1 0 

mice/group]), and 24 hours (p < 0.001 vs ICH [10 mice/group]) post-ICH (Figure 

6) Srmilarly, brain water content was significantly decreased in curcumin-treated 

mice (81 .3 7 0.9%; p < 0.05 vs. ICH [1 0 mice per group]), compared with 

placebo-treated mice (83.7! 0.3%) at 24 hours (Figure 7 upper), with a maximal 

effect noted at 72 hours post-ICH (Figure 7 lower). Significant differences in 

edema were not observed in the contralateral hemispheres in any of the 

treatment groups across all time points (data not shown). 

Improved neurological outcome in curcumin-treated animals 

Determined using a 24-point scale, and consistent with the effect on 

hematoma volume and cerebral edema, curcumin improved neurological 

outcomes following ICH. Specrfically, curcumin significantly improved 

neurobehavroral scores at 48 hours, wrth a maximal improvement noted at 72 
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hours (10 mice/group) (Figure 8). Significant differences in baseline neurological 

score were not observed between any of the experimental groups. 

DISCUSSION 

Despite maximal surgical intervention and supportive care, ICH is 

associated with significant morbidity and mortality, in part due to a lack of viable 

treatment options (Broderick et al., 1999; Qureshi et al., 2001 ). Acute or 

subacute hematoma expansion can occur in the days following the initial rupture. 

This persistent or recurrent bleeding exacerbates the space-occupying mass 

lesion, which subsequently increases the neurovascular injury and promotes 

clinical deterioration. That surgical clot evacuation is associated with a more 

favorable outcome suggests that hematoma size may dictate clinical prognosis 

(Mendelow et al., 2003), but many patients with ICH are poor surgical candidates 

and/or present with a hemorrhage that is not amenable to neurosurgical 

intervention. Thus, new strategies to promote clot resolution are needed. 

The present study demonstrates a novel beneficial effect of clinically 

achievable doses of the curry spice curcumin in promoting hematoma resolution 

and neurological improvement in separate preclinical models of ICH. Hematoma 

formation was unaffected by curcumin treatment, implying that neither the 

hemorrhagic activity of collagenase nor the altered blood coagulation parameters 

were adversely Influenced following drug administration. In contrast, curcumin 

reduced hematoma volume and neurological deficits by post-ICH Days 3 and 7, 

respectively. Interestingly, administration of curcumin before injury or within the 
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1st hour following ICH was required for the maximal protective effect. While this 

narrow therapeutic window may diminish the ultimate translation of curcumin into 

the clinic, these data indicate the activation of cellular signaling pathways within 

the 1st hour after vascular rupture may contribute to subsequent neurovascular 

injury. 

A 150-mg/kg dose of curcumin was optimal for promoting clot resolution 

and reducing neurological injury following ICH. This finding is consistent with 

reports from our laboratory and those of others showing a maximal beneficial 

effect of similar curcumin doses in preclinical models of cerebral ischemia 

(Thiyagarajan et al., 2004; Zhao et al., 2007), TBI (Laird et al., 201 0), and SAH 

(Wakade et al., 2009). Notably, pharmacok~netic studies in mice have shown 

peak plasma concentrations (approximately 1.6 IJM) within 15 minutes and brain 

accumulation within 1 hour of administering a 1 00-mg/kg intraperitoneal dose of 

curcumin (Pan et al., 1999). These levels reflect the serum concentrations 

observed in patients following daily oral ingestion of 8 grams, and, more 

importantly, functionally inhibited proinflammatory signaling in peripheral blood 

mononuclear cells in patients with pancreatic cancer (Cheng et al., 2001; Dhillon 

et al, 2008). Thus, the doses used to promote hematoma resolution in this study 

may simulate cllmcally achievable steady-state serum concentrations. 

