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1. INTRODUCTION 

Ischemic stroke is a leading cause of death and disability in both developing and developed 

countries. It ranks third among all causes of death, the first two being diseases of heart and 

cancer (Roger et al 2011) (NCHS mortality data). Stroke is characterized by the sudden damage 

to the brain cells, due to lack of glucose or oxygen. Stroke can be classified into two major 

categories: ischemic and hemorrhagic stroke. Ischemic stroke is caused by an abrupt blockage or 

occlusion of arteries leading to the brain; while hemorrhagic stroke occur when a diseased blood 

vessel within the brain bursts, allowing blood to leak into the brain. Ischemia cause about 87% of 

strokes and, the rest is caused by hemorrhage. When the symptoms of a stroke last only for a 

short time (less than 24 hours), this is called a transient ischemic attack (TIA). Stroke occurs 

rapidly and requires immediate treatment. Risk factors for stroke include old age, hypertension, 

previous stroke or TIA, diabetes, high cholesterol, cigarette smoking and atrial fibrillation. High 

blood pressure is the most important modifiable risk factor in stroke. 

 

1.1. Pathophysiology of stroke 

1.1.1. Disturbed cerebral blood flow (CBF) and metabolism  

Brain consumes over 20% of oxygen used by the whole body. Normal CBF in the brain is 

approximately 50 ml/100 g/min, with blood flow to the grey matter being higher (80 ml/100 

g/min) than to the white matter (20 ml/100 g/min). During ischemia, to compensate for the 

decline in CBF, the cerebral auto regulatory mechanism mediates local vasodilatation, opening 

the collaterals, and increasing the extraction of oxygen and glucose from the blood. Reduction of 

the CBF below 20 ml/100g/min; results in „electrical silence‟ were the synaptic activity gets 

diminished in an effort to preserve energy stores. When the CBF is less than 10 ml/100 g/min 

results in irreversible neuronal injury (Astrup et al 1981; Wise et al 1983). Brain functions are 

almost totally dependent on a continuous supply of glucose from the arterial circulation and it 

consumes over 25% of glucose used by the whole body. The brain has a poor storage of 

glycogen and high-energy phosphate compounds such as phosphocreatine and adenosine 

phosphates that can only support neuronal function for 1 to 3 minutes. Majority of the energy 

generated in the brain is utilized to maintain ionic gradients across the nerve membrane by ion 

pumps like Na
+
/K

+
 ATPase. After global ischemia, due to lack of glucose and oxygen, the 
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mitochondrial ATP synthesis is inhibited and within two minutes, the ion pumping mechanisms 

get deteriorated and plasma membrane get depolarized, releasing potassium into the extracellular 

space and allowing sodium and calcium to enter the neurons (Siesjo 1992). Excess intake of 

calcium activates catabolic enzymes, which results in the disintegration of the cellular structure 

essential for life. 

 

1.1.2. Lesion core and penumbra 

 

   

Fig.1: Ischemic core and penumbra after stroke. Immediately after an ischemic stroke, a core 

of irreversibly damaged brain tissue (darker pink) is surrounded by an area of viable but at-risk 

tissue called the penumbra (lighter pink). 

 

If blood flow to the brain area drops below approximately 10 ml/100 g/min, the region suffers 

irreversible structural damage and is called lesion core (Hossmann 1994). Anoxic depolarization 

develops in this brain area associated with a breakdown of transmembrane ionic gradients. There 

is an increase in extracellular potassium concentration and a reduction of the extracellular 

sodium and calcium concentrations; the cells swell up, protein synthesis is inhibited, mRNA 

transcription is partly suppressed, ATP pools are depleted and glutamate transport is inverted that 

results in release of glutamate from glial cells into the extracellular space (Lin et al 1998). The 

intracellular calcium loading is thought to play a major role in the subsequent processes of 
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activation of proteolytic enzymes, degradation of cytoskeletal proteins, mitochondrial swelling, 

lipid peroxidation and membrane damage (Witte et al 2000).  

 

Surrounding this core of irreversibly damaged brain tissue there exist an area of cells that are 

nearly at the risk of infarction. This region is called the penumbra (Astrup et al 1981). The blood 

from the collateral vessels can provide glucose and oxygen to penumbra that partly fuels the ion 

pumps, which reflects transient membrane depolarization (Nedergaard and Hansen 1993). This 

transient depolarization could probably continue for an indefinite period without cell death, if 

ample energy is supplied to the neurons for cellular processes other than ion pumping, including 

cell repair. 

 

1.2. Animal models of stroke and importance of aged animal models 

Cerebral ischemic experimental models are mainly characterized as global or focal ischemia. 

Global ischemia occurs when cerebral blood flow is reduced throughout most or all of the brain, 

whereas focal ischemia is represented by a reduction in blood flow to a very distinct, specific 

brain region. 

 

1.2.1. Global ischemic stroke model  

Global ischemia is most commonly produced by multiple vessel occlusions, and less commonly 

by complete brain circulatory arrest. Global ischemia of the brain is of clinical relevance in 

cardiac arrest and asphyxia in humans (McBean and Kelly 1998). The three most widely used 

animal models of global ischemia are: 1) rat: four-vessel occlusion (4-VO) or two-vessel 

occlusion (2-VO) combined with hypotension, 2) gerbil: 2-VO and 3) mouse: 2-VO (Kitagawa et 

al 1998; McBean and Kelly 1998; Nagel et al 2008). 

 

1.2.2. Focal ischemic stroke model 

Focal ischemic stroke models are mostly carried out on larger mammals such as cats, dogs, 

rodents or non-human primates, which usually involve occlusion of one middle cerebral artery 

(MCA) (Kawamura et al 1994; Lipton 1999; Memezawa et al 1992). It resembles human stroke 

in the duration of insult and the heterogeneity. There are two models of focal ischemic stroke: 1) 
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transient focal ischemia and 2) permanent focal ischemia. In transient focal ischemia, the 

occluded vessels are re-perfused after 2 to 3 hours of occlusion; while in permanent focal 

ischemia the arterial blockade is maintained throughout the experiment. Embolic model of focal 

ischemia (Zhang et al 2003) and photothrombic distal middle cerebral artery occlusion (Acker 

and Acker 2004; Bacigaluppi et al 2010; Zhao et al 1996) are other kinds of focal ischemic 

models, which are widely used in stroke research. 

 

1.2.3. Importance of aged animal models of stroke  

Stroke researchers frequently avoid using aged animals for MCAO due to the more complex 

surgical procedure and high cost of purchasing and raising animals. However, the fact is that   

approximately three quarters of all stroke cases affect those
 
aged ≥65 years. There exists a 

number of age related differences in brain with respect to electrophysiology, biochemistry and 

morphology (Anyanwu 2007; Gonzalez et al 1991; Luine et al 1990; Tamaru et al 1991; West 

1993). Continuous clinical failure of promising neuroprotective agents also raises the question 

regarding appropriateness of modeling stroke in younger animals (Ginsberg 2008). Although age 

is one of the most significant prognostic markers for poor outcome, very few studies have been 

performed in aged animals, especially in animals over 15 months of age (Rasmussen et al 1992). 

New paradigms for conducting translational research in aged animals are urgently required. For 

this fact, aged animals were used in the experiments. 

 

1.3. Ischemic treatment strategies 

The time point at which the treatment is administered determines the efficiency of stroke 

recovery. The treatment usually aims in restoring the blood supply of the brain, either by 

systemic or local thrombolysis. Several clinical studies clearly show, that treatment of acute 

stroke patients with recombinant tissue plasminogen activator (rt-PA) is an effective method that 

significantly reduces death and disability in stroke patients. Based on the recent meta-analysis in 

stroke patients, the major limitation of treatment with thrombolytic agents is the limited time 

window in which reperfusion therapies can be initiated. This time window is up to 3 hours with a 

maximum 4.5 hours in humans (Friedman 1996; Koroshetz 1996; Qureshi 1996; Schellinger et al 

2004). 



Dissertation Introduction 

5 

 

The additional treatment with neuroprotective agents theoretically could extend the time window 

and limit the tissue damage following ischemia. But unfortunately up to now, no clinical study 

could demonstrate the efficacy of neuroprotective drugs (Fisher 1997; Mies et al 1994). The 

cascade of injury by ischemic stroke is very complex and multifaceted and therefore, different 

neuroprotective agents have been tested to block the progression of injury signals at different 

steps. Naturally occurring molecules, such as the sex hormone estrogen, the anti-inflammatory 

compound minocycline, endogenous growth factors like erythropoietin, vascular endothelial 

growth factor (VEGF) or granulocyte colony-stimulating factors (G-CSF), and the free radical 

scavenger melatonin are currently focused as neuroprotective agents for ischemia (Bacigaluppi 

and Hermann 2008; Elzer et al 2010; Huang et al 2010; Kilic et al 2005; Lee et al 2007; 

Schabitz et al 2003; Zhang et al 2000).  Unfortunately, in patients none of this compound 

showed a benefit in the acute phase of stroke. 

