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I. INTRODUCTION  
 

 Stroke is the fifth leading cause of death and the leading cause of long-term 

disability in the United States[1]. Ischemic or clotting stroke is typically caused by the 

development of a thrombotic blood clot within the brain vasculature, or from an embolic 

clot traveling through the brain vasculature that becomes trapped in one or more arteries 

blocking downstream blood flow[2-4]. These ischemic strokes account for 87% of strokes 

in the US, with the remaining 13% accounted for by hemorrhagic stroke defined by 

intracerebral hemorrhages[4, 5]. Only one agent is currently approved by the FDA for the 

treatment of ischemic stroke, the thrombolytic enzyme, tissue plasminogen activator 

(tPA)[5, 6]. Administration of tPA must occur within the first four and a half hours after 

the stroke injury to limit complications, and requires MRI or CT imaging to rule out 

intracerebral hemorrhages[5-15], which would be complicated by the administration of 

anti-clotting agent. This extremely brief time available to effectively administer tPA when 

combined with the need for, but limited availability, of imaging results in 95-97% of 

patients not receiving pharmacological treatment for ischemic stroke[2, 4-6]. In addition to 

the time constraints associated with tPA usage, physicians are hesitant to use tPA with 

elderly patients. Elderly patients are more likely to suffer severe to fatal complications from 

anticoagulant therapy[16, 17], therefore the elderly population has an even greater  need 
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for an effective stroke treatment. This lack of viable treatment options is the primary 

cause of the long-term disability and lack of favorable prognosis from stroke injury. 

Other than tPA, none of the very large number of agents identified in successful pre-

clinical animal therapeutic studies has in turn proved successful in human clinical 

trials[18-20]. Many neuroprotective therapies have made their way into clinical trials, but 

show a distinct lack of efficacy in the human patient versus the rodent. To address these 

concerns of a lack of translation of successful results from the pre-clinical 

laboratory/rodent model to the patient in the hospital bed, a series of industry, academic, 

and government consensus conferences e.g. the Stroke Treatment Academic Industry 

Roundtable (STAIRs) were organized. These STAIRs conferences were tasked with 

identifying what underlies these failures and to make recommendations for changes at the 

pre-clinical and clinical study levels[21-25].  

Necessity of Better Models of Stroke Injury.  

The STAIRs conferences identified multiple areas of concern in the methods of 

pre-clinical testing and made many recommendations of areas that might be 

advantageous to study[21]. A major problem is the reliance on pre-clinical stroke models 

that inaccurately model human stroke[24-27]. The dynamics of human stroke involves 

two distinct phases of the injury; first is the severity of the reduction in cerebral blood 

flow (CBF) and the second is the dynamics of the reestablishment of CBF[28, 29]. Many 

of the surgical stroke models previously used result in a permanent small occlusion[29-

33] or a rapid reperfusion[34-37]. These two patterns of permanent, but small occlusion 

of a cerebral artery or rapid reperfusion after a set time of CBF occlusion only mimic a 

small portion of human stroke injuries[3-5, 38]. The group of Drs. Hoda, Sazonova, Hess, 
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Hill, Ergul, and Fagan developed a novel model of stroke injury in response to the lack of 

a model of stroke injury that allows for a slower reperfusion that results in a larger infarct 

volume and notable differences in mortality, neurological function, and long term 

outcome[39]. This model combined human fibrinogen with mouse blood to form a stable 

clot that would be susceptible to human treatment levels of tPA. Careful placement of 

this clot in the internal carotid artery at the entrance to the middle cerebral artery allows 

the clot to occlude the artery, releasing breakdown fragments and molecular products 

naturally as the clot degrades over time, mimicking what occurs in the majority of human 

strokes. The CBF was monitored by Cortical laser-Doppler flowmetry to insure at least a 

>70% blockage of CBF39. This model has now been published in multiple studies[39-

42], and validated in other laboratories across different species such as rats to not have 

xenographic complications of using human fibrinogen in a rodent system[43-45]. It is 

also currently under validation to develop in a non-rodent large mammal model at the 

veterinary school at The University of Georgia. This helps to address part of the concerns 

outlined in the STAIRs guidelines. In addition, the use of healthy, young, male animals is 

problematic. Stroke is age related in humans and animal models; both older humans and 

animals have a larger infarct area from the stroke injuries, with more complications, and 

worse outcomes compared to young subjects[2-5, 38, 46, 47]. Yet the age of most 

animals used in stroke studies are 3 months or younger, equivalent to a child or healthy 

young adult (~20 years of age) in humans[48]. By using older animals in studies, 

investigators can more effectively mimic the age of the majority of stroke patients. 

Studies included in this dissertation for stroke include animals up to 6 months old, which 

mimic middle-aged humans[49]. Further studies in older animals would help to 
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approximate more of the human stroke population. These studies are often excluded due 

to the higher cost of older animals combined with the high mortality of aged animals in 

response to stroke injury requiring larger starting group sizes and further costs[16, 50, 

51]. In addition to appropriately aged animals, gender differences in response to stroke 

injury would also be advantageous to study. Most studies are completed in young male 

animals or in ovarectomized young female animals, which are known to a more severe 

stroke phenotype than same aged males or non-ovarectomized females[52-54]. The 

majority of the human female population does not go through radical hysterectomy 

including ovarectomy. Most female human stroke patients have gone through a natural 

life cycle of experiencing pregnancy then menopause or maturation without pregnancy 

followed by menopause. Increased severity in stroke outcome in the female population is 

seen to occur after 75 years of age compared to their male counterparts, suggesting that 

the normal female hormonal cycle provides protection against severe ischemic stroke 

injury for an extended time after menopause[55-57]. The actions of female sex hormones 

throughout normal maturation are not mimicked by the current stroke models, which 

terminate the access to female sex hormones early in the life cycle. Females are less 

likely than their male counterparts to experience stroke at younger ages, but have a 

greater likelihood of stroke injury as they age[58, 59]. Taken together these 

considerations should help improve the translation of rodent studies into human 

patients[19, 25, 26, 60-65]. 

A second area of concern addressed by the STAIRs conferences was from the 

neuroprotection standpoint[20, 27, 66, 67]. In addition to focusing on the time of delivery 

of the neuroprotective agent and its ability to be combined with anti-thrombolytic 
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therapy, the guidelines encouraged that treatment strategies include determining their 

effects on the multiple mechanistic pathways at once or on interactions between multiple 

systems in the body such as the brain and the cardiovascular or the brain and the immune 

system[21]. It was also encouraged that repurposed FDA approved drugs could be 

advantageous for their previously shown safety and efficacy in human patients.  

An FDA approved drug that works on multiple systems and pathways.  

Rapamycin therapy might meet some of the STAIRs recommended goals. It is an 

antibiotic known to suppress T-cell activity and is frequently used in kidney and other 

solid organ transplantations to avoid rejection[68, 69]. In addition to its function in 

suppression of T-cell activity it was found in the early to mid-2000s to be heavily 

involved with the mammalian Target of Rapamycin (mTOR) pathway[70-74]. At the 

center of this pathway is the mTOR protein/kinase and rapamycin inhibits the activity of 

the mTOR kinase. The mTOR kinase is involved in two distinct protein complexes, 

mTORC1 and mTORC2, which have two distinct pathways of activity in the cell. Both 

complexes are regulated by Akt and the mTORC2 pathway in turn regulates Akt activity. 

The mTORC1 pathway leads to increases in protein synthesis and cell growth, acting as a 

barometer of nutrient sensing to help the cell to grow in times of abundant nutrition. At 

low doses rapamycin is specific for blocking the mTORC1 complex and at higher doses 

has been seen to also affect the mTORC2 complex[75-77]. Because of its effects on cell 

growth, it is popular with cancer biologists seeking to inhibit or disrupt cell growth. In 

the mid-2000s another role for mTOR and rapamycin was discovered within the 

emerging area of autophagy[70, 78-82].  

Autophagy.  
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Autophagy is a constitutive basal process in all eukaryotic cells[83-86]. It is 

critical during development[83], and is upregulated in response to cellular stresses, low 

oxygen, low nutrient levels, or to pathogen invasion[84, 85, 87]. The process of 

autophagy mediates the recycling of old or damaged organelles and cytoplasmic 

molecules for reuse by the cell[88]. Under the stressors listed above, autophagy can 

provide nutrient- or energy-starved cells with the resources to survive, and via inhibitory 

cross-talk with cell-death pathways, such as apoptosis, can avert cell death[78, 86-95]. 

Autophagy is controlled by the PI3K/Akt cell survival pathway and initiated by inhibition 

of mTOR (figure 1). To initiate autophagy, mTOR, which normally phosphorylates and 

inhibits the ULK1 kinase, is inhibited by the actions of AMPK (AMP Kinase) or other 

sensors of low nutrients or oxygen within the cells[79]. In response to these stressors, 

mTOR activity is inhibited and ULK1 can interact with FIP200 and Atg13 and 

Atg101[96-102]. An alternate mTOR independent pathway of activation of classical 

autophagy occurs when lithium inhibits inositol monophosphate leading to the activation 

of ULK1/FIP200/Atg101 complex[103, 104]. The activated ULK1/FIP200/Atg101 

complex then phosphorylates Beclin-1[105]. Beclin-1 activates the PI3K analogue, 

Vps34, this Beclin-1/VPS34 complex then function to begin the elongation of the nascent 

autophagosomal membrane[106-113]. Concurrently, Atg7 acts similarly to an E1 

activating enzyme as seen in the ubiquitin conjugation machinery[114-116]. Atg7 

activates LC3I (microtubule-associated protein 1 light chain 3) that has been cleaved by 

Atg4, after which Atg3 then acts as an E2 enzyme to conjugate 

phosphatidiylethanolamine to LC3I to form LC3II[117-127]. Atg7 also acts as an 

activating enzyme for the Atg5 molecule and facilitates its conjugation to Atg12. The 
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Atg5-Atg12 combines with Atg16 and this triple conjugate then inserts the LC3II into the 

autophagosomal membrane to allow for the immature autophagosome to engulf cellular 

contents and close to become a mature autophagosome[117, 120, 122, 123, 126, 128-

140]. When the autophagosome matures, it fuses with lysosomes to become an activated 

autophagosome/lysosome. In this mature autophagolysosome acidic hydrolases degrade 

the contents and membranes down to their base compounds, which are then released for 

cellular use[78, 84, 86, 88, 94, 141, 142]. As described, autophagosomal maturation 

involves LC3I proteolytic cleavage and conversion via conjugation of 

phosphatidiylethanolamine to yield the product LC3II which is inserted into the outer 

membrane of the double membrane autophagosome and degraded during active 

autophagy. The molecular process of autophagy was first elucidated in the yeast where 

genetic manipulation is a relatively efficient process. The advent of gene knockout in 

mice enabled the genetic manipulation of molecular pathways. Often the complete 

knockout of a gene can result in developmental problems leading to embryonic lethality, 

and this is the case for Beclin-1, homozygous Beclin-1 -/- mice die before embryonic day 

eight and the heterozygous Beclin-1 -/+ mice have a high incidence of spontaneous tumor 

formation[143]. The knockout of Atg5 and Atg7 results in live birth of animals, but the 

pups all die within two days of birth[144-147], due to defects to the central nervous 

system that impair cardiovascular, digestive and pulmonary function. These results 

indicate that classical autophagy is critical for development and is a necessary and vital 

process.  

While these proteins are all part of the classical macroautophagy pathway, other 

mechanisms of autophagy have recently been discovered. The first of these mechanisms 
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was discovered in Atg5 and Atg7 knock out embryonic fibroblasts (MEFs)[148]. Atg5 -/- 

MEFs and Atg7 -/- MEFs when treated with etoposide, a drug that induces cytotoxic 

stress by interfering with DNA replication, developed autophagic vacuoles in comparable 

numbers to wild type MEFs. These cells did not show the classical punctate staining of 

LC3 on these vacuoles, like their wild type counterparts did, indicating that Atg5 and 

Atg7 independent autophagy occurs separately from the classical pathway involving 

lipidation of LC3. The second mechanism involves a Beclin-1 independent pathway of 

autophagy[149-153] and is known as non-canonical autophagy. This non-canonical 

autophagy is stimulated by extracellular induced stress and requires Atg7 activity for the 

lipidation of LC3 similar to the classical autophagy pathway; making is similar to 

classical autophagy except that it is able to bypass ULK1, VPS34 and Beclin-1 activation 

steps[149, 151, 152]. It is speculated that these non-canonical pathways maybe an 

adaptation to get by the loss of Beclin-1 in tumors, in lymphocyte development or in 

response to viruses that inhibit Beclin-1 to survive in the cell[154, 155]. This ability of 

cells to compensate for the loss of autophagy gene function is crucial when interpreting 

data or planning genetic manipulation to modulation autophagy either in vivo or in vitro. 

Autophagy in mature body.  

Autophagy is known to be crucial during development[83], but its role in the body 

does not end there. Autophagy continues to be critical in many highly metabolic tissues 

throughout the body. The cancer field was the first to recognize the importance of 

autophagy beyond development. It was observed that autophagy played a critical role in 

hematological malignancies[156], but it was quickly shown to be important in many 

organs that are highly metabolic or undergo renewal frequently. Autophagy has been 
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implicated in diseases of the large intestine[157] as well as protection of the small 

intestine[158], necessary for the proper function of the liver[159] and health of Kupffer 

cells[160], the resident immune cells in the liver, critical in continued health and recovery 

from ischemic incident in the heart[161, 162], and crucial to protection of the kidney 

from multiple challenges[163-166]. Emerging studies show that autophagy may play a 

role in helping the stem cell population of the bone marrow cavities survive oxidative 

challenges[167]. Overall, autophagy has been shown to be important for the basal 

survival of many tissues of the body.  