Unfortunately, curcumin exhib1ts relatively poor oral bioava1lab1lity and a short 

serum half-life (<45 minutes), wh1ch could also contribute to the limited 

therapeutic window observed in this study. Thus, the use of liposomes or 

nanoparticles may improve drug delivery, overcome bioava1labllity issues, and 
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could extend the therapeutic window (Anand et al , 2007). Alternatively, the 

development of curcumin analogs exhibiting an improved pharmacological profile 

(for example, improved solubility, half-life, and brain distribution) may provide a 

longer therapeutic window and/or increased activ1ty with respect to reducing the 

volume of the hematoma. 

Inflammatory activation correlates with hematoma expansion, neurological 

deterioration, and a poor functional recovery (Hickenbottom et al. , 1999; Leira et 

al., 2004; Platt et al. , 1998; Zhao et al., 2007). Along these lines, plasma 

concentrations of IL-6 and TNF-a. were significantly higher in patients exhibiting 

acute hematoma enlargement follow1ng a cerebral hemorrhage (Platt et al., 

1998) Similarly, expression of IL-113 and TNF-a. has been shown to be acutely 

increased in the perihematoma tissue in multiple species and models of 

experimental ICH (Aronowski et al. , 2005; Lu et al. , 2006; Mayne et al., 2001 ; 

Wagner et al. , 2006; Wasserman et al., 2007; Xi et al. , 2001 ). Although the 

functional significance of the inflammatory responses remains largely unresolved, 

both IL-113 and TNF-a. are associated with increased BBB permeability and the 

formation of vasogenic edema (Castillo et al. , 2002; Didier et al. , 2003; Hua et 

al., 2006; Megyeri et al. , 1992; Wright et al., 1994 ). Further supporting th1s 

assertion, early elevations in plasma concentrations of TNF-a. and IL-6 clinically 

correlated with the development of brain edema, mass effects, and patient 

outcome following ICH (Castillo et al., 2002, Dz1edzic et al. , 2002; Kim et al., 

1996; Wo1ciechowsky et al. , 2002). 

The proinflammatory transcnpt1on factor, NF-KB, is a positive regulator of 
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IL-1~ . IL-6, and TNF-a expression. Interestingly, NF-KB activation was observed 

w1thin minutes and was sustained for several days following ICH in rats (Zhao et 

al., 2007). Curcumin is a potent inhibitor of NF-KB (Singh et al. , 1995), and our 

recent work suggests that curcumin reduces neuroinflammatory expression, 

cerebral edema, and neurological injury after SAH and TBI (Laird et al., 201 0; 

Wakade et al., 2009). Herein, we have shown for the first time that curcumin 

reduces the expression of classic proinflammatory cytokines in the 

perihematoma tissue following collagenase- (Fig. 4) or autologous blood-induced 

ICH (data not shown). Because proinflammatory mediators, such as those 

studied in this article, often induce the express1on of other inflammatory 

mediators, the ability of curcumin to limit acute expression could limit the 

progressive increase in neurovascular inJury observed following ICH. These 

findmgs may also explain how the acute administration of curcumin produces a 

dramatic reduction in neurovascular injury observed days later. 