 

1.4. Clinical overview of Induced hypothermia in acute stroke 

As a physio-chemical neuroprotection method, hypothermia is recognized as perhaps the most 

robust method of neuroprotection studied in the laboratory to-date (Liu and Yenari 2009). During 

the past decade, therapeutic hypothermia has produced positive outcome in cardiac arrest victims 

(Bernard et al 2002) and promising results were reported in studies done in neonatal ischemia 

(Shankaran et al 2005). Current clinical efforts are being directed towards translating the success 

in cardiac arrest and neonatal ischemia to patients with ischemic stroke. In animal models, it is 

well established that hypothermia reduces the impact of ischemia and these preclinical studies 

might help to design clinical trials in humans. Schwab and his colleagues (Schwab et al 1998; 

Schwab et al 2001) have used moderate hypothermia in the treatment of severe cerebral ischemic 

patients. They found that hypothermia can help to control critically elevated intracranial pressure 

(ICP) values in severe space-occupying edema after MCA stroke and may improve clinical 

outcome in these patients. The "cooling for acute ischemic brain damage" (COOL-AID) study 

group have demonstrated the feasibility of hypothermia by methods of surface and endovascular 

cooling (De Georgia et al 2004; Krieger et al 2001). However, these studies were not detailed 

enough to answer questions regarding safety and efficacy (Hemmen and Lyden 2007). Moderate 

hypothermia which ranges between 28°C to 34°C was used in all the above-mentioned human 

patient studies. Although hypothermia below 35°C is still being investigated in stroke. Avoiding 
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fever (Castillo et al 1998) and controlling temperature below 36.5°C has proven to correlate with 

good clinical outcome after stroke (Nederkoorn et al 2011). 

Treatment window and duration is another parameter, which has to be focused for better 

hypothermic intervention in patients. A long therapeutic window would be promising because 

patients are often presented to the emergency; with a delay of few hours after stroke onset. In 

animal studies, it was shown that hypothermia over 24 hours has neuroprotective effects when 

the treatment was delayed by six hours (Colbourne et al 2000; Corbett et al 2000). Treatment 

duration and time window may be interdependent, because 24 hours of cooling prevented 

neuronal damage in 2 models when delayed by up to 6 or 3 hours (Colbourne et al 2000). Two 

hours of cooling was only effective when initiated within 2 hours, implying a shorter time 

window for brief hypothermia (Maier et al 2001) . 

 

As part of a defense mechanism against cooling, the body might shiver during hypothermia. 

Shivering being the only heat producing mechanism in humans is the main factor in combating 

hypothermia. Shivering can be reduced using centrally active substances that alter hypothalamic 

thermoregulatory centers via skin warming, which reduces the trigger of shivering through skin 

temperature sensors and through muscle relaxation. In patients who are awake, the use of 

buspirone and meperidine in conjunction with skin warming allows cooling to 33°C (Mokhtarani 

et al 2001). 

 

Hypothermia along with therapies to restore blood flow, such as thrombolysis by tPA may be 

one of the most promising strategies for stroke treatment in humans (Lyden et al 2006), even 

though in vitro analysis has shown that cooling to 30°C to 33°C decreases tPA activity by 2% to 

4% (Yenari et al 1995). However, more clinical trials have to be performed to confirm 

hypothermia as one of the strongest neuroprotective strategy and an ideal intervention with 

which one can combine neuroprotective medications. 
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1.5. Hypothermia as a physio-chemical neuroprotective method and its 

connection with hibernation 

Neuroprotective effect of hypothermia has been studied since 1950s, when studies of hibernation 

physiology showed that profound hypothermia allows animals to tolerate very low cerebral blood 

flow (Hammer and Krieger 2002; Maher and Hachinski 1993). Subsequently, hypothermia was 

used throughout the body during cardiac surgery (Lewis and Taufic 1953). Studies on the 

neuroprotective effect of hypothermia, specifically on brain, get more insight; when some 

controlled experiments in animals demonstrated that hypothermia protects the brain during 

global ischemia (Green et al 1992; Tisherman et al 1991).  

 

During ischemia, the brain tissue is deprived of its essential requirements and gets deteriorated. It 

has been postulated that hypothermia could slow down the metabolic processes of the central 

nervous system and its use of glucose and oxygen. Therefore, it could be a promising approach 

to decrease the damage caused by ischemia. Physiological example of hypothermia can be 

observed in species that normally hibernate. In these animals, body temperature and metabolism 

drops in a manner reminiscent of that observed when intentional hypothermia is applied (Drew et 

al 2001; Johansson 1996). In fact, these parallels have led some investigators to wonder if human 

hibernation is possible (Lee 2008). Hibernation is a process by which warm-blooded animals 

enter a unique state of torpor. Their body temperature drops dramatically, the activity of their 

central nervous system slows down and their metabolism sinks to incredibly low levels, 

eliminating their need for food during the cold winter months. Researchers studying hibernation 

started to believe that the process might have potential applications in medicine, but must also 

confront the fact that humans do not hibernate. The recent discovery that a reversible state 

(Blackstone et al 2005) of slowed down metabolism closely resembling hibernation can be 

induced in mice, which do not naturally hibernate, has raised the possibility that a hibernation 

like state could be possibly induced in humans to reduce the metabolism in order to allow 

prolonged brain or heart surgery that necessitates the cessation of blood circulation. To be 

effective, therapeutic methods of induction of hypothermia needs to be faster and better 

controlled to achieve effective cerebral cooling.  
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1.6. Hydrogen sulfide as a source of induced hypothermia 

Aspects of the hibernation phenotype resemble characteristics common to all mammalian 

neonates, including a tolerance of hypothermia and hypometabolism. This indicates that all 

mammals could endure or induce hibernation-like hypometabolic states and supports the notion 

that it may be possible to induce hibernation-like torpor in mammalian species, including 

humans, who do not normally express the hibernation (Drew et al 2007).  In 2005, it was shown 

that mice could be introduced into a state of suspended animation-like hypothermia by applying 

low dose of hydrogen sulfide (H2S). H2S suppresses oxygen consumption in mice in a manner 

characteristic of torpor where metabolic suppression precedes a fall in body temperature 

(Blackstone et al 2005).   

 

H2S turns down the metabolism, so that the body enters a state in which the demand for oxygen 

is reduced and this occurs due to the interference of H2S with the oxidative phosphorylation 

process. H2S is a specific, potent and reversible inhibitor of complex IV (cytochrome c oxidase), 

the terminal enzyme complex in the electron transport chain (Dorman et al 2002). H2S in several 

experimental animal models is shown to reversibly induce a state of profound hypo-metabolism 

and this reduction in metabolic rate does not depend on ambient temperature as reported 

previously (Gordon 2001).   

 

H2S is produced endogenously in micromolar concentrations in the brain where it modulates 

NMDA receptors and is also been studied to have a dilating role of cerebral arterioles via 

activation of KATP channels (Leffler et al 2006). Thus, advancement in understanding the 

physiological role of hydrogen sulplide could provide new therapeutic avenue for treatment of 

many vascular diseases. 

 

1.7. Immune response after stroke 

The mechanisms whereby brain cells die during ischemia are not fully understood. Experimental 

evidences point towards a complex array of parallel hemodynamic, biochemical and 

electrophysiological events that in combination produce neuronal damage. In experimental 

cerebral ischemia, the severity of this damage can be significantly reduced by treatment with 
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mild hypothermia (2–5°C below normal temperature). It is now believed that stroke is a disease 

characterized by an ongoing inflammatory process which exacerbates the degree of tissue injury 

caused by adherence and infiltration of leukocytes. This section explains the different factors 

involved in inflammation followed by some research efforts that appeal the contribution of 

hypothermic interventions in regulating these factors. 

 

1.7.1. Cytokines and chemokines 

During ischemic reperfusion, activation of mitogen-activated protein kinase (MAPK) pathways 

and the changes in the cellular redox state initiate transcription factors including activating 

protein-1 (AP-1), nuclear factor of kappa light polypeptide gene enhancer in B-cells (NF-κB), 

and interferon regulatory factor 1 (IRF-1) (Endres et al 2000; Iadecola et al 1999). These in turn 

activate the expression of pro-inflammatory cytokines, particularly TNF- and IL-1 (Hopkins 

and Rothwell 1995; Rothwell and Luheshi 2000; Touzani et al 1999; Wang et al 1994). TNF- 

and IL-1 are expressed and persist for several days after ischemia (Barone and Feuerstein 1999; 

Wang et al 1994). These cytokines stimulate the endothelial cells to express adhesion molecules 

(intracellular adhesion molecule-1, E-selectin and P-selectin) and ligands for the intergrin surface 

receptors on leukocytes tissue (Carvalho-Tavares et al 2000; Stanimirovic et al 1997a; 

Stanimirovic et al 1997b). Leukocytes get adhered to the blood vessels and get infiltrated into the 

ischemic region. Moreover, additional chemo attractants released by the leukocytes, such as IL-8 

and monocyte chemo attractant protein-1 (MCP-1) can activate the entry of a second migratory 

wave of leukocytes into the tissue from the blood. 