Decreased autophagy promotes aging and enhanced autophagy increases lifespan.  

Since autophagy is so crucial to the continued health of the mature human it is 

natural to ask how age affects autophagy in this mature human. Other model systems, 

such as C. elegans and Drosophila also contributed to the understanding of autophagy, as 

both Beclin-1 and Atg7 were demonstrated to be necessary for lifespan extension and 

longevity in C. elegans and Drosophila[168, 169]. The complete knockout of Beclin-1, 

Atg7, or Atg5 in mice results in embryonic lethality or death within two days of 

birth[143, 144, 146, 170]. Subsequently, various heterozygous or tissue specific 

conditional knockout systems have been used to research the role of autophagy in 

mammalian systems. The central nervous system specific knockout of Atg7 or Atg5 led 

to increased accumulation of ubiquitinylated proteins in neurons with subsequent cortical 

and cerebellar neuronal loss and premature death, suggesting its critical role in removing 

damaged or aggregated proteins[171, 172]. The heterozygous knockout of Beclin-1 leads 

to carcinomas in aging mice and neurodegeneration[173, 174]. In humans, genome wide 

screening of 40 year old normal human brains and 70 year old human brains revealed a 
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transcriptional down-regulation of autophagy with age[175]. The 

autophagosomal/lysosomal membrane protein, LAMP-2, is also decreased in 70 year old 

patient human leukocytes compared to 40 year old human patient leukocytes[176]. 

Multiple studies revealed that treatment with rapamycin, which enhances autophagy by 

inhibiting mTOR, decreased tumor formation, increased life span, and decreased age 

related alterations in organ systems in multiple rodent models[177-180]. Finally, in a 

study comparing young, middle and older aged Wistar rats, it was shown that Atg7, 

LAMP2, and LC3 protein levels were all decreased with age in pancreatic islets, but p62 

and Beclin-1 protein levels increased with age[181]. Atg7, LAMP2, and LC3 are all 

involved primarily in autophagy while Beclin-1, depending on its subcellular localization, 

is also involved in apoptosis and p62 plays a role in multiple cellular processes including 

apoptosis and proteasomal degradation. The decrease in the autophagy specific proteins 

without a concurrent decrease in the proteins involved in other cellular death and protein 

degradation pathways supports the hypothesis of decreasing autophagy with age. These 

studies provide a critical link between decreasing autophagy and age and suggest that 

precise treatment with rapamycin may help to clinically combat disease or critical injury 

situations in which autophagy needs to be up-regulated or re-established. 

Of less certainty is the role of autophagy in neurons and the brain. Neurons are 

cells that frequently have extremely long processes with correspondingly large 

cytoplasmic volumes. These cells are fairly static, long lived cells that are not replaced in 

the lifetime of the organism as compared to the component cells of other tissues in the 

body. Therefore, autophagy maybe critical for helping the neuronal cell survive.  

Autophagy and the brain.  
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The role of autophagy in the brain was controversial for many years. The presence 

of excess double membraned autophagosomes seen by electron microscopy in the brains 

of patients with proteinopathies led the field to believe that autophagy was upregulated in 

neurodegenerative diseases and was harmful. Continued examination proved this 

assumption to be false. Autophagy is actually impaired or overwhelmed in 

neurodegenerative diseases[95, 172, 182-198]. Therefore, increasing or activating 

autophagy can improve outcome to proteinopathies in the brain. It is believed that the 

increasing number of these protein aggregates may overwhelm both the proteasomal and 

autophagy pathways of protein clearance, thereby impairing the cell’s ability to clear 

waste and regulate protein abundance and leads to cell death. By increasing autophagy 

with lithium, rapamycin or the newer rapalogues, rapamycin analogues that are specific 

in function to increasing autophagy without suppressing T-cell function, the amount of 

protein tangles or aggregates in rodent models of these diseases is decreased. This 

combined with the research of Mizushima in 2004 with a GFP labeled LC3 expressed 

exogenously in the whole animal demonstrated that autophagy was highest in the brain 

compared to other tissues when autophagy components were over-expressed. This turned 

the field on its head and kick started the investigation of autophagy and its modulation for 

treating chronic neurodegenerative diseases. But the role of autophagy in acute stroke 

injury was still controversial with some studies suggesting inhibition of autophagy 

improved ischemic brain injury. 

Autophagy is a potential target in reducing stroke injury.  

The severity of the stroke injury and stroke outcome increases with age in 

humans[5, 16, 38, 46, 51, 199-201]. Unfortunately, most of the stroke literature is 
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focused on young animals. In particular, the balance between the death-associated 

processes of apoptosis, necrosis, and autophagy activated during ischemic brain injury 

has been associated with age differences at the time of injury. But these age difference 

studies have generally only compared newborn and three month-old animals, not aged 

animals[202, 203]. Mice aged newborn to three month-old approximate humans from 

birth to approximately the mid-20s in terms of years of age[48]; this population is one of 

the least affected by stroke injury and when strokes occur the recovery rate is high among 

these groups. In addition to the lack of studies in older mice, the role of autophagy in 

stroke is controversial and poorly understood, with studies showing that both the positive 

induction[35, 204-210] and negative attenuation[33, 36, 37, 211-215] of autophagy can 

decrease infarct size in rodent models. All studies but one have either only inhibited 

autophagy or enhanced autophagy and made conclusions based on the improvement seen 

without looking at the effects side-by-side. Additionally, as Barth et al[216] have noted, 

pharmacological agents can actually have the opposite effect on autophagy regulation if 

used at high doses or extended application and can also cause off-target effects. For 

instance one of the most interesting of the negative attenuation of autophagy being 

positive in stroke outcome studies used RNAi to Beclin-1[33] and knocked down the 

protein for 14 days prior to stroke injury. As noted earlier, non-canonical autophagy can 

be up-regulated in response to the lack of Beclin-1. Therefore the conclusion of the 

authors that autophagy is detrimental to stroke recovery could be actually be the opposite 

of that stated, and the neuronal cells in these treated animals may have up-regulated non-

canonical, Beclin-1 independent autophagy, thereby invalidating the conclusions from the 

study. The studies using rapamycin treatment post-stroke injury have all shown reduction 
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in lesion size in younger animals[35, 204, 208, 217]. However, as discussed by Barth et 

al[216], there have been technical issues related to measurement of autophagy in the 

literature. Indeed, simple measurement of autophagy marker levels, without directly 

assessing autophagic flux, as has been very commonly done, does not permit quantitation 

of the level of autophagy. Importantly a decrease in LC3II levels may represent a high 

level of autophagy that is consuming available ATG proteins as fast as or faster than they 

can be replaced, while a higher protein level may actually reflect an inhibition of 

autophagy and a buildup of unprocessed material. The recommendation is to look at the 

process of autophagic flux by assessing changes to LC3II levels in animals or cells, when 

compared to identically treated animals or cells that have in parallel also undergone a 

short inhibition of lysosomal degradation. By blocking terminal autophagosome 

processing and this allows for the accumulation of autophagosome and its constituent 

proteins at a rate relative to the degree of active autophagy. An increase in LC3II levels 

with brief inhibition of lysosomal degradation is indicative of active autophagy and can 

serve as a semi-quantitative measure of autophagy. This failure to measure autophagic 

flux had led to widespread misinterpretation of whether autophagy is really increasing or 

decreasing. Few stroke studies have measured autophagic flux, contributing to the 

confusion of whether autophagy inhibition or induction is beneficial to stroke injury. In 

fact the comprehensive guidelines of how to assess active endogenous autophagy fails to 

mention a successful method of measuring flux in vivo, indicating that the experts on the 

field of autophagy research still struggle to demonstrate increased autophagy in a 

complex model system[218].  

Autophagy and the Neurovascular Unit. 
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The neurovascular unit consists of the astrocytes, neurons, and endothelia cells 

that as a functional unit are responsible for the brain’s livelihood and function[219, 220]. 

In each of the key cells of the neurovascular unit, the neuron, the astrocyte and the 

endothelial cell, published in vitro data has demonstrated that autophagy enhancement 

could play a role in increasing survival from injury[31, 221-225]. With the hypothesis 

that autophagy plays an important role in helping the cells of the neurovascular unit 

overcome injury and that up-regulation of autophagy with rapamycin was more effective 

than the inhibition of autophagy with chloroquine, we sought to test the hypothesis in 

neuronal cells and determine if rapamycin is in fact up-regulating autophagy and 

potentially also suppressing the apoptotic cell death pathway[58].   

Taken together these insights into autophagy and stroke led to our studies comparing the 

efficacy of induction of autophagy with rapamycin and the inhibition of autophagosomal 

degradation with chloroquine. In this dissertation I have sought to answer if the 

enhancement or inhibition of autophagy is more efficacious in improving stroke outcome 

in vivo and neuronal survival in vitro. This includes examining the mechanisms of cell 

survival using challenges to neuronal cells that share elements of nutrient and oxygen 

deprivation and injury from reactive oxygen species similar to that seen in vivo with 

stroke. Finally, preliminary data was collected on age differences on autophagy as well as 

the role of exercise in autophagy, and the potential impact of both on stroke treatment. 
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 Figure 1. Autophagy pathway. Autophagy is initiated by low oxygen or nutrients in the 

cell that inhibit mTOR. This lifts the blockade mTOR has on the ULK complex, which 

leads to phosphorylation and activation of the VPS34/Beclin-1 complex. VPS34/Beclin-1 

activates ATG7, which in combination with ATG10 activates ATG5 and ATG12 to 

interact and combine with ATG16 to activate the double membrane autophagsomomal 

membrane. Concurrently, ATG4 cleaves pro-LC3 to LC3I, which ATG7 and ATG3 then 

lipidates LC3I with PE to LC3II to allow it to be inserted into the autophagsomomal 

membrane, which can close around damaged organelles, proteins, etc to from the 

autophagosome. LC3II stays on the autophagosome membrane through the rest of 

processing. The autophagosome merges with the lysosome to become an 

autophagolysosome, which degrades contents down to their core components to supply 

nutrients and ATP in times of stress. 
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II. MATERIALS AND METHODS 
 

Animals.  

C57BL/6J male mice were purchased from Jackson Laboratories (Bar Harbor, ME). 

Animals were maintained at the Animal Research Facility of the Charlie Norwood 

Veterans Affairs Medical Center (VAMC) with free access to chow diet, water ad-libitum, 

and 12 hours light/ dark cycle. We used either 8-12 or 20-22 weeks old mice for MCAL, 

murine cerebral artery ligation, or eMCAO, embolic murine cerebral artery occlusion, 

respectively. We chose to use young mice in the MCAL model experiments based on our 

extensive preliminary studies establishing dose and timing of rapamycin and chloroquine 

treatments. However, we used older mice with the eMCAO model based on our experience 

with the development of that model and the increased physiologic relevancy of using older 

mice[29, 48, 49]. The 20-22 week old mice correspond with “middle” aged (~40-45 years 

of age) rather than truly old humans (e.g. over 70), but are still more sensitive to stroke 

injury than young mice. Experiments were conducted in accordance with the guidelines set 

by the Institutional Animal Care and Use Committees (IACUC) of the Charlie Norwood 

VAMC and Georgia Regents University. 

Middle cerebral artery ligation (MCAL) stroke model.  

The MCAL surgery was performed as described previously with minor 

modifications[29, 226]. A 2 – 3 mm burr hole was drilled at the junction of the zygomatic  
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electrocauterized distal to the lenticulostriate branches. The treatments were injected intra-

peritoneal (IP) immediately after occlusion and repeated at 24 hours post-stroke. Animals 

were euthanized and tissue collected at 48 hours post-stroke as previously described[39]. 

Embolic middle cerebral artery occlusion (eMCAO) stroke model.  

The murine eMCAO stroke model, using human fibrinogen to stabilize the clot, 

was performed as recently reported[39-42], was used to improve stability and 

reproducibility. The use of human fibrinogen allows for this clot to be susceptible to human 

tPA at the same treatment levels given to the human patient in the clinic, mouse fibrinogen 

is ten times more resistant to human tPA and requires levels of human tPA that would cause 

severe hemorrhagic complications in the human patient. During the standardization of the 

embolic model using partially humanized clots, we studied the immune responses to injury 

either immunizing the mouse with higher (1mg/kg) hu-fibrinogen or by released with clot 

lysate generated by using tPA/plasminogen thrombolysis. There were no significant 

differences in stroke outcomes from controls. Treatments and euthanasia were performed 

as described for MCAL. 

Pharmacological treatments.  

Normal control (no surgery, no treatment); vehicle control (either of the stroke 

surgeries followed by IP 40% DMSO in saline for rapamycin in initial studies, or saline for 

chloroquine and all conditions in follow up studies, treatment); rapamycin (Selleck, S1039; 

0.625, 1.25, 2.5 mg/kg prepared in 4:10 DMSO:saline); chloroquine (Sigma-Aldrich Co., 

C6628; 30, 60, 90 mg/kg prepared in saline) groups were used. 

Neurological assessment.  
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Neurological deficits in the animals were assessed at 48 hours post-stroke using a 

modified 5-point Bederson scale, as described in detail previously[39, 41]. The grading is 

as follows, 0, no deficit; 1, forelimb flexion deficit on contralateral side; 2, decreased 

resistance to lateral push and torso turning to the ipsilateral side when held by tail; 3, very 

significant circling to affected side and reduced capability to bear weight on the affected 

side; 4, rarely moves spontaneously and prefer to stay in rest. The original Bederson model 

scored up to 3, this scale adds the reduced capability to bear weight on the affected side as 

well as a scoring of 4 to include rare movement and preference to stay at rest[227]. 

Infarct analysis.  