CONCLUSIONS 

Curcumin or structural analogs of curcumin may provide a novel, safe, 

therapeutic approach to limit hematoma volume and neurovascular injury 

follOWing ICH 
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Figure 1: Chemical structure of the curry spice curcumin. 
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Figure 2: Curcumin-induced promotion of hematoma resolution after 
collagenase-induced ICH. (A) Mice were treated with a placebo (left panels) or 
150 mg/kg of curcumin (CCM; right panels) at the time of ICH. At 24, 48, or 72 
hours post-ICH, coronal brain sections were prepared and digitally captured. 
Each panel depicts serial brain sections from a single, representative mouse per 
group. (B) Determination of the hematoma area at 48 or 72 hours post-ICH. 
Hematoma size was estimated by calculating the area inside a region of interest 
(see Methods). (C) Hematoma volume was quantified by determining the 
hemoglobin content of each hemisphere at 72 hours post-ICH. Data are 
expressed as mean .:!:. SEM and were analyzed by t-test or 1-way ANOVA (8 
mice/group) followed by the SNK post hoc test (**p < 0.01 , ***p < 0.001 ). 
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Figure 3: Curcumin-induced promotion of hematoma resolution after 
autologous blood clot-induced ICH. Upper: Mice were treated with a placebo 
(left panel) or 150 mg/kg of curcumin (right panel) at the time of ICH. At 72 hours 
post-ICH, coronal brain sections were prepared and digitally captured. Each 
panel depicts a brain section from a single, representative mouse per group (8 
mice/group). Lower: Hematoma volume was quantified by determining the 
hemoglobin content of each hemisphere at 72 hours post-ICH. Data are 
expressed as mean ± SEM (8 mice/group) and were analyzed by 1-way AN OVA 
followed by the SNK post hoc test (**p < 0.01 ). 
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Figure 4: Establishment of a therapeutic window for curcumin to reduce 
hematoma volume. Mice were treated with a placebo or curcumin (150 mg/kg) 
15 minutes prior to injury or 0.5, 1, or 3 hours following collagenase-induced ICH. 
Hematoma volume was quantified 72 hours later using a hemoglobin content 
assay. Data are expressed as mean :t SEM (8 mice/group) and graphically 
presented as the percentage change from placebo-treated ICH mice. Groups 
were analyzed using a 1-way ANOVA followed by the SNK post hoc test (*p < 
0.05, **p < 0.01, ***p < 0.001 vs ICH). 
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Figure 5: Effect of curcumin on inflammatory gene expression. Mice were 
treated with curcumin (150 mg/kg) at the time of collagenase-induced ICH 
followed by the quantification of inflammatory gene expression . Expression of IL-
6 (A), IL-1 ~ (B), and TN F-a. (C) was assessed in the perihematoma region at 24 
hours post-ICH using quantitative RT -PCR. Data were normalized to RPS3 and 
expressed as fold change vs sham-operated mice (mean+ SEM; 8 mice/group). 
Data were analyzed using a 1-way ANOVA followed by the SNK post hoc test 
(**p < 0.01 , ***p < 0.001 vs ICH). 
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Figure 6: Curcumin-induced reduction of BBB permeability after ICH. Mice 
were given a 150-mg/kg dose of curcumin at the time of collagenase
induced ICH. Evans blue extravasation, a sensitive measure of BBB disruption, 
was assessed at 6 (A), 12 (B), or 24 (C) hours post-ICH. Treatment groups were 
compared using a 1-way AN OVA followed by the SNK post hoc test (**p < 0.01, 
***p < 0.001 ). Data are expressed as mean .:!: SEM (1 0 mice/group). 
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Figure 7: Curcumin-induced attenuation of brain edema following ICH. 
Mice received a 150-mg/kg dose of curcumin at the time of collagenase-induced 
ICH. Brain water content, a measure of cerebral edema, was assessed in the 
ipsi-and contralateral hemispheres at 24 (upper) or 72 (lower) hours following 
ICH. Comparisons within each hemisphere between different treatment groups 
were done using a 1-way ANOVA followed by the SNK post hoc test (*p < 0.05, 
***p < 0.001 ). No significant differences were observed between groups in the 
contralateral hemispheres. Data are expressed as mean :!: SEM (1 0 
mice/group). 
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Figure 8: Improvement of neurological outcomes following ICH. Mice were 
treated with a placebo or curcumin (150-mg/kg) at the time of collagenase
induced ICH. Neurological outcomes were then assessed at 24, 48, or 72 hours 
following sham surgery or ICH (10 mice/group). Data are the mean+ SEM and 
were analyzed using a repeated-measures ANOVA followed by the Bonferroni 
post hoc test (**p < 0.01 vs curcumin). 
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DISCUSSION 

Intracerebral hemorrhage (ICH) is the most prevalent form of hemorrhagic 

stroke, with approximately 120,000 Americans suffering an ICH annually 

(Broderick et al. , 1999; Brown et al., 1996; Feigin et al., 2009; Qureshi et al., 