 

Mild hypothermia reduces the increase of IL-1 after stroke (Li et al 2003; Meybohm et al 2010; 

Zhang et al 2008). Recently, a study showed down regulation of MCP-1 after application of mild 

hypothermia in vitro (Terao et al 2009) Furthermore, two hours of mild post-ischemic 

hypothermia reduces ICAM-1 levels in brain and plasma for up to 7 days after 2 hours of MCAO 

(Deng et al 2003; Wang et al 2002). 
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1.7.2. Activation of transcriptional factors by cytokines  

Inflammation is a known participant in causing neuronal death after cerebral ischemia. The 

mechanism promotes or curtails the start and spread of inflammation in brain is still being 

debated. By virtue of their capability to modulate gene expression, several transcription factors 

induced in the ischemic brain can modulate the post-ischemic inflammation. While the induction 

of transcription factors such as IRF-1, NF-k B, activating transcription factor 2 (ATF-2), signal 

transducer and activator of transcription 3 (STAT3), early growth response 1 (Egr1) and 

CCAAT/enhancer binding protein (C/EBP) ß, is thought to promote post-ischemic inflammation, 

activation of transcription factors such as hypoxia inducible factor 1 (HIF-1), DNA-binding 

response regulator (CREB), FBJ osteosarcoma oncogene (c-fos), peroxisome proliferator-

activated receptor alpha (PPAR-), PPAR- and p53 is thought to prevent post-ischemic 

inflammation and neuronal damage.  

 

Activation of NF-κB has been studied extensively in the field of cerebral ischemia. In normal 

conditions, NF-κB is present in the cytoplasm and bound to a family of inhibiting proteins. To 

become activated, Ikappa-B kinase-like 2 (IKK) must phosphorylate the inhibiting proteins to 

liberate NF-κB, so that it can enter the nucleus and induce gene expression (Han et al 2003; 

Yenari and Han 2006). In global and focal cerebral ischemia, a persistent translocation of NF-κB 

to the nucleus is observed (Clemens et al 1997; Stephenson et al 2000). TNF receptors and Toll-

like receptors are also known to primarily mediate activation of NF-κB (Kane et al 2002). 

 

Mild hypothermia has marked suppressive effects on the inflammatory response. This effect, at 

least in cerebral ischemia, appears to be regulated at the transcriptional level through suppression 

of IKK activity and subsequent inhibition of NF-κB (Diestel et al 2008; Han et al 2003; Webster 

et al 2009; Yenari and Han 2006).  

 

1.7.3. Inflammatory cellular response to ischemia  

In animal models and in stroke patients, rapid activation of resident cells followed by the 

infiltration of circulating inflammatory cells including granulocytes (neutrophils), T-cells, 

monocyte/macrophages, and other cells are observed (Amantea et al 2009; Buck et al 2008; 

Gerhard et al 2000; Kriz 2006; Lindsberg et al 1996; Price et al 2004; Schilling et al 2003; 
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Tanaka et al 2003). In the acute phase (minutes to hours), trans-endothelial migration of 

circulating leukocytes takes place in the midst of ROS and pro-inflammatory mediators (Yilmaz 

and Granger 2008) followed by infiltration in the sub-acute phase (hours to days). The 

leukocytes release cytokines and chemokines, especially excessive production of ROS and 

induction/activation of matrix metalloproteinase (mainly MMP-9), which amplify the brain-

inflammatory responses. This eventually leads to disruption of the BBB, brain edema, neuronal 

death and hemorrhagic transformation (Amantea et al 2009; Kriz 2006).   

 

1.7.3.1. Resident microglia and blood-derived macrophages  

Microglia cells, the resident macrophages of the brain, are activated and start proliferating 

rapidly in response to brain injury (Aloisi 2001; Banati et al 1993; Lalancette-Hebert et al 2007; 

Nakajima and Kohsaka 2001; Rothwell et al 1997). Reactive microglia is morphologically and 

functionally similar to blood-derived monocyte/macrophages (Schilling et al 2003; Tanaka et al 

2003). To date, it has been difficult to distinguish these cells in the brain, as there is a lack of 

discriminating cellular markers (Schilling et al 2003; Schilling et al 2005). Recent data shows 

that blood-derived macrophages are recruited into the ischemic brain tissue, most abundantly at 

3–7 days after stroke (but not significant prior to 3 days after cerebral ischemia) (Breckwoldt et 

al 2008; Petry et al 2007; Schilling et al 2005; Schilling et al 2009). 

 

Hypothermia appears to decrease the tissue density of microglia/macrophages and to inhibit 

microglial activation (Kumar and Evans 1997). Infiltration of neutrophils and monocytes can be 

reduced after transient MCAO with post-ischemic mild hypothermic treatment at 3 and 7 days 

post-injury (Wang et al 2002). This reduction can increase to approximately 75%, if the 

hypothermic treatment is started 1-2 hours after a MCAO (Maier et al 1998).  

 

1.7.3.2. Neutrophils  

Neutrophils are among the first of leukocytes to infiltrate ischemic brain (30 min to hours of 

focal cerebral ischemia). They peak earlier (days 1–3) and then disappear or decrease rapidly 

with time (Feuerstein et al 1997; Kriz 2006; Weston et al 2007; Yilmaz and Granger 2008). 

However, their existence is largely masked after 3 days by large-scale accumulation of activated 

microglia/macrophages in the inflammation site (Hallenbeck 1997; Weston et al 2007). Due to 
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increased density of adhesion molecules after stroke, neutrophils undergo conformational 

changes (modifications in the cellular cytoskeleton) and migrate through the endothelial vessel 

wall (diapedesis) (Huang et al 2006). A recent study seems to challenge the current view, as it 

provides evidence demonstrating that the recruitment of other inflammatory cells may precede 

neutrophil infiltration in response to cerebral ischemia (Gelderblom et al 2009). Mild 

hypothermia is associated with decreased number of neutrophils 1 and 3 days post-ischemia and 

decreased monocytes/activated microglia post 3 and 7 days, but not on 1st day (Wang et al 2002; 

Webster et al 2009). 

 

1.7.3.3. Role of other inflammatory cells: T lymphocytes, DCs, MCs  

In rodent models, earlier studies suggest that lymphocyte recruitment into the brain is involved in 

the later stages of ischemic brain injury (Campanella et al 2002; Jander et al 1995; Stevens et al 

2002). Recent studies in rodent models demonstrate that T cells accumulate in the ischemic brain 

within the first 24 h after focal cerebral ischemic/reperfusion (I/R) injury and may influence the 

evolution of tissue inflammation and injury prior to their appearance in the extravascular brain 

compartment (Hurn et al 2007; Yilmaz et al 2006). In addition to the above leukocytes, several 

other types of inflammatory cells such as DCs and MCs have been implicated recently in 

ischemic brain injury. There are inconsistent reports regarding the time-dependent infiltration of 

inflammatory cells into the brain (Felger et al 2010). 

  

1.8. Role of Annexin A1 (AnxA1) in association with inflammatory cells 

Annexin A1 (also known as lipocortin 1) is a 37-kDa protein and a member of the annexin super-

family of calcium and phospholipid-binding proteins. Thirteen members of the annexin family 

have been described to date in humans, with a wide distribution of expression across different 

tissues. However, localization of these members varies considerably (Gerke and Moss 2002). 

AnxA1 is a multi-faceted protein with a number of functions ranging membrane from membrane 

fusion, inflammation, apoptosis and cell signaling to regulation of cell growth and differentiation 

(Parente and Solito 2004).  
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In the brain, AnxA1 is expressed in the ependymal cells lining the ventricular system of the 

healthy brain in adult rats (McKanna and Zhang 1997; Woods et al 1990). Endothelial and 

smooth-muscle cells of the cerebral vasculature also express AnxA1 (Eberhard et al 1994). In the 

peripheral circulation, the major contributors of AnxA1 cell are neutrophils or 

polymorphonuclear (PMN) cells. AnxA1 comprises 2-4% of the total cytosolic protein. The 

majority of AnxA1 detected in inflamed tissues has been shown to be a consequence of 

neutrophil infiltration in different organs (Vergnolle et al 1995; Vergnolle et al 1997). 

Upon neutrophil activation and adhesion to the endothelial cell monolayers, AnxA1 is 

externalized from the cytosol to the plasma membrane by a process of exocytosis such that post-

adherent neutrophils are depleted by 50–70% of their total AnxA1 content (Perretti et al 1996). 

A study performed using immunohistochemistry and electron microscopy analysis 

of rodent post-capillary venules has confirmed that AnxA1 externalization occurs in parallel 

with neutrophil adhesion to post-capillary venules in vivo (Oliani et al 2001). 