Infarct analyses was performed on 2,3,5-triphenyltetrazolium chloride (TTC; 

Sigma-Aldrich Co.) stained sections as described previously to meet STAIRs criteria[39, 

41]. Brains were perfused with ice cold 0.01 M phosphate-buffered saline (PBS), cut into 

1-mm coronal slices, stained by TTC for 30 minutes at 37°C, and then fixed with 10% 

formalin in PBS. The images were digitalized and the infarct volume was analyzed by 

Image J software outlining the ipsilateral and contralateral hemispheres, excluding the 

infarcted tissue and including the infarcted region (if the fragile ischemic tissue fell out of 

the slice the original contour over that small area was derived from the corresponding 

contralateral zone after inversion). The infarct volumes were quantified as both direct 

volume (in mm3) and indirect volume (percent volume of the total ischemic hemisphere). 

The measurement of infarct size was made by an investigator blinded to treatment group 

and confirmed by a second investigator. 

Tissue homogenizations.  
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Brain tissue for stroke studies were homogenized using a 22 gauge needle on a 

disposable 1 mL syringe. A volume of 300 to 500 uL of 2X Laemmli buffer was added to 

each Eppendorf tube individually with no more than three sample tubes added at the same 

time, to minimize the time any brain spent at less than -80°C. The buffer and brain were 

then drawn into the syringe and expelled for a minimum of 20 times and a maximum of 30 

times, depending on the size of the tissue. The homogenized brains were then centrifuged 

in a refrigerated micro centrifuge for 10 minutes at 4°C at 12,000 RPM. The lysates were 

then transferred to fresh 500 uL Eppendorf tubes in aliquots of no more than 50 uL to avoid 

multiple freeze thaw cycles. Tissues from the age and exercise studies were homogenized 

in 500 to 800 uL of Complete Lysis-M EDTA-Free Lysis Buffer (Roche catalog number 

04719964001) using a Central Machinery 5 Speed Bench Drill Press tissue homogenizer 

for one cycle of one minute each. The collected homogenized tissue was then centrifuged 

and aliquoted as described for the stroked brains.  

Protein quantitation.  

Protein concentrations were determined using the EZQ Protein Quantitation Kit 

from Life Technologies (catalog number R-33200), Briefly, a standard of ovalbumin is 

prepared from a provided aliquot with a concentration of 10 mg/mL which is then serially 

diluted 1:1 to achieve concentrations of 5 mg/mL, 2.5 mg/mL, 1.25 mg/mL, 0.625 mg/mL, 

0.312 mg/mL, 0.156 mg/mL, and 0.007 mg/mL are made in rinse buffer. The rinse buffer 

is prepared with diH2O with 10% methanol and 7% acetic acid. Each sample is pre-diluted 

at a ratio 1:4 with rinse buffer. Each standard and sample and a rinse buffer control are 

dotted three times in 1 uL spots onto the assay paper, simple filter paper, in a 96 well plate 

assay tray with a black background, using a fresh pipet tip each time. The assay paper is 
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then dried with a lab dryer and activated in methanol for 5 minutes with mild shaking. The 

assay paper is again dried then exposed for 30 minutes to EZQ® protein quantitation 

reagent (Component A) for 30 minutes with mild shaking. The assay paper is then rinsed 

3 times for one minute with rinse buffer, dried, and developed on a TECAN plate reader 

with excitation filter set at 485 and emission filter set for 595. The concentration is 

compared to the known standards.  

Western blot.  

An aliquot of protein at concentration 30 ug or 75 ug with 2X Laemmli with 

bromophenol blue added is run on a 10, 14, or 16% polyacrylamide/SDS gel to separate 

the proteins in a Novex gel running apparatus with a pre-settling time of 20 minutes at 80 

V and separating time from 100 to 120 minutes at 120 V in SDS-Tris-Glycine running 

buffer. One or two pre-colored protein weight standards were run on each gel. The proteins 

were then transferred to a PVDF (polyvinylidene difluoride ) membrane at 30 V for two 

hours using the Novex running system in Tris-Glcyine transfer buffer containing 15% 

methanol.  

Immunoblotting.  

Membranes were cut to use for multiple proteins if desired and then blocked for 

one hour with shaking in the appropriate buffer of either 5% milk in TBST, 3% BSA in 

TBST, or 1:4 dilution of fish serum in TBST. Membranes were then probed with primary 

antibodies to LC3 (rabbit polyclonal antibody from Novus), cleaved-Caspase 3 (rabbit 

polyclonal antibody from Cell Signaling), and p-Akt (Serine 473) (rabbit monoclonal 

antibody Cell Signaling) for three hours at room temperature with shaking or overnight at 

4°C with shaking. Each membrane was rinsed 3 times for 10 minutes with TBST and then 
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probed with secondary HRP conjugated antibodies for 60 to 90 minutes with shaking at 

room temperature and then rinsed again 3 times for 10 minutes in TBST. Membranes were 

re-probed with mouse monoclonal anti-GAPDH (G8795, Sigma-Aldrich Co.) and -actin 

(A5441, Sigma-Aldrich Co.) as loading controls. The two loading controls were used 

because we were looking at different tissues with very different cellular and extracellular 

protein expression. -actin has proven to be useful for most tissues as a house keeping 

gene, however it is not well expressed in muscle tissues. Consequently we also used 

GAPDH as a house keeping control, which is expressed in muscle. However, its expression 

can vary across different tissues as well. Therefore, we included both loading controls. 

Proteins were visualized by ECL (Pierce, Thermo Fisher Scientific) using autoradiography 

film (Denville Scientific). The intensity of the immunoreactive bands was quantified by 

densitometry using Image J software (NIH). All quantitations were performed off film 

exposed for one minute with equal antibody concentrations used on each tissue. 

Autophagic Flux.  

To assess autophagic flux in vivo, independent of stroke injury, non-injured 22 

week old mice (n=6) were treated with 60 mg/kg chloroquine IP for five to six hours and 

compared to non-injured 22 week old mice (n=6) receiving saline. Mice were sacrificed by 

CO2 and thoracotomy and the dissected tissues (brain, lungs, heart, quadriceps muscle, 

spleen, kidney, and liver) were immediately frozen in liquid nitrogen. The time and 

potential methods for autophagic flux assessment using inhibition of flux by chloroquine 

was modified from Klionsky et al[218]. Tissues were then processed as described above. 

Cell Culture.  
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HT22 cells are a mouse hippocampal cell line that was spontaneously 

immortalized[228]. Cells were cultured in 4.5 g/L glucose DMEM supplemented with 10% 

Fetal Bovine Serum and 1% Antibiotic and Antimitotic in a humidified 37°C incubator 

with 5% carbon dioxide (CO2). Cells were grown to approximately 80% confluence before 

passage and for experiments were plated at a density of 10,000 cells per cm3. Cells were 

plated for experiments as close to 24 hours before the experimental time in either 12 well 

plates or 100 mm dishes.  

Hydrogen peroxide experiments.  

To model the reperfusion state of stroke injury cells were exposed to varying 

concentrations of hydrogen peroxide (H2O2) for one hour. H2O2 produces reactive oxygen 

species in the cell, which act in a similar manner to the reactive oxygen species that enter 

the penumbral area of the brain upon reperfusion with removal or degradation of the clot 

in an ischemic stroke. The cells were then rinsed with PBS and cultured in complete 

DMEM for 24 hours. Treatment with varying concentrations of rapamycin, chloroquine, 

and ZVAD were added with the complete DMEM for the 24 recovery period. Cells were 

then trypsinized, the supernatant and trypsinized cells were combined and centrifuged 

down at 2000 RPM for 5 minutes and then resuspended in 200 uL of complete DMEM 

with trypan blue added to count live and dead cells on a hemocytometer. Alternately, cells 

pellets were lysed with Complete Lysis-M EDTA-Free Lysis Buffer (Roche catalog 

number 04719964001) for Western Blot analysis.  

Oxygen/Glucose Deprivation (OGD) Experiments.  

HT22 cells plated at 24 hours before the experiment were separated into four 

groups: 6 hours OGD; 6 hours OGD with a 24 hour recovery; normoxia and nutrients for 
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6 hours; normoxia and nutrients for 30 hours. For the OGD treated cells, glucose free 

DMEM with the selected drug treatments of choice (rapamycin, chloroquine, or rapamycin 

plus chloroquine) were added to each of the 12 well plates or the 100 mm dishes. The cells 

were then placed in humidified oxygen (O2) regulation chamber set to 0.5% O2 and 5% 

CO2. Cells remained in the chamber for 6 hours. Cells were either collected as described 

above or fresh complete DMEM supplemented with fresh glutamine was added to the cells 

and they were cultured in normoxia and nutrients for 24 hours of recovery. For autophagic 

flux experiments 150 uM of chloroquine was added at 5 hours of OGD to each of the 

specified wells and cells were placed back in the chamber. The normoxia cells were treated 

with DMEM freshly prepared with 10% FBS, 1% AA, and 1% glutamine with the specified 

drug added.   

Immunofluorescence experiments.  

HT22 were plated at 10,000 cells per well in 12 well plates containing coverslips 

that had been autoclaved and coated with collagen. The cells were allowed to settle and 

grow for 24 hours and then exposed to OGD or normoxia for 6 hours as specified above 

with the desired co-treatments. At the end of the six hours, the cells were fixed in 4% 

paraformaldehyde for 15 minutes at room temperature. After fixation, the coverslips were 

washed in PBS/TBS for 2 minutes and the cells were permeabilized in TBS/PBS w/ 0.5% 

Triton X-100 for 10 minutes at room temperature. The coverslips were washed again in 

PBS/TBS for 5 minutes. The samples then were blocked with 10% horse serum in TBS for 

60 minutes at room temperature with gentle rotation or shaking. The primary LC3 antibody 

incubation consisted of 1% normal horse serum in PBS/TBS. Starting recommended 

dilution for the LC3 is 1:1000. Coverslips were incubated at 4°C overnight. After primary 
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antibody incubation, coverslips were rinsed cell with PBS three times for 5 minutes each. 

Coverslips were then exposed to secondary antibody 488 Donkey anti-Rabbit at 1:1000 for 

60 minutes at room temperature with gentle rotation or shaking in the dark (cover with 

foil). Finally, cells on coverslips were rinsed with PBS three times for 5 minutes each. 

Before mounting the coverslips on slides, each coverslip was rinsed by dipping in dH2O 5 

times & wipe the back on a kimwipe and draw off extra H2O. Coverslips were placed on a 

slide with no more than 5 microliters of ProLong Diamond Antifade Mountant with DAPI. 

Cells were imaged on a Zeiss LSM 510 upright confocal microscope. 

Statistical analyses.  

All the data are expressed as mean ± 1 standard deviation (SD). Assumptions of 

normality were tested and rank transformations were used as needed. Data were analyzed 

using SAS 9.3 software (SAS Institute Inc., Cary, NC). Two-sample t-tests were used to 

compare LC3 (I and II) quantitation of non-muscle tissues, muscle, and CQ treated brain 

tissue to non-treated brain tissue. A one-way analysis of variance (ANOVA) was used to 

determine dose effects for rapamycin or chloroquine. Infarct volume and neurological 

deficit values were analyzed using a 2 rapamycin (none vs. 1.25 mg/kg) by 2 chloroquine 

(none vs. 60 mg/kg) ANOVA. An interaction was tested and, if significant, would indicate 

a synergistic effect of rapamycin in the presence of chloroquine. Tukey’s post-hoc tests 

were to adjust for multiple comparisons for significant ANOVA effects. Survival at 48 

hours was analyzed using a Cochran-Mantel-Haenszel test. Null hypotheses were rejected 

at p ≤ 0.05. 
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III. RESULTS 
 

Autophagy in the brain 

 Autophagy, as demonstrated by levels of LC3I and LC3II, was compared in 

metabolically active tissues from 22-24 week old male C57BL6 mice. The two LC3 

isoforms were chosen as the markers of autophagy as they are only involved in the 

autophagy pathway and there are currently other proteins known to be redundant for the 

function of LC3II in the autophagy pathway[229]. Brain demonstrated the highest levels 

of LC3I and LC3II compared to heart, kidney, liver, lungs, spleen, and skeletal muscle 

(figure 2 A-C). The endogenous level of LC3II in brains of non-stressed, well fed mice is 

significantly higher than any of the other tissues tested except for the heart and still exhibits 

a trend of being higher than heart. Demonstration of active autophagy or “autophagic flux” 

in cells has been achieved through short term (2 to 6 hour) inhibition of lysosomal 

degradation to prevent turnover or degradation of the LC3II which is degraded along with 

the contents of the autophagolysosome during active autophagy[218, 230]. Demonstration 

of autophagic flux in tissues is not well published or discussed in these published guidelines 

monitoring autophagy[216, 218]. To demonstrate autophagic flux in the brain, mice were 

treated with saline or with 60 mg/kg chloroquine IP 4-6 hours prior to sacrifice to block 

the final steps of autophagy, allowing accumulation of proteins that are normally degraded 

in active autophagy, thereby permitting quantification of autophagic flux. While not 

significant, there is a trend for LC3II to accumulate following brief chloroquine treatment 
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(figure 2 D-E). With the high levels of LC3I and LC3II in the brain compared to other 

tissues and the indication of active autophagy, it is likely that the brain is in fact undergoing 

active autophagy as well as primed and ready to undergo autophagy at times of stress. 

Modulation of autophagy in MCAL stroke model. 