2001 ; Ribo and Grotta, 2006). ICH patients exhibit 50-60% mortality within the 

first year and less than 20% of survivors regain functional independence 

(Broderick et al., 1999; Qureshi et al., 2001 ). Regrettably, the incidence of ICH is 

expected to double over the next several decades due to an aging population 

and changes in racial demographics (Rincon and Mayer, 2004). Unfortunately, 

despite multitudes of clinical and pre-clinical drug trials, ICH remains the least 

treatable form of stroke. Neurosurgical evacuation of the hematoma may 

improve neurological outcome (Mendelow et al. , 2003), but the size and location 

of the clot, as well as a limited number of suitable candidates can limit the utility 

of surgical intervention . Thus, treatment options for ICH remain largely 

supportive; confirming the opinion that ICH is the least treatable form of stroke 

and stressing the need for novel therapeutics. 

This dissertation addressed three specific aims. In Aim 1, we investigated 

the effect of TN F-a inhibition after experimental intracerebral hemorrhage. Us1ng 

the compound R-7050, a novel cell permeable triazoloqUinoxaline inhibitor of the 

tumor necrosis factor receptor (TNFR) complex, we were able to attenuate 

97 
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neurovascular injury post-ICH. Although R-7050 did not affect acute hematoma 

enlargement in our model, when admm1stered post-ICH, animals showed less 

Evans blue dye extravasation , attenuated brain water content, and improved 

neurological outcome. Taken together, these results support previous research in 

the field , both clinical and preclinical, implicating TNF-a in edema development, 

blood-brain barrier dysfunction, and neurological injury after ICH (Aronowski and 

Hall, 2005; Castillo et al. , 2002; Dziedzic et al., 2002; Fang et al., 2007; Hua et 

al., 2006; Kim et al., 1996;Lu et al., 2006; Mayne et al., 2001 ; Wagner et al., 

2006; Wasserman et al., 2007; Woiciechowsky et al.,2002; Xi et al., 2001) and 

offer, for the first t1me, support for the use of an orally available compound that 

improves outcome by blocking TN F-a after ICH. 

Extravasation of erythrocytes creates a space-occupying hematoma within 

the brain parenchyma (Christoforidis et al., 2007; Davalos et al., 2005; Davis et 

al., 2006; Fewel et al., 2003; Labovitz and Sacco, 2001 ; Lyden et al., 2007; 

Qureshi et al. , 2001 ; Wang et al. , 2010; Wu et al. , 2003). Hematoma growth 

continues during the initial hours after ICH due to re-bleeding from the ruptured 

arteriole, bleeding in surrounding compressed vessels, and/or local clotting 

defects after vessel rupture (Fewel et al., 2003; Labovitz and Sacco, 2001 ; 

Qureshi et al., 2001 ). This persistenUrecurrent bleed1ng contributes to 

neurovascular dysfunction by exacerbating the mass lesion and inducing local 

compression of the microvasculature (Chnstoforid1s et al , 2007; Davalos et al. , 

2005; Fewel et al. , 2003; Labovitz and Sacco, 2001 ; Mclaughlin and Marion, 

1996, Nehls et al., 1988; Rincon and Mayer, 2004, Qureshi et al., 2001 ; Wang et 
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al., 201 0; Wu et al., 2003). Hemolysis will resolve the hematoma, but it produces 

hemoglobin degradation metabolites which induce the release of pro

inflammatory med1ators within and around the hematoma core 

Although acute hematoma enlargement IS an independent predictor of 

both mortality and functional outcome after ICH (Davis et al. , 2006), R-7050 

improved neurological outcome and decreased edema in our model without 

affecting hematoma size. These results were not completely unexpected since 

previous work has linked acute expression of Fasl and TNF-a with cellular injury 

and edema formation after ICH (Castillo et al., 2002; Delgado et al. , 2008; Hua et 

al., 2006). Additionally, since R-7050 seems to inh1b1t a certain type of 

endocytosis that is common with LPA and can affect internalization of that 

receptor as well, it is possible that the compound is working through some 

undiscovered mechanism. However, this also raises the interesting possibility 

that hematoma size is determined by one or more components of the pathway 

below the level of TNF-a. This would seem to be supported by data from aims 

two and three that demonstrate blocking RIPK1 or NFKB leads to both decreased 

inflammation and attenuated hematoma size. 