 

In ischemia-reperfusion studies, administration of AnxA1 results in the reduction of 

inflammation via inhibition of extravasation of neutrophils (La et al 2001). The study on 

myocardial ischemia-reperfusion injury with AnxA1 results in the reduction of infarction volume 

and reduced local leucocyte recruitment (D'Amico et al 2000). It was also observed the same in 

splanchnic artery occlusion and reperfusion injury (Cuzzocrea et al 1997). Most of the research 

indicates that PMN are the source of AnxA1 (Vergnolle et al 1995; Vergnolle et al 1997). There 

were no studies on induced hypothermia and role of AnxA1 molecules in the infarct region of 

cerebral ischemia. 
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2.  AIM OF THE STUDY 

Focal brain ischemia reduces blood flow to specific regions in brain, increasing the risk of cell 

death to that particular area. There are a number of factors including exotoxins; free radicals, 

leukocytes and eicosanoids are responsible for cellular damage after cerebral 

ischemia/reperfusion injury. All these factors seem to work as a network. Hence, it is important 

that a neuroprotective approach should focus on targeting multiple injury mechanisms rather than 

the conventional way of focusing a dominant mechanism of injury. H2S has been shown to 

attenuate ischemic injury by reducing cellular metabolism by induced hypothermia. The project 

was designed to understand the mechanism(s) by which H2S-induced hypothermia provides 

neuroprotection. The following hypotheses have been made in order to elucidate the mechanism 

of H2S-induced hypothermia in neuroprotection. 

 

Hypothesis I: H2S-induced hypothermia resulting in “suspended animation-like 

state” helps in neuroprotection  

H2S has been reported in mice models that it can induce a state of “suspended animation”: a state 

that resembles the behavior and physiology of natural torpor, which is observed in hibernating 

animals. I have analyzed the “suspended animation-like state”, with the aid of telemetric device 

EEG in the MCAO rats exposed to H2S for 48 hrs. This method was helpful to investigate 

whether the animals subjected to H2S-induced hypothermia exhibit a sleep-wake cycle identical 

to that of a hibernating animal and I have found out the same (Chapter I, Table 1). This further 

postulate H2S-induced hypothermia resulting in “suspended animation-like state” might helps in 

neuroprotection by reduction of inflammatory reactions.  

 

Hypothesis II: Neuroprotection at cellular level in H2S-induced hypothermia. 

The experiment with H2S-induced hypothermia on MCAO rats proves that there is a hibernation-

like state. It has also been postulated that hypothermia will results in hypo-metabolic condition. I 

was interested to know whether introduction of H2S-induced hypothermia in the acute phase of 

stroke implies any protection at the cellular level. With the help of MRI and 

immunohistolochemistry, I have observed that the infarct volume of the hypothermic animal is 

reduced in comparison to that of normothermic animals. There were no studies made in the role 
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of AnxA1 in hypothermic condition, which prompt me to look into AnxA1; a molecule helps in 

extravasations of PMN into ischemic region. I used immunohistochemical staining to know the 

level of AnxA1 expression in normothermic and hypothermic conditions. The hypothermic brain 

showed less AnxA1 and also the co-localization studies have proved that majority of AnxA1 

expressing cells are the PMN cells, avoiding the possibility of AnxA1 being expressed by 

activated microglial cells. Based on this observation, I proposed that the adherence and 

infiltration of PMN cells was slowed down in the course of prolonged H2S-induced hypothermia, 

which delayed further progression of inflammation. This study has been detailed in chapter II 

(Table 1). 

 

Hypothesis III: H2S-induced hypothermia helps in behavioral recovery. 

It is important to know whether H2S-induced hypothermia helps in the behavioral recovery of 

ischemic rats. The animals from both normothermic and hypothermic groups were subjected to a 

battery of behavioral tests. The experiments were performed to evaluate the sensory-motor 

capabilities. Based on the observation of the above mentioned hypothesis, early intervention of 

H2S-induced hypothermia subside inflammation and prevents the expansion of infarct in cerebral 

ischemic (MCAO) rats. In H2S-induced hypothermic animals, the brain regions coordinating the 

sensorimotor were apparently protected from severe damage than that as observed in 

normothermic animals. The hypothesis has been proved by the better and faster recovery of 

sensorimotor deficits in H2S-induced hypothermic animals. This study has been clearly described 

in chapter III (Table 1). 
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Table. 1: Experiments based on hypothesis 

Chapter Hypothesis Experiments Number of 

animals used 

Mortality 

rate 

   I H2S-induced 

hypothermia resulting 

in “suspended 

animation-like state” 

helps in 

neuroprotection 

Blood pressure analysis   3  naive (before 

and after H2S 

exposure) 

Nil 

MCAO rat model: EEG 

analysis 

3 normothemic 

3 hypothermic 

Nil 

 II Neuroprotection at 

cellular level in H2S-

induced hypothermia 

MCAO rat model: MRI ,  

RT-PCR, western blot 

and 

immunohistochemistry 

10 normothermic 

10 hypothermic 

Nil 

 III H2S-induced 

hypothermia helps in 

behavioral recovery 

MCAO rat model: 

Asymmetric and 

bilateral sensorimotor 

coordination test 

 

5 normothermic 

5 hypothermic 

Nil 
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3. CHAPTERS 

3.1. CHAPTER I: Physiological evidence of neuroprotection by H2S-

induced hypothermia following cerebral ischemia/reperfusion injury 

 

Although the first description of the hypo-metabolic state induced by H2S was referred to as a 

state of “suspended-animation” or induced hibernation, the effects on electrocortical activity 

were not investigated (Blackstone et al 2005). It was studied that, when hibernating animals    

subsequently emerge from torpor, they immediately enter deep NREM sleep irrespective of 

whether the animals emerge from deep hibernation (Daan et al 1991; Trachsel et al 1991) or 

daily torpor (Deboer and Tobler 1994). This observation suggests that during torpor, the 

function of sleep cannot be fulfilled completely, and animals have to return to euthermia to 

recover from a sleep deprivation occurred during the hypothermic state. In the current study, 

we evaluate electrocortical activity to determine the sleep wave cycle of an animal in 

hypothermia induced by H2S to prove the hypothesis that H2S-induced hypothermia results in 

hibernation/suspended animation-like state. 

  

3.1.1. Experimental Design 

For the evaluation of mean arterial blood pressure, three naive animals were used. Mean 

arterial blood pressure (MABP) was measured using a telemetric device blood pressure (BP), 

before and after the exposure to H2S. 

 

The telemetric device was implanted (see materials and methods section) in the animal 6 days 

prior to H2S exposure and the measurements were taken from 2 days before and after H2S 

exposure (Fig.2).  

 

Fig. 2: Experimental design for blood pressure measurement. 
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For EEG analysis, six animals were used; three animals in normothermic condition and three 

in H2S-induced hypothermic condition. EEG baseline was measured 12 hours prior and 

following MCAO; EEG was measured continuously for 48 hours or two days (according to 

the experimental design). EEG transmitter used had the capability to collect information 

regarding temperature and EEG. 

 

Fig. 3: Representation of experimental design for EEG analysis. 

 

3.1.2. Materials and methods 

3.1.2.1. Animals 

Ten 18-month-old Sprague-Dawley (SD) male rats (three naïve animals for blood pressure 

measurement and six animals for EEG analysis; as described in the experimental design), 

weighing about 520-600 gm were used for this study. Rats were housed in individual cages, 

provided 12 hr light/dark cycle and received food and water ad libitum. The rats were kept 

fasting but had free access to water for 18 hours prior to surgery. This was done in order to 

minimize inconsistency in ischemic damage that can result from varying glucose level. All 

animal experiments were performed in accordance with the instructions from the State Animal 

Care as well as the Animal Care Authority of Greifswald University University (Reference 

number 7221.3-1.1011/12). 

 

3.1.2.2. MCAO by unilateral three-vessel occlusion     

The animals were anesthetized using a halothane-nitrous oxide combination (1-1.5% 

halothane in 75% nitrous oxide and 25% oxygen). During the surgery, the animals were 

allowed to inhale this anesthetic mixture continuously through a breathing mask. Throughout 

the operation period, the body temperature of the animal was maintained at 37°C using a 

thermostat-controlled heating pad (Homoeothermic blanket system, Harvard Apparatus). 
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Fig. 4: Representation of three blood vessels that are occluded during MCAO 

 

The animals were fixed in a supine position over the thermostat-controlled heating pad. Over 

the trachea, incision was made about 1-2 cm. Under an operating microscope, the wound was 

unfastened; both carotid arteries were encircled with thread, with which the vessels were 

temporarily closed later on. Then the animals were placed in the prone position. An incision of 

1-2 cm was made over the scalp on the right side of the head between the eye and ear. The 

temporalis muscle from the bones is retracted and using retractors the operational area was 

kept open. With the help of a small drill (High Speed Micro Drill, Fine Science Tools), a drill 

was made over the skull about 2 to 3 mm rostral to fusion point of the zygomatic arch with the 

temporal sqama. Drilling was carried out at the lowest speed with constant cooling using 

physiological saline. The last bone layer was lifted carefully with a tweezers and then the dura 

mater was opened with a fine needle. The right MCA was carefully lifted with a tungsten wire 

by means of screw micromanipulator (Märzhäuser Prezisions Micro-manipulator Systems, 

Fine Science Tools). Followed by lifting the MCA, both the common carotid arteries were 

also occluded by tightening pre-positioned thread loops. The sharp decrease in blood flow was 

monitored with the help of a laser doppler (Periflux 5000, Perimed, Sweden) by positioning its 

optic tube on the temporal bone of the rat‟s skull. After 90 minutes, the middle cerebral artery 

and the common carotid arteries were re-opened, allowing full reperfusion. 