Previous studies from the Hill lab used the MCAL stroke model[29]. This 

permanent ligation of a peripheral branch of the MCAL has no reperfusion and results in a 

small, highly reproducible injury with very low mortality. Appropriate doses of both 

chloroquine and rapamycin were determined using this stroke model to give the maximum 

decrease in infarct size at the lowest dose possible of the drugs to minimize off-target 

effects. As shown in figure 3, chloroquine at 30, 60, and 90 mg/kg and rapamycin at 0.625, 

1.25, and 2.5 mg/kg were given to mice immediately after the stroke and a booster 24 hours 

after the stroke surgery. Mice were sacrificed and the brains collected and stained for TTC 

analysis at 48 hours post-stroke surgery. The dose of 60 mg/kg for chloroquine and 1.25 

mg/kg for rapamycin were demonstrated to be most effective at decreasing infarct size, 

while higher doses demonstrated no additional decrease in infarct size and would be more 

likely to increase off-target non-autophagic effects. There was no difference between saline 

and the 40 percent DMSO in saline used as controls for the rapamycin doses, so saline was 

chosen going forward as the appropriate control for drug treatment. 

Side by side treatment with chloroquine, rapamycin, and combined treatment with 

chloroquine and rapamycin in the MCAL stroke model was performed and the infarct 

analyses with TTC staining 48 hours post stroke treatment revealed that treatment with 

rapamycin significantly reduced infarct size compared to the saline control (50.8% relative 

reduction; 12.9% ± 5.5% versus 26.1% ± 9.1%, p < 0.05) (figure 4). Treatment with 
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chloroquine reduces the infarct size, but not significantly, compared to the saline control 

(29.1% relative reduction; 18.5% ± 10.1% versus 26.1% ± 9.1%, p = 0.36). Combined 

treatment with both rapamycin and chloroquine resulted in a complete ablation of the 

positive effect of either drug alone, resulting in no improvement over saline control (26.6% 

± 7.6% versus 26.1% ± 9.1%, p = 0.9).   

Modulation of autophagy in an eMCAO stroke model. 

Since rapamycin demonstrated improvement in a non-reperfusion model of stroke 

injury, we next sought to test if it could also improve stroke outcome in reperfusion stroke 

injuries. The newly developed hybridized human fibrinogen-mouse blood clot model of 

embolic stroke injury was used[39, 41]. In agreement with the non-reperfusion data from 

figure 4, infarct analyses by TTC-staining after eMCAO revealed that rapamycin is more 

effective in attenuating the stroke injury lesion size (figure 5A and B). Treatment with 

rapamycin significantly reduced the injury size compared to saline control (43.8% relative 

reduction; 28.1% ± 11.3% versus 50.1% ± 7.1%, p < 0.005). Unlike the MCAL injury, 

chloroquine also significantly reduced the stroke injury compared to the saline control 

(30.0% relative reduction; 35.0% ± 13.8% versus 50.1% ± 7.1%, p < 0.05), but to a lesser 

extent than rapamycin. Similar to what was seen with the MCAL injury, combined 

treatment with rapamycin and chloroquine abrogated the positive neuroprotection of single 

treatment with either drug (46.8% ± 15.6% versus 50.1% ± 7.1% for saline, p = 0.6).  

In addition to infarct size the larger lesion size from the eMCAO stroke surgery 

allowed us to determine differences in neurological scoring and survival. As demonstrated 

in figure 5C, treatment with rapamycin improved neurological deficit score compared to 

the saline treated control group (1.4 ± 0.5 versus 3.7 ± 0.6; p < 0.01). Treatment with 
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chloroquine also improved neurological deficit score as compared to the saline treated 

control group (2.0 ± 0.8 versus 3.7 ± 0.6; P < 0.05), but to a lesser extent than rapamycin 

treatment. Similar to the decrease in infarct size, combined treatment with rapamycin and 

chloroquine blocked any improvement of the individual drugs to neurological deficit score 

compared to saline control (3.7 ± 0.6 versus 3.7 ± 0.6; p = 1.0).  

Survival post stroke injury was improved the most by rapamycin treatment (figure 

5D). While not reaching statistical significance, rapamycin treatment appears to increased 

survival at 48 hours post-stroke (10 out of 11 animals; ~91% survival) in comparison to 

the saline treated group (7 out of 11 animals survived; ~64% survival), chloroquine 

treatment (7 out of 11 animals survived; ~64% survival), or with the combined treatment 

group of rapamycin and chloroquine (3 out of 5 animals; ~60%). 

Time course of autophagy levels after stroke injury. 

Data collected from the MCAL stroked hemispheres at 48 post-stroke injury, 

indicated that rapamycin treatment lowered the amount of LC3II compared to vehicle 

control or normal brain in the contralateral hemisphere while chloroquine treatment lead 

to an increase in LC3II compared to the vehicle control and normal brain (figure 6A). While 

the ipsilateral or damaged hemisphere demonstrated no change in LC3II with rapamycin 

treatment, but a marked decrease in LC3II with chloroquine treatment during the 48 hours 

post-stroke injury before sacrifice of the animal (figure 6A). This data suggested that active 

autophagy is dysregulated in the damaged hemisphere of the brain after stroke injury in 

support of our hypothesis. This led us to investigate when the possible up-regulation of 

autophagy occurs in the contralateral hemisphere and the dysregulation of autophagy 

occurs in the ipsilateral hemisphere post-stroke injury. As shown in figure 6B, levels of 
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LC3II appear to increase by 3 hours post-ischemia in both the ipsilateral and contralateral 

brain hemispheres plateauing by 24 to 48 hours. Unfortunately, high and low readings of 

LC3II can often be misinterpreted[218, 230]. Low levels of LC3II are often interpreted to 

mean low or inactive autophagy, but they can also indicate that there is a high degree of 

autophagic flux driving the consumption and turnover of available LC3 and that autophagy 

is quite active. Conversely, high levels of LC3II were taken to mean that autophagy was 

active, but it can actually indicate that degradation is blocked and that no active autophagy 

is taking place. To answer this question better, as was done in figure 2, the use of an 

inhibitor of lysosomal degradation is suggested. Comparison of conditions without 

lysosomal inhibition to those with lysosomal inhibition may potentially answer the 

question of the degree of active autophagy. Unfortunately, to date no completely viable 

methods of tracking in vivo autophagic flux have been established. We made progress in 

chapter 3 showing that treatment of animals with chloroquine at 60 mg/kg for six hours 

could show an increase in LC3II in brain and other tissues. Unfortunately, higher dose 

treatment with chloroquine can be difficult to achieve as it can be fatal in the rodent model.   

Basal autophagy in the HT22 neuronal cell line. 

HT22 cells, a spontaneously immortalized murine hippocampal cell line, developed 

by Dr. David Schubert at the Salk Institute as a model system for testing cytotoxicity and 

neurodegeneration[228, 231, 232]. We selected HT22 cells to use here to access the effects 

of oxidative and reperfusion injuries on autophagy in neuronal cells. We demonstrated that 

HT22 cells expressed a high basal level of mRNA for the autophagy specific protein 

LC31[24, 233-236] compared to lower levels of Beclin-1 which is involved in both 

autophagy and apoptosis[106, 107, 109, 111, 113, 143, 154, 237] as well as very low levels 
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of the apoptosis mediating proteins Bcl-2 and Bax[238] (figure 7A). Treatment with 

chloroquine was performed both to inhibit autophagosomal degradation and as well as to 

test for autophagic flux was for six hours at either 100 or 150 uM[218, 230]. This resulted 

in an increased of LC3II in the HT22 cells (figure 7B). These results were similar to that 

seen in the whole brain lysates[226], HT22 neuronal cells are primed to undergo active 

autophagy based on high basal levels of LC3. These cells are also undergoing active 

autophagy as assessed by the accumulation of LC3II following the blockade of the final 

steps of autophagosomal degradation by chloroquine. 

Oxidative/reperfusion stroke-like injury via H2O2 treatment in HT22 neurons. 

Primary hippocampal neurons are sensitive to injury with H2O2[239-243]. We 

tested HT22 neuronal cells with similar levels of H2O2 (0.016, 0.032, 0.063, 0.09, 0.125, 

and 0.250mM) as used in primary hippocampal neurons to find a dose that results in 

approximately 70% viable live cells after injury. This level of cell death is associated 

mainly with apoptotic programmed cell death and is not high enough to be caused primarily 

by membrane damage driven necrotic cell death[244]. The optimal H2O2 concentration 

chosen was 0.09 mM based on approximately 30% cell death/70% cell viability after 1 

hour of H2O2 treatment followed by a 24 hour recovery period (figure 8A). Next we tested 

if rapamycin would be effective at improving cell survival after H2O2 treatment, modeling 

an oxidative/reperfusive injury. Rapamycin doses of 2, 5, 10 and 20 nM were added to the 

media concurrently with H2O2 and also during the 24 hour recovery period. As seen with 

the rapamycin mediated reduction in infarct size of stroked brains[226], treatment with 

low-level rapamycin (2, 5, or 10 nM) significantly increased the amount of live cells in 

response to H2O2 injury (figure 8B). Interestingly, the highest dose tested, 20 nM, actually 
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showed a decrease in cell survival which may be due to rapamycin’s inhibition of mTORC2 

at higher concentrations[245, 246]. Chloroquine at doses of 5, 10, 50 and 100 uM was 

added to the media concurrently with the H2O2 and also for the 24 hour recovery period. 

Unlike rapamycin that was effective at many doses, chloroquine only showed a positive, 

significant improvement in the number of live cells at the 10 uM dose (figure 8C). Similar 

to the stroked brain hemispheres that showed a significant improvement with rapamycin 

treatment that was larger than the improvement seen with chloroquine treatment[226], 

HT22 neuronal cells also showed a better response to rapamycin treatment than 

chloroquine treatment at surviving H2O2 mediated oxidative/reperfusive injury.  

Ischemic/hypoxic stroke like injury with OGD in HT22 neurons. 

Primary hippocampal neurons sensitive to H2O2 injury are also sensitive to cell 

injury and loss following an oxygen and glucose deprivation injury used to model 

ischemic/hypoxic stroke-like injury[247-251]. HT22 neuronal cells were exposed to 0.5% 

O2 in the absence of glucose and fetal bovine serum for 6, 9 or 24 hours, as suggested by 

the primary cell literature, to find a level of cell death around 30% or viability around 70% 

similar to what was seen with H2O2 treatment used. As shown in figure 9, 6 and 9 hours of 

OGD resulted in approximately 60-70% viable cells while 24 hour treatment resulted in 

close to 20% viable cells. For ease of experiments, and since 6 hours was closer to 70% 

cell viability, the 6 hour time point was chosen for further experiments.  

Next rapamycin was tested at doses of 1, 2, 5, 10, and 20 nM for effectiveness at improving 

cell survival in response to ischemic injury. The rapamycin was added with the glucose 

free media before the cells were placed in the hypobaric chamber for 6 hours of OGD, 

while a second set of cells were tested concurrently in media containing normal nutrients 
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and incubated at normal oxygen tension. As seen in figure 10A, under normoxic conditions 

with standard nutrients, the different doses of rapamycin were similar to each other and to 

the no-treatment control in terms of cell survival. However, similar to its pro-survival effect 

on HT22 cells injured by H2O2, rapamycin significantly improved cell survival optimally 

starting at 2 nM, and then less so at 5 and 10 nM. The 1 nM dose did not appear to 

significantly enhance cell survival while the 20 nM dose again actually resulted in more 

cell death than no treatment alone. These experiments were repeated on at least three 

separate occasions and four replicates of each treatment dose were used each time. Next 

HT22 neuronal cells were exposed to 6 hours of OGD or normoxia and nutrients and left 

with no treatment, 2, 5, or 10 nM rapamycin with or without 150 uM chloroquine treatment 

for the final hour of treatment in order to measure autophagic flux. The cells were collected, 

lysed, and quantitated to be used for western blot analysis. Unfortunately, chloroquine 

treatment for one hour with 150 uM was not sufficient to demonstrate autophagic flux and 

was most likely toxic to the cells causing a decrease in cell number along with altering the 

profile of both LC3 and cleaved caspase 3 (figure 10 B and D).  

The trends in LC3II western blotting were inconclusive for this reason, though the 

HT22 exposed to just rapamycin exhibit steady levels of LC3II with increasing rapamycin 

level, so that it does not preclude an increase in autophagy. The levels of cleaved caspase 

3 on the other hand showed a noticeable but statistically non-significant trend toward 

decreasing with rapamycin treatment, indicating that rapamycin may be pushing the HT22 

neuronal cells away from apoptosis (figure 10 C and E). To ascertain if HT22 cells were 

undergoing an increase in autophagy in response to rapamycin treatment, since autophagic 

flux could not be determined for OGD (explained in the next section), HT22 cells were 
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plated on collagen coated coverslips and exposed to 6 hours of OGD or normoxia and 

nutrients either without treatment or with 2 nM of rapamycin or 5 uM chloroquine. The 

cells were then collected, fixed, permeabilized and stained for LC3 and imaged on a 

confocal microscope. LC3 when autophagy is not active is diffuse in staining with few 

localized puncta and when autophagy is active exhibits more punctate staining correlating 

to LC3II insertion on autophagosomes[216, 218]. Figure 11 A and C demonstrates diffuse 

staining of LC3 with few puncta in the normoxia and no treatment HT22 neuronal cells. 

Whereas in figure 11 D and F, the LC3 staining exhibits multiple puncta, which sharp 

distinct edges in response to rapamycin treatment indicating active autophagy. In figure 11 

G and I there is LC3 staining with the chloroquine treatment resulted in larger puncta with 

less sharp edges showing the back-up of LC3 in undigested autolysosomes and 

autophagosomes. The 6 hours of OGD exposure demonstrated the LC3 puncta for the no 

treatment slides (figure 11 J and L) and multiple sharped edged puncta for the 2 nM 

rapamycin treatment (figure 11 M and O) and the continued buildup of larger puncta with 

diffuse edges for 5 uM chloroquine treatment (figure 11 P and R). The 2 nM rapamycin 

treatment results in sharper edged puncta in response to both normoxia and OGD, 

indicating that rapamycin does activate autophagy in HT22 neuronal cells.  