In Aim 2, we hypothesized that inhibiting RIPK1 , a downstream mediator 

of TN F-a s1gnaling, would improve outcome after ICH. When admimstered at the 

time of injury, the select1ve RIPK1 inhibitor, Nec-1 improved neurological 

outcome Although we d1d not investigate the mechanisms whereby necrostatm-

1 was able to limit neurological injury in this aim, it is important to note that the 

b1olog1cally mact1ve, structural analog of Nec-1 did not demonstrate many of the 
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same protective effects as Nec-1 . These results confirm recent work that 

determined the structurally inactive compound is ten times less potent in mouse 

models of disease rather than one hundred times less potent, as previously 

believed (Takahashi et al., 2012). Additionally, they found that a low dose of the 

compound sensitizes cells to TNF-induced mortality. Taken together, these new 

findings could explain our data showing positive and negative effects of the 

inactive compound and suggests that the actions of Nec-1 may be selective 

rather than due to some non-specific antioxidant effect. RIPK1 (Degterev et al., 

2008), a serine/threonine protein kinase, has been implicated in both NFKB 

activation and in the initiation of necroptotic cell death (Declercq et al., 2009). 

S1nce necroptosis is initiated by pro-inflammatory mediators such as TNF-a 

and/or Fasl (Chnstofferson and Yuan, 2010) and NFKB stimulates the 

expression of these same inflammatory mediators (Hickenbottem et al., 1999; 

King et al., 2011; Zhao et al., 2007), we believe that this offers further 

confirmation of connection between TNF-a, RIPK1 , and NFKB. 

Although Nec-1 is widely regarded as a selective RIPK1 inhibitor, recent 

work (Takahashi et al., 2012; Vandenabeele et al , 2013) suggests Nec-1 may 

also inhibit indoleamine-2,3-dioxygenase (100) 100 is an intracellular enzyme 

that degrades the am1no ac1d tryptophan and is important for immune system 

regulation, especially T-cell activation (Mellor and Munn, 2004). It is expressed 

by a wide variety of cell types m response to a variety of stimuli (Curti et al., 

2009). Expression of 100 has been shown to be upregulated after ligation of 

CD40 on dendnt1c cells, a phenomenon that occurs through non-canonical NFKB 
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activation (Puccetti et al., 2007; Tas et al., 2007) Additionally, this ligation 

Induces the early production of inflammatory mediators through a canonical 

NFKB signaling pathway (Curti et al., 2009) Although it has never been linked to 

outcome after ICH, activation of 100 and higher concentrations of several 

pathway metabolites have been observed after ischemic stroke and are 

associated with increased mortality as well as post-stroke cognitive impairment 

(Gold et al., 2011 ). Without further work using siRNA technology, it is impossible 

to rule out the possibility that Nec-1 is acting as an 100 inhibitor. However, 

although these new observations may question the specificity of Nec-1 as a 

purely RIPK1 inhibitor, they add further support to our hypothesis that TNF-a 

signaling to NFKB is important after ICH and may clarify conflicting studies 

showing that RIPK1 signals to NFKB. 

Regardless of its method of action, Nec-1 has been linked to decreased 

non-apoptotic cell death, a phenomenon also known as necroptosis (Oegterev et 

al., 2005), as well as apoptotic cell death (Vandenabeele et al., 2013). An 

important component of neurological injury after ICH is cell death, although the 

methods by which cells die after ICH remains poorly defined. In pre-clinical ICH 

models and in post-mortem human studies, features of both apoptotic and 

necrotic cell death appear within six hours of injury in peri-hematoma neurons 

and glia, with peak injury observed at three days (Gong et al. , 2001 ; Matsushita 

et al. , 2000; Nguyen et al., 2008; Qureshi et al., 2003). Loss of plasmalemma 

integrity Increased over the first three days after collagenase-induced ICH in 

mice (Zhu et al., 2012), a phenomenon that further supports a role for necros1s 
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after ICH Although necrosis is a passive, irreversible form of cell death, 

necroptosis is a newly described form of programmed necros1s that is induced by 

FasL and/or TN F-a (Christofferson and Yuan, 201 0). Since activation of the pro

inflammatory transcription factor, NFKB, was associated with cell death after ICH, 

we hypothesized necroptosis may contribute toward neurovascular injury after a 

brain hemorrhage. 