 

3.1.2.3. Experimental H2S-induced hypothermia 

Within one hour after the resumption of blood flow, individual rats from the hypothermic 

group were placed in a chamber made of plexiglas, equipped to control the flow rate of H2S 
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precisely 70 ppm and 19.5% O2, achieved by mixing room-air with 5000 ppm H2S-balanced 

nitrogen at a flow rate of 3 L/min. After 2 hrs, the concentration of H2S was reduced to 50 

ppm (the toxicity threshold for H2S is 80 ppm). This concentration of H2S was continued for 

next 46 hours. Food and water was available during this period of prolonged exposure to H2S. 

With appropriate gas detectors (GfG, Dortmund, Germany), CO2, O2 and H2S were measured 

continuously inside the chamber. Body temperature was measured telemetrically (DSI, 

Tilburg, Netherlands) from the radio telemetric transmitters implanted subcutaneously near 

the neck as mentioned above. Temperature was recorded from animals with EEG transmitter 

(CTA-F40), it could record data on EEG, temperature, and activity. 

 

3.1.2.4. Pressure catheter implant 

The radio-telemetry device (model TA11PA-C10; DSI) used to measure the rat‟s blood 

pressure was implanted according to the procedure outlined previously (Huetteman and Bogie 

2009). Anesthetics mentioned earlier in the MCAO surgery were continually given to the rat 

throughout this procedure. After shaving the ventral abdomen, a midline incision was made 

through the abdominal skin and the intestine was grabbed through the incision to visualize the 

aorta. Using fine curved forceps, the aorta was grabbed gently to place two temporary sutures, 

cranial and caudal to the cannulation region on the aorta. Blood flow was restricted in the 

aorta by applying firm traction to the occlusion sutures. The transmitter was placed in close 

proximity to the abdominal incision. A small puncture was made on the aorta with a blunt 

ended needle and then using a cannulation forceps the catheter was introduced into the 

puncture. The needle was then withdrawn and the catheter was inserted cranially until the 

distal tip of the catheter gently contacts the restriction at the anterior occlusion suture. A small 

piece of fiber patch was placed above the catheter and on top of that a tiny drop of Vetbond1 

tissue adhesive was applied and was allowed to flow completely around the puncture site. It 

was allowed to set for 30 s. Then slowly the cranial occlusion suture was released and the 

cannulation site was observed for blood leakage. The intestines were then restored to their 

original position. Finally, the abdominal wall incision was closed with non-absorbable suture. 
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3.1.2.5. EEG Transmitter implant  

Animals were immobilized on a stereotaxic apparatus under continuous gaseous anesthesia. A 

straight midline skin incision was made on the scalp to expose the skull. Using blunt forceps, 

the skin dorsal to the neck was dissected to form a subcutaneous pouch into which the 

transmitter was placed (EEG transmitters (CTA-F40), Data Sciences International). Using a 

dermal tool (1/8 in. bit), two holes were drilled through the skull. For the reference electrode, 

the hole is made 2 mm rostral to the bregma and 1.5mm left to the midline. For the epidural 

electrode the hole is made 7mm caudal to the bregma and 1.5mm right to the midline. The 

silicone covers of the leads of the transmitter are peeled back to expose 2–3mm of the helical 

steel leads. The exposed part of the leads was then curved to a c-shaped loop. The distal end 

of the c-loop was then slid into the holes made by drilling the skull as mentioned earlier. The 

blunt end of the C-loop faced the pial surface of the brain. The leads were positioned properly 

and adhered with a small amount of dental acrylic cement. 

 

3.1.2.6. Telemetric mean arterial blood pressure recording and analysis  

Telemetric data was acquired using a radio telemetric system from DSI (St. Paul, MN). The 

blood pressure (BP) measuring radio telemetric system used consisted of: (a) implantable 

transmitters (C50–PXT), (b) receiver (RPC–1), (c) an ambient pressure reference (APR–1), 

(d) a data exchange matrix and, (e) a computer. Transmitters were switched off each time 

when data was not collected in order to preserve battery life. During data collection, a receiver 

was placed underneath or along the back wall of the H2S chamber. Data were transferred from 

the transmitters to the receiver using radio waves at a frequency of 455 kHz. The analog 

signals were transmitted from the receiver to the data exchange matrix, where it was digitized 

and transferred to the computer. BP data was acquired using Dataquest A.R.T. 3.0 Acquisition 

software (DSI, St. Paul, MN). The experimental sampling was carried out at 48 hours each in 

normal conditions and in hypothermic condition and the sampling frequencies remained 500 

Hz for BP data. 
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3.1.2.7. Telemetric EEG recordings 

Telemetric EEG recordings were carried out using a CTA-F40 PhysioTel® Transmitter (DSI 

Inc.) that allowed simultaneous recording of one bipotential channel (1-50 Hz band) together 

with one activity i.e. mechanical movement and, one temperature channel. Cortical EEG 

recordings (referred to hereafter as EEG), were carried out using an epidural electrode placed 

over the ipsilateral parietal cortex (negative) against a contralateral reference electrode placed 

rostral (positive) yielding a “pseudo-unipolar” one channel montage for the affected 

hemisphere. The amplified signals were sampled at 250 Hz resolutions using the Dataquest 

A.R.T.™ Acquisition software with 100 Hz low-pass filters. Telemetric EEG recordings were 

carried out on 6 rats with MCAO (3 exposed to H2S and 3 controls) in two continuous epochs. 

To establish a physiological baseline, 12-hour continuous epoch was recorded 3-7 days 

following the EEG telemetric implantation surgery. During the main experiment, 48-hour 

continuous epoch was started within the first hour after the MCAO surgery, at the time of H2S 

exposure. The experimental recordings were carried on for 1-3 days following the baseline 

recordings. Nevertheless, to account for circadian variability, care was taken that both 

recordings were started around 7 p.m (at the onset of the active phase). 

 

Data was exported off-line for further analysis in MATLAB (Math Works, Inc. Natwick, MA, 

USA). The epochs were first segmented in 10-second segments that were found to reliably 

reflect stationary EEG signals in rat sleep studies (Gross et al 2009). Occasional segments 

with loss of signal or large signal artifacts were excluded based on automatic threshold. 

However, such exclusion did not exceed 5% of the data. The segments were filtered through a 

0.5-30.5 Hz band-pass third-order Butterworth digital filter using a zero-phase forward and 

reverse algorithm, symmetrically zero-padded to the next power of 2 length and then 

windowed (Hamming) to reduce edge transients. The power spectral densities calculated by 

Fast Fourier Transformation were then combined in 1 Hz narrow bands (i.e. the 4 Hz band 

was the sum of Fourier power spectral densities between 3.5 and 4.5 Hz). A relative band 

power was calculated against the total power of the 1-30 Hz bands, which is referred to as 

EEG power. 
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Statistical analysis 

The main effect of treatment (hypothermia) was evaluated by using the Mann-Whitney U test. 

The level of significance (two-tailed threshold) was set at p ≤ 0.05. Data are presented as 

means ± standard deviations. 
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3.1.3. Results 

3.1.3.1. Post-stroke hypothermia 

The body temperature of the Animals got declined in first two hours, when they were exposed 

to 70 ppm H2S. After two hours, the concentration of H2S was reduced to 50 ppm. These 

conditions were maintained for the next 46 hours. Exposure of rats to an atmosphere 

containing a low dose of H2S led to a gradual decrease in whole body temperature, which 

stabilized at 31±0.5°C after 8 hrs (Fig.5, filled circles). This body temperature prevailed for 

about 24 to 25 hours. Later the temperature gradually peaks up towards the baseline 

temperature. After 48 hr exposure to H2S the animals were returned to normal atmospheric 

conditions. The animals recovered within minutes and do not show any sign of neurological or 

physiological deficits related to the H2S-induced hypothermia. 

 

 

 

 

Fig 5: Temperature telemetric data: The corresponding graph show the variation in 2-hour 

means ± S.E.M (P < 0.001) in absolute body temperature (°C) from 3 H2S-exposed (filled 

circles) and 3 control rats (open circles). 
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3.1.3.2. Vasodilatory effect of H2S 

Using radio-telemetry pressure catheter, blood pressure was measured continuously, directly 

from the abdominal aorta in the rats kept under normal and H2S induced hypothermic 

conditions. In the normal rats, the Mean arterial blood pressure was observed to be (118± 

6.932, P>0.05, n=3) and in the H2S-induced hypothermic group it was (107±05, P>0.05, n=3). 

There was a slight reduction in the mean arterial blood pressure up to 8 % during the course of 

H2S exposure. This gives an evidence of vasodilatory intervention of H2S on the arterial blood 

vessels of the rats. 