The experiments at this point equate immediate testing after stroke injury. In our 

study and others, stroked animals are collected at least 24 hours after the initial injury. 

Therefore to test the effectiveness of treatment in extended outcome to ischemic injury and 

to mimic other studies that use OGD injury, HT22 cells were treated with either 1, 2, 5, 10 

or 20 nM rapamycin in the glucose free media before the cells were placed in the hypobaric 

chamber for 6 hours of OGD, while a second set of cells were tested concurrently in media 
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containing normal nutrients and incubated at normal oxygen tension. 6 hours after 

treatment the OGD cells were removed from hypoxia and fresh nutrient containing media 

was added to the cells with or without rapamycin. The cells were then moved to normoxia 

for 24 hours of recovery. The 6 hour normoxia cells remained at normoxia for 24 additional 

hours as well. Low dose rapamycin treatment is effective at improving extended survival 

after ischemic injury as shown in figure 12 A. Unlike 6 hours after injury, by 24 hours the 

1 nM dose showed a significant improvement in cell survival while the 10 nM dose did 

not. This indicates that lower intermediate dose treatment may be the key to longer-term 

survival following ischemic injury. Similar to the 6 hour OGD samples, no noticeable trend 

in LC3II protein levels was observed. This is most likely due to an inability to capture 

autophagic flux, though the samples with rapamycin alone do show a steady amount of 

LC3II indicating that the trend seen with fluorescence imaging at 6 hours OGD of increased 

autophagy is possible (figure 12 B and D). The low level rapamycin treatment appears to 

decrease cleaved caspase 3 in the extended recovery samples (figure 12 C and E).The 10nM 

dose does not show the trend of decreased cleaved caspase 3. Taken together, these data 

indicate the low dose rapamycin may be effective at shifting the balance from apoptosis to 

autophagy for an extended survival time but at higher concentrations of rapamycin for 

extended periods of time you may have involvement Akt through mTOR inhibiting cell 

growth and surviva[l245, 246]. 

HT22 neuronal cells were also treated with 1, 5, 10, 25, and 50 uM chloroquine for 

6 hours of OGD, or normoxia plus nutrients. Low levels, 1 and 5 uM of chloroquine, 

improved survival from OGD. The positive effect was lost at treatments of 10 uM and 

higher doses and the 25 and 50 uM doses resulted in less live cell survival than no treatment 
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alone (figure 13 A). Western blot analysis revealed that low dose treatment with 

chloroquine showed trends of decreasing LC3II under normoxia and steady to increased 

LC3II under OGD. Cleaved caspase 3 decreased with OGD but remained steady with 

normoxia (figure 13 B-D). Microscopy for LC3II with six hour chloroquine treatment was 

inconclusive as it results in larger puncta with diffuse edges indicating a swelling of 

lysosomes and congestion of both the endosomal and biosynthetic processing pathways. 

This large puncta with diffuse edge staining of LC3 in the cell was equal in both the 

normoxia and OGD cells figure 11 G-I and P-R. HT22 neuronal cells were also treated 

with 1, 5, 10, 25, and 50 uM chloroquine with either 6 hours of OGD or normoxia and 

nutrients and incubated at normal oxygen tension. Cells in OGD were removed from 

hypoxia and given fresh nutrient containing media either without chloroquine or with the 

treatment doses described and moved to normoxia for a 24 hour recovery period, while the 

normoxia treated cells were also treated for an additional 24 hours as well. Only the 1 uM 

chloroquine treatment showed an improvement with 24 hour recovery and, unlike the 

rapamycin treatment, extended treatment with as low as 10 uM chloroquine even at 

normoxia and nutrients resulted in overall decreased cell survival (figure 15 A). The 

western blot data was insignificant for LC3II, while a trend toward increased levels in 

extended normoxia treatment (figure 15 B and C) and the  opposite trends for the OGD and 

normoxia recovery samples (figure 15 B and D) were observed. Overall, this data indicates 

that long-term treatment with any dose higher than the lowest dose of chloroquine reduces 

overall neuronal survival, both under normoxia (plus normal nutrients) and even more so 

under OGD stress. 
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In Buckley et al[226], we demonstrated that co-treatment with rapamycin and 

chloroquine abrogated the positive effects of both drugs. To test this in HT22 neuronal 

cells we chose the two lowest dose of each treatment that was effective at 6 hours OGD, 2 

and 5 nM rapamycin and 1 and 5 uM chloroquine, and used them as single agents or 

combined treatments for HT22 neuronal cells either exposed to 6 hours of OGD or hours 

of normoxia and nutrients. As shown in figure 16, co-treatment with rapamycin and 

chloroquine once again abrogated any positive survival effects seen from the single agent 

treatments. At additional 24 hour recovery period with normal oxygen and nutrients the 

co-treatments again abrogate any positive effect from the single agents and start to show a 

decrease in the overall survival of the normoxia co-treatment cells as well (figure 16). 

Again, this illustrates the use of low dose rapamycin (2-5 nM) is responsible for significant 

protection of neurons when challenged with ischemic stroke-like conditions (OGD). 

Genetic knockdown of autophagy. 

The live/dead data combined with the immunofluorescence data for LC3 with 

rapamycin are strongly indicative that the improvement seen in survival with low level 

rapamycin treatment is due to up-regulation of autophagy.  To confirm this result we 

transfected cells with shRNA to Atg5, which blocks the formation of the 

Atg5/Atg12/Atg16 complex needed to help insert LC3II into the autophagosomal 

membrane and to close the autophagosome around the reclaimed cellular constituents. We 

performed a 48 hour transfection to allow for effective knockdown of the protein levels, 

but not for compensatory up-regulation of Atg5 independent autophagy[139, 148]. Figure 

17 A and B demonstrate expression of the GFP tagged shRNA to Atg5 and that this 

expression almost completely blocks the expression of Atg5 protein in HT22 cells. The 
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data in figure 17 C suggests that shRNA to Atg5 abrogates the positive effect of rapamycin 

on survival of H2O2 induced injury, as the amount of live cells that have shRNA to ATG5 

and are treated with rapamycin is similar to the number of live cells that have shRNA to 

ATG5 and no treatment. Figure 18 A and B also shows expression of the GFP tagged 

shRNA to Atg5 and the shScramble control at 72 hours after transfection in HT22 cells.  

Additionally, the shScramble has normal expression of Atg5 protein, but the amount of 

Atg5 protein is substantially reduced in the shAtg5 cells. Figure 18 C demonstrates that the 

shRNA to Atg5 does decrease all over cell number 72 hours after transfection but that 

rapamycin or chloroquine alone have no effect on the amount of live cells with shRNA to 

ATG5. The combined treatment of rapamycin and chloroquine decreased live cell numbers 

in both shScramble and shRNA compared to ATG5 cells at normoxia, indicating that 

combined treatment with these two agents is toxic to cells. The OGD treatment shown in 

figure 18 D shows that rapamycin is effective at increasing live cell number in the 

shScramble transfected cells, but shows no increase in live cell number in shRNA to ATG5 

transfected cells. This data strongly supports that treatment with rapamycin improves 

neuronal survival via up-regulating autophagy following to an ischemic injury. Taken 

together the data in figures 17 and 18 provide strong evidence that rapamycin improves 

neuronal survival in response to both ischemic and oxidative injuries by up-regulating 

autophagy, supporting the hypothesis that rapamycin improves stroke outcome by up-

regulating autophagy after stroke injury.   
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Figure 2. Brain has the highest level of autophagy relative to other tissues. A). Brain, lung, 

heart, skeletal muscle, spleen, kidney, and liver were collected from non-stroked 22-24 

week old male C57BL/6J mice. The tissues were assessed for the autophagy markers, LC3 

I and II, and the loading control -actin for non-muscle tissues and brain and GAPDH for 

muscle tissues and brain. The top subpanel in (A) is a 5-fold longer exposure than the 

subpanel immediately below it to highlight LC3I/II in tissues that were below the level of 

detection in the lower subpanel. The lower subpanel (exposed for 1 minute) shows the 

expression of brain LC3I/II relative to other tissues better, and with a better dynamic range, 

without the loss of linearity seen with the longer exposure. All subpanels in (A) are from 

the same blot, one tissue not used in other blots assessed in panels B & C was cropped out. 

A white space was left to show where the cropping occurred. B). Quantitation of non-

muscle tissues normalized to -actin and compared to brain. All quantitations were 

performed on film exposed for one minute, with equal antibody concentrations and 

incubation used on each tissue set. C). Quantitation of muscle tissues and brain normalized 
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to GAPDH and compared to brain. D). Two saline treated and two chloroquine treated 

brain samples are shown as representative examples. The chloroquine treated mice show 

apparent accumulation of LC3II following chloroquine treatment (five hours with 60mg/kg 

chloroquine) to assess autophagic flux. E). LC3II levels in brain samples from four 

chloroquine treated and five saline treated mice were measured. The accumulation of LC3II 

is noticeable, but not significantly different when quantitated against GAPDH. (* = p < 

0.05, ** = p < 0.01, *** = p < 0.005, **** = p < 0.0001). 
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Figure 3. Determination of optimally protective dose for rapamycin and chloroquine in an 

MCAL mouse model of ischemic stroke injury. A). Representative anterior to posterior TCC 

stained brain sections 48 hours post-MCAL stroke treated with 40% DMSO (Vehicle 

Control), 1.25 mg/kg rapa, or 2.5 mg/kg rapa. Additionally a 0.625 mg/kg rapamycin group 

was assessed and was not different from the vehicle control (not shown) suggesting above 

1.25 mg/K the protective effect was not enhanced. B). The 0.625 mg/kg rapa was 

comparable to DMSO control and was not repeated, both 1.25 mg/kg and 2/5 mg/kg were 

found to significantly reduce infarct size (p < 0.001), the lower dose of 1.25 mg/kg rapa 
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was chosen to limit off target effects. C). Representative TCC stained brain sections 48 

hours post-MCAL stroke treated with Saline (Vehicle Control), 30, 60, or 120 mg/kg CQ,  

D). The 30 and 120 mg/kg doses of CQ did not significantly improve infarct size, but the 

60 mg/kg CQ did (p < 0.05) and was chosen for all other experiments.  
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Figure 4. Enhancement of autophagy with rapamycin decreases infarct size in MCAL 

mouse models of ischemic stroke injury. A). 8-12 week old male C57BL/6J mice underwent 

MCAL stroke injury, and were treated twice (0 and 24 hours) with either saline, rapamycin 

(rapa) to enhance autophagy, chloroquine (CQ) to inhibit autophagy, or a combination of 

rapa and CQ. Infarct size analysis using 2% TTC staining (n = 9 mice per group). B). 

Quantitation of panel A data (* = p < 0.05). 
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 Figure 5. Rapamycin improves infarct size, survival, and neurological outcomes after 

eMCAO. The hu-eMCAO study was performed with two independent sets of mice. In the 

first set there were 6 mice starting in the rapamycin, chloroquine and saline control groups 

they are included in the data in panels B & D, however, they were not assessed for behavior. 

The second set of mice had an n = 5 for each group, it also included a rapamycin and 

chloroquine dual treated group not included in the first set of mice. All of these mice 

received behavioral assessments and are included in the data for panels B, C & D. A). 

Representative TCC stained brain sections 48 hours post-hu-eMCAO stroke (n = 10 for 

rapamycin treatment, n = 7 for vehicle control and chloroquine treatments, and n = 3 for 
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rapamycin and chloroquine dual treatment. These numbers represent the surviving animals 

at 48 hours out of eleven starting mice for the saline, chloroquine and rapamycin treated 

groups and five animals for the rapamycin and chloroquine dual treatment group and are 

the set of mice measured in panels B & D. B). Normalized lesion volume at 48 hours post-

hu-eMCAO stroke. C). Quantitation of the Bederson neurological deficit scores by 

treatment group (n = 5 out of 5 surviving mice for rapamycin treatment, n = 4 out of 5 

surviving mice for chloroquine treatment, n = 3 out of 5 surviving animals for vehicle 

control and rapamycin and chloroquine dual treatment groups). D. 48 hour post-hu-

eMCAO survival ratio (number of surviving mice vs total number of hu-eMCAO stroked 

and treated mice) (n = 11 for vehicle control, chloroquine, and rapamycin treatments, and 

n = 5 for rapamycin and chloroquine dual treatment). Note tissue drop out in the lesion site 

is due to the fragility of the tissue, not surgical damage. (* = p< 0.05, ** = p < 0.01, *** = 

p < 0.005).  
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Figure 6. Autophagy levels in the ipsilateral and contralateral brain post MCAL injury. A. 

Western blot analysis of Beclin-1, p62 and LC3I and LC3II post stroke injury in the 

ipsilateral and contralateral brain at 48 hours post MCAL injury. B. Western blot analysis 

of Beclin-1, p62, and LC3I and LC3II at 3, 6, 12, 24, 48, and 72 hours post MCAL injury. 

C. Densitometry graph of the collected western blot time course data, in part B. 
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 Figure 7. HT22 mouse hippocampal neurons exhibit high levels of basal autophagy. A. 

Basal gene expression in HT22 cells. B. Protein expression of LC3I and LC3II in HT22 

cells with 6 hours chloroquine treatment, the first three lanes and the last three lanes are 

two replicates of the same treatment conditions. 
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  Figure 8. HT22 cells are sensitive to H2O2 induced cell death and low dose rapamycin 

and chloroquine overcome this induced cell death. A. HT22 cells were treated with H2O2 

for 1 hour, rinsed with PBS and allowed to recover for 24 hours. All doses resulted in a 

significant decrease in live cell numbers from no treatment. B. HT22 cells were treated 

with 0.09 mM H2O2 alone or with 2, 5 10, or 20 nM rapamycin (rapa) for one hour, rinsed 

and allowed to recover with or without rapa treatment for 24 hours. C. HT22 cells were 

treated with 0.09mM H2O2 alone or with 5, 10, 50, or 100 uM chloroquine (CQ) for one 

hour, rinsed and allowed to recover with or without CQ treatment for 24 hours. Live/dead 

cells were counted by trypan blue exclusion on a hemocytometer. Black stars denotes 

significance between H2O2 alone and H2O2 and treatment **** = p < 0.001.  
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Figure 9. HT22 cells are sensitive to oxygen and glucose deprivation induced cell death. 