After intraventricular hemorrhage, glial cells within the white matter of pre

term infants were observed to undergo nuclear blebbing and karyorrhexis 

(Chamnanvanakij et al., 2002). Additionally, astrocytic loss temporally preceded 

vascular injury after experimental ICH (Gong et al. , 2001 ; Wasserman et al. , 

2007) and focal astrocyte loss both increased microvascular damage as well as 

induced transient BBB opening (Willis et al., 2004 ). Although the cellular 

target(s) of Nec-1 after ICH were beyond the scope of this aim, these findings 

raise the possibility that the beneficial effects of Nec-1 observed may involve the 

maintenance of glial function. The primary source of the non-enzymatic anti

oxidant, glutathione, within the brain is astrocytes. We previously reported that 

hemin rapidly depleted intracellular glutathione and induced caspase

independent cell death in murine astrocytes via an inflammatory mechanism 

(Laird et al., 2008). This cellular inJury was reversed by Nec-1 , indicating a role 

for necroptosis after hemorrhagic injury (Laird et al. , 2008) Our finding was 

confirmed by a subsequent report that demonstrated glutathione depletion 

enhances the release of neurotoxic substances such as TNF-a from human 

astrocytes (Lee et al., 2010). Nec-1 has also been shown to prevent glutamate-
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induced glutathione depletion and caspase-independent cytotoxicity in HT -22 

cells (Xu et al., 2007). Combined with our recent finding that astrocyte-derived 

glutathione reduced hemorrhagic injury in cerebral microvessels (Sukumari

Ramesh et al., 2010), we believe that Nec-1 may 1mprove neurological outcomes 

by limiting astrocytic dysfunction. 

In Aim 3 we tested the hypothesis that inhibition of NFKB improves 

neurological outcomes after ICH. Curcumin, a known NFKB inhibitor 

(Dhandapani et al., 2007; Garodia et al. , 2007; Shishoda et al., 2005; Singh and 

Aggarwal, 1995), attenuated edema, improved blood-brain barrier, and 

decreased hematoma size in a collagenase model of ICH. Curcumin treated 

animals also displayed improved neurological scores and reduced inflammatory 

gene express1on, specifically IL-1 ~. IL-6, and TN F-a. Importantly, curcumin 

treatment significantly attenuated hematoma size in the blood model as well , 

indicating that its effect is not due solely to its ability to act as an anti

inflammatory. 

Since inflammatory activation at the time of admission has been 

associated w1th early neurological deterioration in ICH patients (Leira et al., 

2004) and NFKB activation is sustained over the first several days in pre-clinical 

models of ICH (Zhao et al., 2007), we hypothesized that block1ng at this level of 

the signaling pathway would improve outcome after ICH We and others have 

reported that NFKB activation stimulates the expression of mflammatory 

mediators associated with necroptos1s (e.g. TNF-a), induces blood-brain barrier 

permeability, Increases edema development, and exacerbates neurobehavioral 
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deficits after experimental ICH (Hickenbottom et al., 1999; King et al., 2011 ; Zhao 

et al., 2007), adding further credence to our hypothesis. 

The optimal dose of curcumin for promoting clot resolution and reducing 

neurological Injury following ICH was 150-mg/kg, a find1ng that is consistent with 

previous reports from our laboratory and others showing a maximal beneficial 

effect with a similar dose in preclinical models of cerebral ischemia (Thiyagarajan 

et al., 2004; Zhao et al., 2007), TBI (Laird et al., 201 0), and SAH (Wakade et al., 

2009). Pharmacokinetic studies in mice have shown peak plasma 

concentrations (approximately 1.6 IJM) within 15 minutes and brain accumulation 

within 1 hour of administering a 1 00-mg/kg mtraperitoneal dose of curcumin (Pan 

et al. , 1999). This serum concentration is similar to that observed 1n patients 

following daily oral ingestion of 8 grams (Cheng et al. , 2001 ; Dhillon et al., 2008). 