 

 

 

 

Fig. 6: Pressure Telemetric data. The corresponding graph shows the variation in 2-hour 

means ± S.E.M (P < 0.001) in mean arterial blood pressure from three H2S-exposed (filled 

circles) and three control rats (open circles). 
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3.1.3.3. Power-down of background EEG during H2S exposure 

 

 

Fig. 7: EEG telemetry data. A representative recording of a rat subjected to H2S is presented in 

figures (a)-(f). For illustration purposes, the 12-hour baseline recording is presented separated by a 3-

hour gap from the subsequent 48-hour post-MCAO recording. However, this gap was in fact for 1-3 

days so that both recordings were started around 7 p.m. The corresponding 3-hour means ± S.E.M 

from 3 H2S-exposed (filled symbols) and 3 control rats (open symbols) are presented relative to the 

baseline mean (100%) for temperature (g), activity (h), EEG Power (i) and 4 Hz relative power (j). The 

full-resolution spectrogram presented in (d) is illustrated on a 128 levels color-map (blue=low, 

red=high) automatically calibrated to be saturate at 5%. Note the “horizontal line” at 4Hz that replaces 

background EEG activity during H2S. The corresponding change in relative power of the 4 Hz band is 
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illustrated in (e). A representative 10-second segment 12 hours after H2S (left) and its corresponding 

power spectrum (right) is detailed in (f).  

Following MCAO/gaseous anesthesia there was a prompt spontaneous recovery of EEG 

activity so that the background EEG power attained more than 70% of baseline values within 

the first 3 hours (Fig. 7 C, D, I). This was associated with some degree of behavioral 

improvement, quantified as a recovery in motor activity up to 50% of baseline (Fig. 7 B, H). 

In the rats exposed to H2S these changes were only transient. Within 12 hours of H2S exposure 

the reduction in temperature by 15% (Fig. 7 A, G) was paralleled by a reduction in EEG 

power by 80% (Fig.  7 C, I) and a reduction in activity to nearly 0 (Fig. 7 B, H). During this 

“power-down” state, the normal sleep-wake cycle EEG oscillations were replaced by a 

remarkably rhythmic oscillatory activity of 4 Hz (Fig. 7 D-F) that appeared to be continuous 

over several hours rather than organized in seizure-like episodes. 

 

With continuing H2S exposure, the temperature showed spontaneous normalization reaching 

near-baseline values within 48 hours (Fig. 7A, G). This was paralleled by a recovery of 

background EEG power (Fig. 7C, I) with disappearance of 4 Hz activity (Fig. 7 E, J) and 

emergence of normal sleep-wake cycles (Fig. 7D) and activity (Fig. 7H). 

 

3.1.4. Discussion 

This study examined the neuroprotective efficacy of H2S at physiological level after transient 

focal brain ischemia in rats. The experimental evidence demonstrated that the controlled 

exposure of H2S for about 70 ppm could induce mild to moderate (30°C- 35°C) hypothermia 

in rats and could be achieved without any side effects. In animal studies of ischemia, short-

term hypothermia consistently reduces infarct size. However, efficient neuroprotection 

requires long-term, regulated lowering of whole-body temperature. By this method of H2S-

induced hypothermia, the whole body hypothermia can be maintained for about 24-30 hrs. 

This gaseous hypothermia enables precise temperature control that is achieved by the simple 

inspiration of a mixture of air and H2S. Using injectable formulations that yield therapeutic 

doses of the gas can circumvent the disagreeable odor of H2S. 
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H2S is endogenously produced by cystathionine γ-lyase (CSE) or cystathionine β-synthase 

(CBS) (Wang 2002; Zhao et al 2001). This endogenously produced H2S has a role in the 

regulation of smooth muscle tone, in synergy with nitric oxide (NO) (Hosoki et al 1997). In 

many in vitro and in vivo experiments, H2S has shown to dilate rat and human blood vessels 

by opening the K
+

ATP channels of smooth muscle cells (Li et al 2008; Szabo 2007; Webb et al 

2008; Zhao et al 2001).  The rats exposed to H2S exhibit a gradual decline in mean arterial 

blood pressure measured from abdominal aorta (Fig. 6). However, this vasodialtory effect of 

H2S has to be measured from ischemic animals to determine whether it has any role in 

neuroprotection by preventing post-stoke hypertension. In fact, hypertension is the most 

important risk factor for stroke, and antihypertensive medication is effective for primary and 

secondary prevention (Lawes et al 2004). Administration of acute BP lowering drugs soon 

after reperfusion was suggested as an effective strategy to achieve neurovascular protection 

(Elewa et al 2007; Fagan et al 2006).  

 

This is for the first time electrocortical activity of an animal in H2S-induced hypothermia is 

evaluated. Reminiscent to EEG recordings in hibernating animals (Deboer 1998), the exposure 

to H2S replaces the normal sleep-wake oscillations by a low-amplitude EEG dominated by a 4 

Hz rhythmic activity has been observed. It was known that hibernation play a crucial role in 

protecting brain tissues against traumatic brain injuries in hibernating animals (Osborne et al 

1999; Zhou et al 2001). Here the animal exposed to H2S, prevailed to have a state of 

suspended animation or induced hibernation. This might be a contributing factor to the 

neuroprotective effect observed on infarct volume, which is explained in the following 

chapter.  

 

A confounding problem with interpreting the cortical origin of epidural EEG recordings in 

rodents, especially when the electrode of interest is so close to the midline, is the “far-field” 

contamination by hippocampal activity. There is an increase on hippocampus rhythmic 

activity was observed by repeated exposure to H2S in rodents, although the effects on the 

cortical EEG remained unclear (Skrajny et al 1996). Since the 4 Hz activities appear to 

emerge as a slowing down of a faster activity (see the first 3 hours in Fig. 7 D), it remains 

possible that it reflects, at least in part, the altered hippocampal activity that contaminates the 
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epidural EEG. If so, the suppression of neocortical activity during H2S treatment may be even 

greater than that measured. 

Various transient EEG patterns, including non-convulsive seizures, periodic epileptiform 

discharges and intermittent rhythmic delta activity in rat focal ischemia were found to occur 

after MCAO in rats (Hartings et al 2003). Nevertheless, the 4 Hz activity observed in the 

present study appeared to be continuous during H2S exposure (Fig. 7 D, E, F), and did not 

appear in control animals (Fig. 7J). Thus, it cannot be simply attributed to such transient 

patterns. Intriguingly, an increase in cortical oscillations close to 4 Hz was recently found to 

precede epileptic seizures in a rat model of absence epilepsy (Sitnikova and van Luijtelaar 

2009). This finding raises the possibility that the neocortical power-down by H2S has a 

neuroprotective effect by suppressing the development of seizures; however, this possibility 

remains to be addressed in more detailed neurophysiological studies. 
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3.2. CHAPTER II: Anti-inflammatory role of H2S-induced 

hypothermia: Neuroprotection by reducing polymorphonuclear cell 

recruitment to the peri-infarct regions of ischemic brain 

 

Stroke elicits inflammatory responses in the injured brain, leading to the accumulation of 

immune cells that produce inflammatory molecules. The inflammatory reaction, which is a 

rapid and continuous event, is thought to acutely contribute to the evolution of tissue injury. It 

appears that inflammation may play an important role in predisposing to a stroke, as well as in 

mediating the post-stroke mechanisms of cerebral injury and repair. Many molecules have 

been identified to promote and sustain inflammatory response in stroke (Amantea et al 2009; 

Yilmaz and Granger 2008).  

 

AnxA1, which is a major constituent of the peripheral blood leukocytes, especially 

neutrophils, have been studied for its presence in brain pathological conditions (Solito et al 

2008). Even though AnxA1 molecule has been widely studied for its anti-inflammatory role, 

certain reports say that the truncated 33-kDa form of AnxA1 has lost the capacity to suppress 

inflammation (Chung et al 2004; Smith et al 1990). A recent study has shown that, AnxA1 

comprises of two different fragments having opposing functions in inflammation (Williams et 

al 2010).  

 

Post-ischemic inflammation is characterized by recruitment of peripheral leukocytes in the site 

of infarction. Based on the hypothesis, the experiment in both hypothermic and normothermic 

conditions was carried out to know whether hypothermia could reduce or upregulate the 

expression of AnxA1 in the peri-infarct region. The prelimanry observations indicate that 

there was an excess expression of AnxA1 in the ipsillateral region, which might be due to the 

excess recruitment of peripheral leukocytes to this region. To confirm the AnxA1 is expressed 

in PMN cells; co-localization experiments were performed with AnxA1 and PMN, and found 

to be the same. The co-localization was observed higher in normothermic, when compared to 

H2S-induced hypothermic rats i.e., higher number of AnxA1 positive PMN cells were 
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observed in normothermic MCAO rats. This suggests that hypothermia is indeed helps in 

slowing down of inflammatory response elucidated by recruited PMN cells. 

3.2.1. Experimental design 

Experiments were made for evaluating the lesion volume and to isolate brain tissues for  

molecular analysis, after 48 hours of MCAO. All animal experiments were performed in 

accordance with the instructions from the State Animal Care as well as the Animal Care 

Authority of Greifswald University University (Reference number 7221.3-1.1011/12). Twenty 

rats were used in this experiment (normothermic – 10; hypothermic – 10). Temperature was 

monitored using telemetric transmitters (T) (Fig 8). Eight animals were implanted with 

temperature transmitters. These transmitters were removed from the animals before MRI. 