HT22 cells were exposed to oxygen and glucose deprivation (OGD) for 6, 9, and 24 hours. 

Live and dead cells were counted by trypan blue exclusion on a hemocytometer. All times 

resulted in a significant decrease in live cell numbers. 
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Figure 10. Rapamycin improves neuronal survival to oxygen and glucose deprivation and 

decreases apoptosis during OGD. A. HT22 cells were exposed to OGD or normoxia and 

nutrients for 6 hours with or without treatment to 1, 2, 5, 10, or 20nM rapa. Live and dead 

cells were counted by trypan blue exclusion on a hemocytometer. Red stars denote 

significance between normoxia and OGD in the no treatment samples, **** = p < 0.001 

and black cells denote significance between the different OGD conditions including no 

treatment or rapamycin treatments, **** = p < 0.001 and *** = p < 0.005. B and C. HT22 

cells were exposed to OGD or normoxia and nutrients for 6 hours with or without treatment 

to 2, 5, or 10nM rapa with or without 1hr 150 uM CQ at the end. Cells were collected and 

lysed and run on 14 % PAGE gels and developed by western blot. D. Densitometry for 

LC3IIB expression. Black stars denote significance between OGD and normoxia in no 
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treatment cells, *** = p < 0.005 and red star denotes significance between OGD with 10nM 

rapamycin & CQ and OGD with no treatment & CQ, * = p < 0.05. E. Densitometry for 

Cleaved Caspase 3 expression. Black stars denote significance between OGD and 

normoxia in no treatment cells, *** = p < 0.005. 
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Figure 11. Rapamycin results in sharp puncta staining of LC3, indicating active autophagy 

in HT22 neuronal cells. A.-C. LC3, DAPI, and merged staining for HT22 cells left 

untreated and exposed to normal oxygen and nutrients. D.-E. LC3, DAPI, and merged 

staining for HT22 cells treated for 6 hours with 2 nM rapa left at normal oxygen and 

nutrients. G.-I. LC3, DAPI, and merged staining for HT22 cells treated with 5 uM CQ and 

left at normal oxygen and nutrients. J.-L. LC3, DAPI, and merged staining for HT22 cells 

left untreated and exposed to OGD for 6 hours. M.-O. LC3, DAPI, and merged staining for 

HT22 cells treated for 6 hours with 2nM rapa and exposed to OGD for 6 hours. P.-R. LC3, 

DAPI, and merged staining for HT22 cells treated for 6 hours with 5uM CQ and exposed 

to OGD for 6 hours. Cells were imaged on a Zeiss LSM 510 upright confocal microscope. 
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Figure 12. Rapamycin improves neuronal survival to oxygen and glucose deprivation and 

recovery period. A. HT22 cells were exposed to OGD or normoxia and nutrients for 6 

hours and 24 hour recovery period in normoxia with or without treatment to 1, 2, 5, 10, or 

20 nM rapa. Live and dead cells were counted by trypan blue exclusion on a 

hemocytometer. Red stars denote significance between normoxia and OGD in the no 

treatment samples, **** = p < 0.001 and black cells denote significance between the 

different OGD conditions including no treatment or rapamycin treatments, **** = p < 

0.001 and    * = p < 0.05. B. and C. HT22 cells were exposed to OGD or normoxia and 

nutrients for 6 hours and for a 24 hour recovery period with or without treatment to 2, 5, 

or 10 nM rapa with or without 1hr 200 uM CQ at the end. Cells were collected and lysed 
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and run on 14 % PAGE gels and developed by western blot. D. Densitometry for LC3IIB 

expression. E. Densitometry for Cleaved Caspase 3 expression.  
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Figure 13. Chloroquine improves neuronal survival to oxygen and glucose deprivation. A. 

HT22 cells were exposed to OGD or normoxia and nutrients for 6 hours with or without 

treatment to 1, 5, 10, 25, or 50 uM CQ. Live and dead cells were counted by trypan blue 

exclusion on a hemocytometer. Red stars denote significance between normoxia and OGD 

in the no treatment samples, **** = p < 0.001 and black cells denote significance between 

the different OGD conditions including no treatment or rapamycin treatments, **** = p < 

0.001 and    *** = p < 0.005. B. HT22 cells were exposed to OGD or normoxia and nutrients 

for 6 hours with or without treatment to 1, 5, or 10 uM CQ. Cells were collected and lysed 

and run on 14 % PAGE gels and developed by western blot. C. Densitometry for LC3IIB 

expression. D. Densitometry for Cleaved Caspase 3 expression. 
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Figure 14. Low dose chloroquine improves neuronal survival to oxygen and glucose 

deprivation and recovery period. A. HT22 cells were exposed to OGD or normoxia and 

nutrients for 6 hours and 24 hour recovery period in normoxia with or without treatment to 

1, 5, 10, 25, or 50 uM CQ. Live and dead cells were counted by trypan blue exclusion on 

a hemocytometer. Red stars denote significance between normoxia and OGD in the no 

treatment samples, **** = p < 0.001 and black cells denote significance between the 

different OGD conditions including no treatment or rapamycin treatments, **** = p < 

0.001. B. HT22 cells were exposed to OGD or normoxia and nutrients for 6 hours and for 

a 24 hour recovery period with or without treatment to 1, 5, or 10 uM CQ. Cells were 

collected and lysed and run on 14 % PAGE gels and developed by western blot. B. 

Densitometry for LC3IIB expression. C. Densitometry for Cleaved Caspase 3 expression. 
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 Figure 15. Rapamycin & chloroquine co-treatment decreases neuronal survival to oxygen 

and glucose deprivation. HT22 cells were exposed to OGD or normoxia and nutrients for 

6 hours with or without treatment to 2 or 5 nM rapa, 1 or 5 uM CQ, or combined doses of 

rapa and CQ. Live and dead cells were counted by trypan blue exclusion on a 

hemocytometer. Red stars denote significance between normoxia and OGD in the no 

treatment samples, **** = p < 0.001 and black cells denote significance between the 

different OGD conditions including no treatment or rapamycin treatments, **** = p < 

0.001, and blue stars denote significant decreased survival between NT OGD and other 

OGD conditions, ** = p < 0.01, *** = p < 0.005 and **** = p < 0.001. 
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Figure 16. Rapamycin & chloroquine co-treatment decreases neuronal survival in 

recovery after 6hr OGD. HT22 cells were exposed to OGD or normoxia and nutrients for 

6 hours with or without treatment to 2 or 5nM rapa, 1 or 5uM CQ, or combined doses of 

rapa and CQ and allowed to recover at normal O2 and nutrients for 24 hours. Live and dead 

cells were counted by trypan blue exclusion on a hemocytometer. Red stars denote 

significance between normoxia and OGD in the no treatment samples, **** = p < 0.001 

and black cells denote significance between the different OGD conditions including no 

treatment or rapamycin treatments, **** = p < 0.001 and * = p < 0.05. Blue stars denote 

significant decrease between conditions no treatment and treatment conditions for 

normoxia and as well as for OGD, ** = p < 0.01 and **** = p < 0.001. 
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Figure 17. shRNA to ATG5 expression in HT22 cells blocks the positive effect of rapamycin 

on cell survival. A. GFP tagged shScramble (transfection control) and GFP tagged shATG5 

expressing 48 hours post transfection in HT22 cells. B. shRNA to ATG5 effectively 

reduces protein expression of ATG5 protein in HT22 cells. C. HT22 cells transfected with 

shScramble or shATG5 for 72 hours were treated with 0.09 mM H2O2 alone or with 5 nM 

rapa for one hour, rinsed and allowed to recover with or without rapa treatment for 24 

hours. Live and dead cells were counted by trypan blue exclusion on a hemocytometer. 
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Figure 18. shRNA to ATG5 expression in HT22 cells blocks rapamycin’s positive effect on 

OGD survival. A. GFP tagged shScramble (transfection control) and GFP tagged shATG5 

expressing 72 hours post transfection in HT22 cells using PEI. B. shRNA to ATG5 

effectively reduces protein expression of ATG5 protein in HT22 cells. C. HT22 cells 

transfected with shScramble or shATG5 for 72 hours were exposed to normoxia for 6hrs 

with no treatment, 2 nM rapa, 5 uM CQ, or 2 nM rapa and 5 uM CQ. Live and dead cells 

were counted by trypan blue exclusion on a hemocytometer. Blue stars denote significant 

decrease in number between the no treatment and the treatment groups individual for 

normoxia conditions only, * = p < 0.05 and *** = p < 0.005. D. HT22 cells transfected 

with shScramble or shATG5 for 72 hours were exposed to normoxia for 6hrs with no 

treatment, 2 nM rapa, 5 uM CQ, or 2 nM rapa and 5uM CQ. Live and dead cells were 
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counted by trypan blue exclusion on a hemocytometer. Black stars denote significant 

increase in live cells between the no treatment and the rapamycin treatment for the 

shScramble with OGD, **** = p < 0.001. Blue stars denote significant decrease in number 

between the no treatment and the treatment groups individual for OGD conditions only, * 

= p < 0.05 and *** = p < 0.005. 
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IV. DISCUSSION 
 

Ischemic stroke injury remains one of the most pharmacologically under-treated 

illnesses in the United States[5]. This lack of effective treatments and resulting high 

amount of patients that suffer from long-term disability due to stroke injury led to the 

formation of guidelines to hopefully improve the effectiveness of successful pre-clinical 

treatments once they reach the patients in clinical trials[21-23, 64]. These “STAIRs” 

guidelines emphasized the need to search for treatments that are effective at targeting more 

than one cellular or organismal pathway as well as repurposing or retargeting existing FDA 

approved pharmaceuticals to increase the amount of viable, efficacious treatments for 

stroke patients. 

To meet this challenge, we decided to focus on the autophagy pathway. This 

cellular pathway is activated in times of cellular stress or low oxygen or nutrients to help 

cells to survive these challenges[88, 94, 252]. This pathway was well known to play roles 

in cancer, heart, and kidney injury[161, 165, 178], was growing in importance in the 

neurodegenerative diseases field[171, 172, 186, 188, 190, 191, 193, 194, 253, 254], and 

overall was growing in importance in disease pathology and treatment strategies especially 

in the ischemic injury field[95].  

Similar to the early confusion of the role of autophagy in neurodegeneration, the 

role of autophagy in treating ischemic brain injury was also highly debated. There were 

many studies demonstrating that autophagy inhibition was advantageous to stroke  
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recovery [30, 32, 36, 37, 255-259] and others showing that autophagy enhancement or up-

regulation improved stroke outcome[204, 206, 210, 224, 260-262].  

One previous study looked at both suppression and enhancement of autophagy in 

neonatal hypoxia/ischemia and found that enhancement of autophagy was more beneficial 

than suppression[205], but for years the stroke field continued to focus on studies looking 

at only autophagy suppression or enhancement in regards to stroke or brain injury without 

directly comparing them in the same injury models.  

To ascertain the role of autophagy in treating stroke injury we first focused on the 

endogenous levels of autophagy in the brain. Mizhuma et al in a ground breaking study in 

2004[212], demonstrated that the brains of mice over-expressing a GFP tagged construct 

of the LC3 (microtubule-associated protein 1 light chain 3) isoforms, key markers of 

autophagy, expressed higher levels of this GFP-LC3 construct that other metabolically 

active tissues. This suggestion of high levels of autophagy in the brain due to high levels 

of LC3 remained controversial for many years as research in neurodegenerative diseases 

revealed high levels of double membrane autophagosomes. This was interpreted to mean 

that the brain had endogenously low levels of autophagy which was only up-regulated 

during neurodegeneration or injury[263-265]. To confirm if the brain has endogenously 

high levels of autophagy we collected brain, heart, lungs, liver, kidney, spleen, and skeletal 

muscle, all metabolically active tissues that have been demonstrated to undergo 

constitutive active autophagy[159, 162, 266]. Tissues were collected from 22-24 week old 

male C57BL6 mice and the levels of LC3I and LC3II, the most commonly used markers 

for autophagy, were assessed. We successfully demonstrated that, relative to these other 

tissues, brain expresses both the soluble LC3I and the active autophagic membrane tethered 



65 

 

 

 

form, LC3II, at significantly higher levels. Autophagic flux is a more reliable indicator of 

autophagic activity than static snap-shots of autophagic pathway markers in vitro cellular 

systems, as is most commonly reported in the stroke literature[216, 218]. In an attempt to 

assess autophagic flux, mice were treated short-term (4-6 hours) with chloroquine and their 

brains were compared to the brain of untreated animals. Chloroquine acts as a base and 

raises intracellular pH, including lysosomal compartments, thereby inhibiting acid-

dependent lysosomal proteolytic degradation of cellular components within the lysosomes 

and autolysosomes. This inhibition therefore allows for accumulation of autophagosomes 

and their contents which include autophagy marker protein, LC3II. Short-term inhibition 

of the lysosome/autophagosome allows these levels remain high, while minimizing off-

target effects of inhibition of raised intracellular pH and decreased lysosomal 

degradation[218]. While not significant, the chloroquine treated brains demonstrate a trend 

for an increase in LC3II, supporting autophagic flux or active autophagy in the brain. A 

lack of change, or a decrease in LC3II, would indicate that there is no flux or a 

dysfunctional flux and therefore no active autophagy in the brain. What is most important 

is that these high levels of both LC3I and LC3II suggest that brain has both a high capacity 

for the initiation of autophagy as well as actually having a high level of endogenous active 

autophagy. This suggests that the adult brain requires a level of baseline endogenous 

autophagy as well as the ability to actively up-regulate autophagy, possibly due to the high 

metabolic demand of the brain and lack of storage of nutrients like glucagon, which renders 

the brain and neurons in particular vulnerable to ischemic insult[267]. A high level of 

preformed autophagy constituents, (e.g. LC3I and II) ready to rapidly support autophagy 

might provide an inherent degree of energy/nutrient buffering to the brain. We hypothesize 
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that driving active autophagy following stroke will be protective by providing additional 

nutrients and energy resources to neurons and other cells of the neurovascular unit. 