Thus, the doses used in this aim may s1mulate clinically achievable steady-state 

serum concentrations. 

Although we originally predicted curcumin would improve edema and 

decrease inflammatory gene expression due to its ability to block NFKB, its effect 

on hematoma size in both the collagenase and blood models was completely 

unexpected. Importantly, hematoma formation was unaffected by treatment, 

indicating that neither the act1v1ty of collagenase nor any blood coagulation 

parameters were adversely influenced follow1ng drug administration. Curcumin is 

known to have many off-target effects and is often maligned as a wdirty drug" by 

those in the field . However, it is possible that this very ability to act in unexpected 

ways IS what makes it such a valuable therapeutic after ICH. Since curcumin 
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exhibits relatively poor oral bioavailability and a short serum half-life (<45 

minutes), the use of liposomes or nanoparticles may improve drug delivery, 

overcome bioavailability issues, and could extend the therapeutic window (Anand 

et al. , 2007). The development of curcumin analogs exhibiting an improved 

pharmacological profile may also provide a longer therapeutic window and/or 

increased activity. Thus, future work by our laboratory will investigate the 

effectiveness of various curcumin analogs with the goal of performing a clinical 

trial in ICH patients. 

In this dissertation, we primarily used a collagenase model of ICH. 

Although this model best mimics the spontaneous and recurrent bleeding, 

hematoma expansion, and vascular rupture of the clinical condition, it is generally 

accepted that this model produces a larger innate inflammatory response than 

that seen with the autologous blood injection model of ICH. Therefore, it is 

acknowledged that this may have contributed to the effects on inflammatory gene 

expression and edema seen in Aims 1 and 2. Future work in the blood model and 

in larger animal models of ICH will address this possibility prior to translation into 

the clinic. Nonetheless, the collagenase model best recapitulates essential 

aspects of ICH, as observed in humans, and our data support the detrimental 

role for TN F-a signaling in the pathophysiology of ICH 

In conclusion, although cellular and molecular mechanisms remain 

unexplored, increased TNF-a expression has been correlated with increased 

edema and tissue damage after ICH (Castillo et al. , 2002; Hua et al. , 2006; Lu et 

al. , 2006; Wasserman et al. , 2007; Xi et al. , 2001 ). Therefore, we hypothesized 
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that therapeutic targeting of the TNF pathway may improve outcome after ICH. 

In the present set of studies we identified three compounds, R-7050, Nec-1 , and 

curcumin, in the treatment of edema and neurological deterioration following ICH 

using a clinically-feasible window. Remarkably, the latter two compounds also 

attenuate hematoma size, a phenomenon that does not appears to be completely 

dependent upon their function as antioxidants. Taken together, these findings 

indicate a causative role for signaling through the TNF-a pathway in the 

development of hematoma expansion , edema, and neurological injury after ICH. 

Given the dearth of treatment options to improve outcome after ICH, further 

exploration of this pathway and these compounds may be warranted. 



SUMMARY 

• R-7050, a novel, cell-permeable TNFR antagomst, maintains blood-brain 

barrier integrity, reduced brain edema, and improves neurobehavioral 

outcomes following ICH without affecting hematoma volume. 

• The RIPK1 inhibitor, Necrostatin-1, significantly reduces hematoma 

volume, attenuates cell death, maintains blood-brain barrier integrity, 

reduces cerebral edema, and improves behavioral outcomes following 

ICH These findings suggest an unexplored role for necroptosis in 

neurological injury after ICH. 

• The curry spice, curcumin, improves blood-brain barrier integrity, 

decreases cerebral edema, and Improves outcomes after ICH. Most 

notably, curcumin attenuated hematoma volume after both collagenase

and autologous blood injection-induced ICH. These data suggest a novel 

clinical use for curcumin, at least in part, via a mechanism distinct from the 

TNF-RIPK1-NFKB signaling pathway 
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