 

 

 

Fig. 8 Procedure followed prior to the MRI and tissue analysis in both the hypothermic and 

normothermic groups. 

 

3.2.2. Materials and methods 

3.2.2.1. Magnetic resonance imaging 

Magnetic resonance imaging (MRI) was used to visualize the infarct volume for both groups. 

MRI measurements were performed on a 7T Bruker ClinScan magnet with a 20cm inner bore, 

capable of 290mT/m in 250μs (Bruker BioSpin MRI, Ettlingen, Germany) during the day 

cycle of the animals, at 50 hours (for experimental group 1) after MCAO. Images were 

received by a 2x2 phased array RF coil, designed specifically for rat brain studies that were 

placed directly on the skull. The animals were anesthetized during imaging to minimize 

discomfort. Respiratory rate was monitored, and isoflurane concentrations were varied 

between 1.5% and 2.0% to keep the respiratory rate between 35/min and 45/min. After 

positioning the animal‟s head, quantitative T2 measurements were performed with a multislice 
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spin-echo sequence with 25 slices of 0.7 mm thickness and matrix size 640 x 640 pixels, a 

repetition time (TR) of 4330 ms, and an echo time (TE), of 45 ms. Fourty eight hours after 

MCAO, some Animals (5 hypothermic and 5 normothermic) were anaesthetized (1-1.5% 

halothane in 75% nitrous oxide and 25% oxygen) and are perfused with 4% PFA. Brains 

perfused with 4% PFA were cryofreezed to perform immunohistological experiments. Other 

set of animals were perfused just with saline. Ipsilateral and contralateral tissues were then 

dissected out form the brain to utilize for protein and RNA studies. 

 

3.2.2.2. Lesion Measurement using MIPAV software 

T2WI lesion volumes were determined
 

using the MIPAV (Medical Image Processing, 

Analysis
 
and Visualization, version 3.0, National Institutes of Health,

 
Bethesda, MD) image 

processing software. After
 
optimal adjustment of contrast, the edge of the lesions was

 
traced 

manually on each of the 25 coronal slices, which completely
 
covered the middle cerebral 

artery territory in all animals.
 
The areas of hyperintensity were then summed and multiplied

 
by 

the slice thickness to calculate lesion
 
volumes. 

 

3.2.2.3. Total RNA and protein isolation  

Tissues dissected from the peri-infarct area and corresponding contralateral area of 

normothermic and hypothermic groups were homogenized in Trizol reagent (Invitrogen, 

Germany). Sequential isolation of the total RNA and proteins were done as described in the 

manufacturer‟s protocol. Total isolated RNA was digested with DNase I (Applied Biosystems, 

Darmstadt, Germany) and, purified using RNeasy Mini extraction kit (Qiagen, Hilden, 

Germany). Purified total RNA was used for cDNA synthesis followed by real time PCR. Total 

proteins were precipitated, washed and vacuum-dried. The vacuum-dried protein pellet was 

dissolved in sample buffer containing 8M urea, 2M thiourea, 4% CHAPS, 40mM Trisand 

15mM DTT. 

 

3.2.2.4. Real-time PCR  

For quantitative real time PCR (qPCR), cDNA was synthesized from the total RNA by using 

the High-Capacity cDNA reverse transcription kit (Applied Biosystems). The qPCR was 

performed in 96 well, 0.1ml thin-walled PCR plates (Applied Biosystems) in the Step One 
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plus System (Applied Biosystems). Each 20µl reaction mixture contained 10µl iQ SYBR 

Green Master Mix (BioRad Laboraties, Hercules, CA), 2µl gene-specific forward and reverse 

primer mix (Qiagen, Alameda, CA) and 8 µl pre-diluted cDNA. All samples were amplified in 

triplicates. The cycling conditions included 3 min 95°C heat denaturation followed by 45 

cycles with 30 s 95°C; 30 s 58°C; 30 s 72°C. At the end of the amplification, melting curves 

were carried out to validate PCR product specificity. Data was analyzed using the ΔΔCt 

(threshold cycle) method (Livak and Schmittgen 2001). Normalization was performed by 

correlating the Ct of the genes of interest with the Ct of the housekeeping gene, 

glyceraldehyde-3-phosphate dehydrogenase (Gapdh) from the same sample. The fold change 

for the gene of interest was then calculated as the ratio of relative expression in the ipsilateral 

hemisphere (stroke lesioned, peri-infracted or PI) to that in the contralateral hemisphere of 

both normothermic and hypothermic rats. 

 3.2.2.5. Western blot 

Protein concentration was determined using Bradford method and 40 micrograms of each 

sample was subjected to SDS-PAGE (sodium dodecyl sulfate - polyacrylamide gel 

electrophoresis) separated according to their molecular weight. 

 

The components of the SDS-PAGE are follows: 

Components Stacking gel 5%  

(5 ml final vol) 

Resolving gel 12% 

(10ml final vol) 

Water 3.2 ml 3.3ml 

Acrylamide mix 0.83 ml 4ml 

1.5M Tris (pH 8.8)  2.5ml 

1.0M Tris (pH6.8) 0.63 ml  

10% SDS 0.05 ml 0.1 ml 

10% ammonium persulphate 0.05 ml 0.1 ml 

TEMED 0.005 ml 0.004 ml 

 

The gels were polymerized with the separation chamber set into the buffer tank, which was 

filled with 1X running buffer (Roth, Karlsruhe). Protein samples (40μg/ml total concentration) 
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were prepared by mixing with 10X SDS sample buffer in the ratio of 1:10. The samples were 

loaded into the wells of the stacking gel and electrophoresis was carried out at 150 V. 

 

Subsequently, the proteins transferred from the SDS-PAGE gel to the nitrocellulose 

membrane by electroblotting. They were blotted to a nitrocellulose membrane in cold 

conditions at 100V for 90 min. The nitrocellulose membrane was blocked for non-specific 

binding on the blotted membrane for a time span of 2 hours. After blocking, the membrane 

was washed thrice with TBST for 5 minutes each. Then the washed membrane was incubated 

with the primary antibodies for overnight at 4°C. The primary antibodies used were, AnxA1 

monoclonal antibody (1:500 dilution, Novus biological) and Gapdh monoclonal antibody 

(1:2000 dilution, cell signaling). Blots were then incubated with Histofine simple stain AP 

(Universal Immuno-peroxidase polymer) and subsequently, developed in Lumi-Phos (Pierce), 

chemiluminescent substrate for alkaline phosphatase. Finally, the blots were exposed to 

chemidoc XRS imaging system (Biorad) and images were captured using Quantity One 4.6.8 

software (Biorad). 

 

3.2.2.6. Immunohistochemistry 

Frozen brain embedded in Tissue-TeK OCT compound (Sakura Finetek USA Inc, USA) was 

sectioned with 25μm thickness at -30°C in a freezing cryotome. The sections were blocked for 

2 hours in 10mM phosphate-buffered saline containing 5% donkey serum, 0.3% Tween-20, 

0.005% hydrogen peroxide; followed by overnight incubation at 4°C with primary antibody. 

Primary antibody against mouse anti-neuronal nuclei (1:1000, cell signaling) was used to 

determine the infarct volume and rabbit anti-AnxA1 (1:5000, Novus biological) was used to 

quantify AnxA1-positive cells. The sections were then incubated overnight at 4°C with 

biotinylated donkey anti-rabbit IgG (H+L) secondary antibody (Jackson Immuno Research 

Laboratories), diluted 1:2000 in blocking solution with 3% donkey serum. After the unbound 

secondary antibody was washed away, sections were incubated for 2 hrs at room temperature 

in ABC Elite reagent (Vector laboratories, Peterborough, England), diluted 1:100 in PBS 

containing 0.3% Tween-20. The antigen-antibody complex was then visualized with 0.025% 

3‟, 3‟-diaminobenzidine in 100 mM Tris buffer (pH 7.5) for 5-10 min. Finally, the sections 

were mounted onto slides, air-dried, and cover slipped using a xylene based mounting 



Dissertation                                                                                                                          Chapter III  

35 

 

medium. Nikon Eclipse microscope (Duesseldorf, Germany) was used and images were 

captured electronically using a CCD camera (Optronics). 

 

3.2.2.7. Cellular phenotyping by immunofluoroscence 

For phenotyping, sections were blocked and incubated overnight at 4°C with the following 

antibodies: rabbit polyclonal antibody raised against amino acids 235-299 of annexin I of 

human origin (H65) (1:100 dilution, Santa Cruz, Heidelberg, Germany); goat anti annexina1 

(1:100 dilution, Santa Cruz, Heidelberg, Germany), mouse anti-ED1-FITC, a marker for 

activated macrophage/microglia (1:100, Serotec, UK). Cells were visualized by adding Cy2-

conjugated donkey anti-rabbit IgG (H+L) (1:4000), Cy5-conjugated donkey anti-goat IgG 

(H+L) (1:4000), or Cy5-conjugated donkey anti-mouse IgG (H+L) (1:3000). Fluorescence 

signal was assessed on a Leica confocal microscope TCS SP5. 