Autophagy is known to play a role in both neurodegeneration and ischemic injury, 

but this role remains quite complicated.  It is not clear whether it has a positive or a negative 

impact in helping overcome brain injuries has not been fully established[162, 165, 191]. 

For example, circumstances that lead to sustained stress may deplete key preformed 

constituents of the autophagy pathway, or regulatory, proteins needed for successful 

protective autophagy[148, 149, 268], resulting in compromised or dysfunctional 

autophagy. While the role of autophagy in adult cerebral ischemia is still not clear, its 

induction appears to be protective and of potential translational value in the cases of limited 

slow reperfusion and small injury with blocked reperfusion. We demonstrated in figure 6A, 

that autophagy appears to be up-regulated in the contralateral hemisphere 48 hours after 

MCAL injury and dysregulated in the ipsilateral hemisphere at this same time point. 

However, whether autophagy is protective to neurons and other brain cells in response to 

ischemia may be contextual, to the extent of ischemia and amount of reperfusion. In earlier 

autophagy and stroke studies variations of the suture occlusion, tsMCAO, with rapid 

complete reperfusion, were the most commonly used models. This rapid reperfusion results 

in the cerebral blood flow rising above pre-ischemic basal levels and can lead to a 

hyperemic effect. This effect is non-physiological relative to most human strokes and 

provides protection to both the ischemic core and penumbra when combined with one of 

the many pre-clinical treatments that reduced secondary apoptotic and necrotic mediated 

cell death, but ultimately failed in clinical trials[28]. These secondary protective effects 

basically become irrelevant without the rapid complete reperfusion that reverses the 
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perfusion/energy mismatch due to the initial ischemia and is lacking in the treatment of 

most human ischemic strokes[28.] The normal levels of endogenous autophagy in the brain 

may not be sufficient to compensate during stroke injury or as was suggested by our data 

in figure 6A, autophagy in the ipsilateral hemisphere may become dysregulated. The 

induction of autophagy into the surrounding tissues may help to restart this dysregulated 

autophagy, enabling more tissue to survive this ischemic and reperfusive challenge.  

Ultimately and in agreement with the STAIRs guidelines the data presented in this 

dissertation supports the use of rapamycin or one of its rapalogues/analogues, as well as 

other potential pro-autophagic approaches, post-stroke specifically in the majority of cases 

where there is little or no recanalization and delayed reperfusion. Autophagy has recently 

been reported to potentially have two distinct roles during “ischemia” and “reperfusion” in 

studies of myocardial infarction[269], with induction of autophagy providing protection 

during ischemia more than during reperfusion[270]. Once again, the degree and timing of 

reperfusion maybe significant and the issue of whether enhancement of autophagy during 

reperfusion results in negative outcomes are not fully established. The timing of autophagy 

induction may be critical and, as shown in figure 6, future studies are needed to assess 

when it is necessary and most advantageous to begin treatment to up-regulate autophagy. 

In addition, further studies of the effectiveness of rapamycin in treating stroke injury would 

need to include the use of tPA. Any prospective pharmacological agent used in stroke 

would need to be proven to neither interfere with the enzymatic activation of tPA within 

the brain[271] or increase the degradation of tPA[272]. If the pharmaceutical interferes 

with action of tPA it would not be useful in the human patient until after the “golden hour” 

time limit during which tPA can be given to the patient. Importantly, since the 
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overwhelming majority of stroke patients do not receive either tPA or surgical 

recanalization that have reperfusion reversals within the same short time frame seen with 

tsMCAO, the increased vulnerability to secondary molecular cell death effects is not an 

issue, and this vulnerability may even be blocked by induction of active autophagy. 

Therefore treatments to induce autophagy via pharmacological intervention or via remote 

post- or preconditioning strategies[40, 41, 273], may be able to be applied during the 

“golden hour”[28, 64] following a stroke[28] in the ambulance while there is still time to 

limit the full loss of the ischemic core via necrosis, and its expansion into the penumbral 

zone of tissue still recoverable potentially out through 3-6 hours. Another concern to be 

addressed in any potential stroke therapy is its possible effect on conditions that increase 

the likelihood of stroke or increase the severity of stroke injury. Diabetes is one such 

complicating condition as diabetic patients have a higher incidence of stroke and more 

severe outcome post-stroke injury[274]. Rapamycin has been shown to interfere with 

glucose homeostasis with short-term treatment, but can actually improve glucose 

homeostasis with long-term (>20 weeks) treatment[275]. High levels of glucose have also 

been demonstrated to activate autophagy[276] and a lack of autophagy leads to -cell 

degradation in the pancreas, the same thing that is seen in diabetes[277, 278]. This 

conflicting information regarding autophagy and diabetes is further confounded by the fact 

that many diabetes medications, such as metformin, actually stimulate or up-regulate 

autophagy[279]. Therefore, future studies looking at the viability of rapamycin treatment 

in diabetic model rats would be necessary to insure that rapamycin will not complicate 

stroke injury in diabetic humans. A second complicating condition for stroke injury is 

hypertension as these patients are more likely to suffer a stroke and have a more severe 
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outcome post-stroke injury[5]. Autophagy has been demonstrated to decrease the cardiac 

hypertrophy that results from long-term hypertension[280-282]. Therapeutic agents used 

to treat hypertension have alternately been demonstrated to increase autophagy[283, 284]  

or to inhibit autophagy[285]. In addition, rapamycin has been shown to increase 

hypertension post-transplantation[286], though this is with longer time courses of 

treatment. Alternately, rapamycin has also been shown to reduce the deleterious effects of 

pulmonary hypertension[287]. Studies in rodent models of hypertension as well as co-

treatment of rapamycin with pharmaceuticals used to treat hypertension would help to 

address possible positive or negative effects of rapamycin on treatment of stroke on 

hypertensive patients[288] used to treat hypertension would help to address possible 

positive or negative effects of rapamycin on treatment of stroke on hypertensive patients. 

Rapamycin is an FDA approved drug and is safe drug to use, possibly even in the presence 

of hemorrhagic stroke[289, 290]. Therefore, using rapamycin to rapidly induce autophagy, 

allowing neurons to survive the loss of nutrients and energy production via nutrient 

recycling and anaerobic ATP production may prevent or significantly reduce the 

perfusion/metabolism mismatch responsible for primary infarct expansion into the 

penumbra and beyond. Increasing the stability of the penumbral area may allow a longer 

window of time for increased spontaneous recanalization based reperfusion and penumbral 

recovery or even allow tPA use to be extended out in time and therefore to a larger 

percentage of the stroke patient population.  

 Autophagy is critical in the brain, especially during ischemic injury, and 

deficiencies in either Atg5 or Atg7 in the whole animal knockout (KOs) or the central 

nervous system conditional KOs result in animals that die within a few days after birth[170-
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172, 291]. In Buckley et al[226], we performed side by side study with treatments given at 

the same time after stroke injury and also co-treatment with both an agent to enhance and 

suppress autophagy. In this study we demonstrated that the enhancement of autophagy with 

rapamycin decreased infarct size by approximately 50 % over suppression of autophagy 

with chloroquine and that rapamycin also improved neurological function to a higher 

degree than chloroquine and improved survival, while chloroquine did not improve 

survival. But due to continuing technical challenges in the field to measure autophagic flux 

in vivo by western blot, no definitive proof was available that rapamycin was indeed 

improving stroke outcome by enhancing autophagy and not through immunosuppressive 

off-target effects. However, in demonstrating that co-treatment with both rapamycin and 

chloroquine abrogate the positive effect of either agent; strongly suggested that brain 

protective mechanism of rapamycin was most likely mediated through autophagy. In this 

study we sought to use a mouse hippocampal cell line to determine the molecular 

mechanism of the positive effect of rapamycin on improvement in stroke outcomes. The 

choice of an effective and representative neuronal cell line is a difficult one as the most 

common neuronal cell lines are derived from cancer cells (including the commonly used 

PC12 cells which are isolated from an adrenal gland carcinoma). This results in these cell 

lines having multiple genetic modulations that effect not only survival, but also metabolic 

and pathogenic pathways inside the cell. The HT22 cell line was developed by the Schubert 

lab at the University of California at Santa Barbara from a spontaneously immortalized 

mouse hippocampal cell[228] and have been used in high index, high citation studies[231, 

232, 292]. In more recent years these HT22 cells have been used to study neurotoxicity of 

glutamate and other agents[293-295]. This cell line provides a well-cited model for 
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neuronal cell injury in acute and chronic disorders. For these reasons, we chose to use the 

HT22 cell line in these studies on the effects of neuronal specific autophagy in mediating 

the effects of hypoxia/ischemia and oxidative stress.  

 As with our previous study, we found that rapamycin was more effective 

than chloroquine at increasing neuronal survival to models of both oxidative/reperfusion 

injury (figure 8) and hypoxic/ischemic injury (figures 10 and 13). Notably rapamycin was 

also more effective and less toxic than chloroquine for neuronal survival during recovery 

after hypoxic injury (figures 12 and 14). Mechanistically, we saw a decrease in cleaved 

caspase 3 protein levels with rapamycin treatment, both with and without brief chloroquine 

inhibition of autophagy shortly before collection of the cells (figure 10 and 13). This 

supports the idea that induction of autophagy not only upregulates a survival pathway, but 

that there is an inverted interaction with the apoptotic pathway in which apoptosis is 

reduced when autophagy increases. Sharp, distinct, punctate LC3 staining, visualized by 

immunofluorescence staining, is indicative of the presence of autophagosomes218 within 

the HT22 neurons when cells were treated with low level (2nM) rapamycin compared to 

the untreated cells. This was true under conditions of both normoxia with normal nutrient 

levels as well as oxygen and glucose deprivation. This pattern of LC3 staining 

demonstrates that rapamycin does increase active autophagy inside the cell (figure 11). 

This data suggests that rapamycin is acting through the activation of autophagy, but the 

increase in cell number seen with rapamycin treatment and a 24 hour recovery period seems 

to be counter intuitive, as treatment with rapamycin by suppressing mTORC1 complex 

activity should also suppress proliferation if it is increasing autophagy. This may be due to 

a higher number of surviving cells being present to undergo replication, once the stress 



72 

 

 

 

block on the cell cycle is lifted. Another possible alternative is that rapamycin is 

functioning through activity on Akt, since treatment with mTOR inhibits can increase the 

phosphorylation and activity of Akt[296]. Better assessment of Akt activity through 

western blot or some of its downstream targets, as well as possible co-treatment with 

inhibitors of Akt, would help elucidate if the positive effect seen was mostly through 

autophagy or more through Akt activation. A recent study in liver ischemia/reperfusion 

showed that rapamycin activity was due to both induction of autophagy and Akt activity 

through the mTORC2 complex[297], supporting the idea that autophagy and Akt activity 

can work together to improve outcome post-ischemia. 

 The improvement seen with chloroquine could be due to its activity at 

limiting the exocytosis trafficking pathway in the cell and suppressing the secretion of 

matrix metalloproteases (MMPs) that have been shown to contribute to the severity of 

stroke injury[298, 299]. Alternately, unlike in cancer and other diseases with excessive 

cellular proliferation, the inhibition of autophagy in neurons has been shown to be 

suppressive to the proteasomal degradation pathway[300-303]. Instead, in 

ischemia/reperfusion injuries and neurons the protective effect of chloroquine might be 

related to the suppression of inflammatory cytokines that would acerbate the injury and 

increase infarct volume. Indeed, chloroquine has been shown to decrease the inflammatory 

cytokines interleukin-1beta (IL-1) and tumor necrosis factor alpha (TNF) in the brain 

post-stroke injury[304] as well as interferon regulatory factor 3 (IRF3), and interferon beta 

(IFN-)[305]. It is possible that a combination of suppression of MMPs and inflammatory 

cytokines maybe responsible for the positive effects of chloroquine on stroke outcome. 
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 Another area of autophagy that our work failed to address was the 

complication of sex differences on autophagy. Estrogen and estrogen receptor alpha (ER) 

have been shown to promote autophagosome maturation in neurons[306], to regulate 

autophagy in neuroblastomas and breast cancer[307], and in other hormone related 

cancers[308]. Estrogen has also been implicated in improving stroke outcome in 

females[309, 310] specifically through the actions of Akt[311]. Future studies should 

include female animals as well as confirming the female origin of cells used for in vitro 

work[312] to insure that sex differences with rapamycin treatment in stroke outcome are 

appropriately addressed. 

Finally, we used transfected shRNA targeting Atg5 for 48 and 72 hours to 

genetically inhibit autophagy, thereby blocking induction of Atg5 dependent autophagy 

while not allowing up-regulation of Atg5 independent autophagy[140, 148]. In both the 

oxidative/reperfusion injury (figure 17) and the hypoxia/ischemia injury (figure 18) we 

found that knockdown of autophagy with Atg5 targeting shRNA, but not the scrambled 

control shRNA, abolished the positive effect of rapamycin on cell survival. This 

demonstrates that rapamycin mediated improvement of neuronal outcome in response to 

stroke-like ischemia and reperfusion injuries mechanistically is via up-regulating or 

enhancing autophagy and not via immunosuppression of inflammatory response cells. 

While we were able to optimize in vitro chloroquine levels for HT22 cells under normoxic 

conditions to permit assessment of autophagic flux, we found treatment of these cells with 

concentrations of chloroquine over 20 uM under OGD conditions was toxic to the cells. 

The high level of cell death seen with high dose chloroquine treatment and OGD caused 

difficulty in measuring autophagic flux with lysosomal degradation inhibition (in our study 
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with chloroquine at 150 uM) as recommend in Klionsky et al[218]. Use of other more 

specific inhibitors of lysosomal degradation, such as leupeptin, E-64d, or pepstatin, which 

specifically inhibit the proteases in the autophagolysome and lysosome, could be used to 

limit toxicity with OGD and achieve inhibition of autophagic flux in future studies. This 

lack of survival to higher doses of chloroquine treatment with OGD confounded our 

attempts to assay autophagic flux, and we were unable to get successful autophagic flux 

measurements for OGD treatment. Lower dose co-treatment for the full six hours might 

affect both treatments as was seen in Buckley et al[226] and in figure 15 and 16. Further 

studies to optimize concentrations of chloroquine, bafilomycin, or cathepsin inhibitors to 

assess flux in the neurons undergoing OGD would be advantageous. Use of rapalogues that 

inhibit mTOR, but have less off target effects on immune cells, would also help increase 

the knowledge and treatment in the stroke field. Other assays to measure apoptosis would 

also help elucidate the relationship between the up-regulation of autophagy and the 

inhibition of apoptosis. Finally, chloroquine as a base that raises overall pH within the cell 

will have effects not only on autophagy but also on endocytosis and the biosynthetic 

pathway. Further studies to elucidate if extra-cellular protease release is affected by 

chloroquine treatment could help explain the contradictory positive effect that both 

rapamycin and chloroquine have on stroke outcome.  

By using both rapamycin, to up-regulate autophagy, and chloroquine, to inhibit 

autophagosomal degradation, for the first time in a ischemic stroke study we helped to 

suggest that autophagy and use of agents to increase autophagy are more beneficial to 

stroke outcome then the inhibition of autophagy. Our cell based studies in HT22 neurons 

supported that rapamycin was more effective than chloroquine in promoting cell survival 



75 

 

 

 

in response to both oxidative and hypoxic injuries. Next, by genetically inhibiting 

autophagy in HT22 neurons with shRNA to ATG7, for a short-term 72 hour time period, 

we abolished the positive effect of rapamycin on increasing cell survival to both injury 

types. This genetic inhibition of autophagy and its block on the positive effect of rapamycin 

on cell survival strong suggests that rapamycin functions through autophagy in overcoming 

oxidative and hypoxic injuries. Our data that strongly suggests that rapamycin functions to 

improve stroke outcome at least partially through the up-regulation of autophagy, 

supported by the cellular studies, helps to answer the continued question of the role of 

autophagy in stroke outcome. 
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V. SUMMARY 
 

Overview and Significance of the Dissertation. 

In the introduction the necessity of more treatments for stroke injury was argued. 

Stroke is the fifth leading cause of death and the leading cause of long-term disability in 

the United States[5]. Stroke is one of the most pharmacologically undertreated diseases 

with only one currently approved FDA treatment that must be administered within four and 

a half hours of the stroke injury to avoid hemorrhagic complications[4]. To address the 

lack of translation from the pre-clinical laboratory to patient treatment, a series of STAIRs 

panels were held to suggest guidelines for improving the translation of pre-clinical studies 

to patient efficacy[21, 64] which among many recommendations had two areas of interest 

to this that were pursued in this dissertation. First we addressed the lack of reliable models 

of stroke injury and looking at pharmacological agents that target multiple cellular 

pathways and/or organs or systems in the body then we focused on a molecular follow up 

to confirm the pharmacological agent, rapamycin, was in fact working through the up-

regulation of autophagy, as well as possibly through immunosuppression[21, 64]. To 

address the concern, the group of Drs. Hoda, Sazonova, Hess, Hill, Ergul, and Fagan 

developed a model of embolic stroke injury that used human fibrinogen with mouse blood 

to create a stable clot that could be successful injected into the mouse brain and would be 

susceptible to treatment with tPA[39]. The group has now used this eMCAO model  
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successfully in multiple studies[39-42, 273] and we used this model side by side with the 

pre-existing MCAL model to show that the eMCAO resulted in a larger injury size that 

enabled the tracking of differences in neurological outcome and survival after the stroke 

injury more effectively than the other injury model (figure 4)[226]. In the same study we 

also showed using side by side analysis that the potential enhancement of autophagy with 

low dose rapamycin treatment was more effective at improving stroke outcome than 

blockade of autophagic degradation with low dose chloroquine treatment in both models 

of stroke injury (figures 3 and 4). Rapamycin, as an antibiotic used in transplantation 

medicine is also known to inhibit t-cell activation and impair the negative effects of over 

activation of the immune system after transplantation or injury[68, 69, 75]. Since 

rapamycin up-regulates autophagy through the suppression of mTOR[71, 75, 78], and 

suppresses the immune system it meets the requirements of the STAIRs recommendations 

that pharmacological treatment target more than one system or pathway[21].  

Our studies animal studies but not proven question if autophagy is in fact higher in 

the brain than in other tissues. Brain is a highly metabolic tissue that uses 20 % of the 

body’s oxygen and nutrients[313]. The brain had previously been suggested to have higher 

levels of autophagy proteins using an overexpression model[212]. Some confusion was 

present in the brain field due to the early observation of excess autophagosomes in the 

brains of neurodegenerative disease patients and the incorrect assumption that 

neurodegenerative diseases increased autophagy, when in fact the diseases overwhelm both 

the proteasomal degradation and autophagosomal/lysosomal degradation systems leading 

to increased amounts of processed autophagosomes[191, 194, 254, 314]. As shown in 

figure 2, the brain has a higher level of both LC3I and LC3II compared to the other highly 
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metabolic tissues; heart, kidney, liver, lung, skeletal muscle, and spleen. The high levels of 

both LC3I and LC3II proteins indicate that the brain is primed and ready to undergo 

autophagy in response to injury or lack of oxygen or nutrients, and the increased amount 

of LC3II in the brain with 6 hour chloroquine treatment demonstrates that the brain is 

undergoing an endogenous level of autophagy during normal function.  

Also of interest from the studies of chapter three, the age of animals used in most 

stroke studies were very young, less than three months of age, equating to a human age of 

teens to mid-20s[49, 315], an age group that has a lower likelihood of stroke occurrence[5]. 

To address this problem of age translation to the stroke model, our study and others by 

Hess and Hoda[39, 41, 226] used animals from five to nine months of age to model humans 

in their late thirties to sixties, an age group more likely to be effected  by stroke injury[5].  

In further studies, we used a well-established mouse hippocampal cell line, 

HT22[228, 231, 232], to confirm that rapamycin was increasing autophagy in neurons and 

that this increase in autophagy increases neuronal survival to stroke like injury. Figures 8B, 

10A, and 12A demonstrate that rapamycin improves neuronal survival to stroke-like injury 

and as shown in figures 8C, 13A, and 14A rapamycin is more effective that chloroquine at 

improving neuronal survival to these injuries. Figure 11 demonstrates that rapamycin 

increases punctate staining of LC3 in the neuron, indicating increases autophagy[218] and 

it does this in both non challenged and oxygen and glucose deprived neurons compared to 

no treatment. Finally we used shRNA to the autophagy protein ATG5, which aids in 

formation of the autophagosome[128-131, 137, 139, 316], for 72 hours to inhibit autophagy 

without allowing for the development of compensatory ATG5 independent 

autophagy[148]. As shown in figures 17 C and 18 C and D, using genetic methods to block 
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active autophagy abolishes rapamycin’s positive effect on neuronal survival to both 

oxidative/reperfusion injury (H2O2) and hypoxia/ischemia injury (oxygen and glucose 

deprivation). This study indicates that the positive effect of rapamycin on stroke outcome 

is at least partially due to the up-regulation of autophagy by rapamycin after stroke injury.  

Together the studies of this dissertation support the idea that up-regulation of 

autophagy, or preventing its dysregulation, may be a viable part of the answer to the need 

for pharmacological treatments for stroke injury that target multiple cellular pathways or 

body systems[21]. Rapamycin at low doses proved effective at decreasing infarct size in 

two different murine stroke injuries as well as increasing neurological score and survival 

to the more severe of these stroke injuries (figure 4 and 5). It was shown that rapamycin 

improved neuronal survival to two types of stroke like injury oxidative/reperfusion with 

H2O2 (figure 8) and hypoxic/ischemic with oxygen and glucose deprivation (figures 10 and 

12). Rapamycin increased active autophagy in both uninjured and oxygen and glucose 

deprivation injured neurons (figure 11). Genetic blockade of autophagy abrogates 

rapamycin’s positive effect on neuronal survival to stroke like injury (figures 17 and 18). 

Therefore rapamycin may be effective in improving stroke outcome by increasing active 

autophagy in neurons after stroke injury (Figure 19).  

Future Directions. 

This dissertation while demonstrating that the up-regulation of autophagy improves 

stroke outcome, more than the inhibition of autophagy, and that rapamycin is functioning, 

at least in large part through the up-regulation of autophagy, still leaves many questions to 

answer. First our studies successfully used rapamycin immediately after stroke injury and 

a booster at 24 hours post injury to improve outcome. It is not always possible to treat the 
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human patient immediately after injury and the short time frame for treatment and need for 

imaging results before treatment result in the one approved treatment, tPA, not being used 

in the majority of patients. A time course analysis of long after stroke injury rapamycin can 

be given and still be effective would be invaluable to validating the efficacy of low dose 

rapamycin as a stroke treatment. Since rapamycin also has a strong safety record it would 

be useful to see if it is also safe or improves the outcomes for hemorrhagic stroke. If 

rapamycin is also effective and safe at treating hemorrhagic stroke, then it might be 

possible to use rapamycin immediately without the determination of whether a stroke is 

ischemic or hemorrhagic. If that were the case then there would be a treatment available 

for a significantly larger number of patients, ones who currently do not have an effective 

treatment. Further it would be valuble to determine if the use of rapamycin could extend 

the window of opportunity to provide tPA treatment. A suggested study of treatment 

initiation time course from 0, 3, 6, 12 and 24 hours for first treatment post injury with 

rapamycin would be of great interest to answering how effective and applicable rapamycin 

could be in treating stroke injury. Supporting this is one group of animals in our studies 

that accidentally missed their 24 hour post-stroke booster dose of rapamycin (data was 

collected, but due to a break from the study protocol were not included in the results 

chapter). These animals all still had reduced infarct size, high neurological score and all 

survived the larger eMCAO injury. This is supportive that rapamycin treatment may be 

able to be given to the patient short-term to immediately improve autophagy, but not so 

long term to have negative effects of immunosuppression[317].  

Next, investigating the role of rapamycin in treating aged stroked animals would be 

critical. Stroke studies in aged animals are difficult due to the low rate of survival of these 
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older animals following stroke injury. Rapamycin has been documented to improve 

survival in many animal models[177-180, 192, 318-322]. These studies and many that have 

used rapamycin to improve stroke outcome[35, 204, 205, 208, 217, 226, 260, 289, 290, 

323-331] suggest that the use of rapamycin in older animals to improve survival provides 

strong support that stroke studies in aged animals using rapamycin would be worth 

studying. The need for stroke treatment in elderly patients is especially important as this 

group is often automatically excluded from tPA treatment and therefore have no effective 

treatment available to combat stroke injury[12, 46, 51, 200, 332]. Some studies suggest 

that a low dose treatment of rapamycin can be effective increasing metabolic pathways and 

helping improve overall condition of the animal or organism with age[333]. Taken together 

these studies suggest that rapamycin could possibly be an effective treatment for elderly 

stroke patients. It could help to improve both survival in the group most likely to die from 

stroke injury[5] as well as long-term outcome and quality of life.  

Rapamycin has also been shown to be effective in treating ethanol induced 

injuries[334] and neurodegenerative diseases[189, 192, 253, 322, 335-337]. It has been 

shown to be effective in use with heart, kidney, and skeletal muscle[166, 269, 336, 338, 

339]. And of course it is well known for its immunosuppressive function in transplantation 

medicine to prevent organ rejection[69, 317]. 

Taken together these data suggest that rapamycin and the developing group of 

rapalogues[75],  suppressing mTOR and up-regulating autophagy, as shown in figure 19, 

can improve both stroke outcome as well as possibly improving life in stroke and elderly 

patients through the published effects of rapamycin extending longevity and improving 

physical condition as well as working at fighting the early stages of neurodegenerative 
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diseases[189, 193, 253, 335-337, 340], all growing concerns to the overall health and 

welfare of not just the United States but the world. As a FDA approved drug, rapamycin 

has been shown to be safe in humans and now needs the chance to be used in more than 

transplant medicine to improve patient outcome in stroke.   
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 Figure 19. Rapamycin improves stroke outcome and neuronal survival through up-

regulation of autophagy. Rapamycin, through its inhibition of mTOR, up-regulates 

autophagy. The studies in this dissertation demonstrate that rapamycin treatment improves 

stroke outcome and neuronal survival. The increased punctate staining of LC3 with 

rapamycin treatment proves that it increases active autophagy in the cell and with the 

genetic knockdown of autophagy with shRNA to ATG5 abrogating rapamycin’s positive 

effects, proves that rapamycin functions to improve survival and outcome by up-regulating 

autophagy. 
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