 

Statistical analysis 

The main effect of treatment (hypothermia) was evaluated by using the Mann-Whitney U test. 

The level of significance (two-tailed threshold) was set at p ≤ 0.05. Data are presented as 

means ± standard deviations. 
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3.2.3.   Results 

3.2.3.1. Infarct volume analysis  

 

Fig. 9: Infarct volume analysis by MRI and NeuN immunohistochemistry: Representative 

MRI data for the two rats from normothermic and H2S-induced hypothermic groups are shown 

(A, B). (C, D) Represent NeuN stained regions of infarct area from normothermic and 

hypothermic animals. As compared to the normothermic rat, the infarct volume of 

hypothermic animal was significantly small. Volume of infarction was determined by the T2 

hyperintensive regions of MRI images and also by the immunohitochemical analysis of 

sections stained with NeuN. 

Prolonged H2S-induced hypothermia reduced the infarct size by ~57% (Fig. 9, n=7, p= 0.001). 

Representative MRI data for the two rats closest to the mean for each group is shown in 

Fig.9A &B. Cortical edema, as defined by the region of T2 hyper-intensity, was reduced by 

hypothermic treatment (Fig.9B) as compared to the normothermic group (Fig. 9A). The 

volume of edematous tissue in hypothermic animal is clearly delineated by the region of high 

signal intensity within the cerebral cortex and; in the normothermic animal, it extends as a 

band running along nearly the entire rostro-caudal extent of the cerebral cortex. Overall, the 

MR imaging indicates that the infarct area was significantly reduced in the hypothermic group 
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as compared to the normothermic group. In this study, we used MRI for measuring the infarct 

volume because MRI also measures the volume of edema, which immunohistochemistry does 

not detect. Since, the infarct core had disintegrated in most normthermic animals; we 

hypothesize that hypothermia delays neuronal death and promote the preservation of infarct 

core. 

By immunohistochemistry with NeuN, a marker of neuronal nuclei that is used to reveal fine 

details of the infarcted area, the infarct core appeared to be well preserved in the animals kept 

under hypothermia (Fig. 9D) as compared to the control animals, in which the infarct core was 

practically devoid of viable neurons (Fig. 9C). By immunohistochemical analysis, it was 

found that the infarct volume was reduced by ~67% in hypothermic rats (Fig. 9, right side, 

n=5, p=0.007). 

 

3.2.3.2. Post-stroke hypothermia down regulates annexin A1 in the peri-infarct area 

 

Fig. 10: Transcript and protein levels of the AnxA1 determined by quantitative RT-PCR 

and western blot. (A) Threefold increase of AnxA1 transcript was observed in the ipsilateral 

to contralateral brain regions of normothermic animals, but in the hypothermic animals this 

fold change was significantly less. (B) Western blot analysis showing that Anxa1 is less 

expressed at the ipsilateral region of hypothermic (PI-HT) animal as compared to the 

normothermic ipsilateral (PI-NT) region; whereas, AnxA1 is absent in the contralateral 

regions of both normothermic (CL-NT) and hypothermic animals (CL-HT). 
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AnxA1 was estimated in the RNA and protein samples extracted from the ipsilateral and 

contrallateral regions of the normothermic and hypothermic rats.  In case of samples extracted 

48 hours after reperfuion, the RT-PCR data illustrates that there is a three fold change of 

AnxA1 from normothermic to hypothermic brian (Fig. 10A, p= 0.001). 

 

In the western blot, as shown in Fig.10B, two closely migrated bands located were detected in 

the ipsilateral region of the normothermic animals. The major band corresponds to the native, 

full length AnxA1 that is a 37kDa protein, and the second band of approximately 33kDa.  

However, in the hypothermic rats we could visualize only a single band, approximately 

located at level of 37kDa. The expression of AnxA1 in the hypothermic ipsilateral region was 

smaller as compared to that in the normothermic ipsilateral region (Fig.10B).  Apparently, 

there is no band of AnxA1 observed in the contralateral region of both normothermic and 

hypothermic rats.  

 

Observation from RT-PCR and western blot represent the AnxA1 expression is confined to 

the ipsilateral region of the ischemic brain. This study proves that the peri-infarct region of the 

animals, which were under H2S-induced hypothermia following MCAO, possess significantly 

smaller expression of AnxA1 in comparison to the peri-infarct region of normothermic 

animals. 

 

3.2.3.2. Immunohistological quantification of AnxA1 

The ipsilateral brain region of the normothermic animals revealed the maximum number of 

AnxA1 positive cells. They were seen to be distributed in the infarct core as well as in the 

perinfarct regions. In the hypothermic group, the number of AnxA1 expressing cells were 

found to be considerably less and were confined to the infarct core region (Fig.11 A, B, p= 

0.02). Whereas, in case of the contralateral region, the immunohistological experiments 

produced a similar result as that of RT-PCR and western blot, showing that the contrallateral 

regions did not have any trace of AnxA1 in both the normothermic and hypothemic groups.  
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Fig. 11: Immunostaining of the peri-infarct region with AnxA1 antibody. (A, B) The peri-

infarct region of hypothermic rats was seen to have less AnxA1 positive cells as compare to 

the peri-infarct region of normothermic rats. (C) Quantification indicating that hypothermia 

reduced the number of AnxA1-positive cells by approximately 42% (p=0.02). 

 

3.2.3.4. AnxA1 expression in polymorphonuclear cells  

To determine the localization and upregulation of AnxA1 in the major cell types involved in 

inflammation; double-immunofluorescent staining in polymorphonuclear cells and activated 

microglial and macrophage cells was performed. A rabbit antibody against PMN cells and 

goat antibody raised against AnxA1 were used in case of PMN cells and, ED1 antibody was 

used as a marker specific for activated microglia/macrophage. 
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Fig. 12: Double immunofluorescence of AnxA1 with polymorphonuclear cells and ED-1 

positive cells (A) Co-expression of AnxA1 (in blue) is prominent with polymorphonuclear 

neutrophils (in green). (B) AnxA1 immunoreactivity (blue) is not associated with ED-1 (in 

green) positive cells. 

 

Co-localization study of AnxA1 in PMN cells established that AnxA1 vastly represents the 

cytosolic constituent of PMN in the normothermic condition.  On the contrary, none of the 

ED-1 positive cells got tagged with AnxA1, indicating that AnxA1 is not present inside the 

activated microglial/macrophagic cells under normothermic conditions. Further, figure 13 

shows as comparison of co-localization of AnxA1 in PMN cells is drastically reduced. There 

was a reduction observed in AnxA1 expression and the number of PMN-positive cells, which 

may imply that the reduced damage of inflammation is due to H2S-induced hypothermia.  
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Fig. 13: AnxA1 expression in neutrophils in normotheric and hypothermic rats. (A) The 

peri-infarcted region of the ischemic hemisphere of a normothermic animal after 2 days post-

ischemia, showing higher density of PMN-positive cells co-localized with AnxA1. (B) The 

peri-infarcted region of a hypothermic rat post two days of ischemia, showing greatly 

diminished number of co-localized PMN-AnxA1 cells. 

 

3.2.4. Discussion 

I have evaluated the neuroprotective role of H2S-induced hypothermia on recruitment of 

leukocytes in the acute phase, 48 hours after cerebral ischemia. The observations from the 

MRI and NeuN immunhistological staining portray that the infarct volume measurement made 

between the normothermic and hypothermic groups was almost similar; with the hypothermic 

group showing considerable decrease in the size of infarct volume. This again supports the 

theory that H2S-induced hypothermia reduces post-ischemic damage. This usually raises the 

question whether H2S-induced hypothermia helps in reducing the size of infarct volume by 

reduction of inflammation. It has to be made clear: 1) reduction of recruitment of PMN cells 

in the stroke region and, 2) the reduction of PMN cells is due to administering H2S-induced 

hypothermia. Herewith, I have clarified that the reduction of infarct volume is indeed due to 

the reduction of recruitment of PMN cells, which involve in inflammation.  

 

Cerebral ischemia induces a time-dependent recruitment and activation of inflammatory cells, 

including neutrophils/PMN cells, T cells, and monocytes/macrophages (Jin et al 2010; Yilmaz 
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and Granger 2008). Several clinical observations have confirmed an intensive accumulation of 

neutrophils/PMN in the regions of human cerebral infarction, and the elevated level of total 

peripheral neutrophil count was associated with larger volume of ischemic tissue (Buck et al 

2008; Price et al 2004). During post-stroke, PMN undergo conformational changes i.e., 

modifications in the cellular cytoskeleton and, migrate through the endothelial wall 

(diapedesis) (Huang et al 2006). Infiltrating PMN amplify cerebral inflammatory responses 

that exacerbate ischemic brain injury further, even lead to disruption of blood brain barrier 

(Amantea et al 2009; Kriz 2006). AnxA1, which involves in inflammatory reaction, is 

predominantly observed in PMN. These PMN cells expressing AnxA1 at the ipsilateral region 

were found to adhere and inflate endothelium of blood capillaries (Oliani et al 2001; Perretti 

et al 1996).  

 

From the observation on MCAO rat model, AnxA1 is predominant in the ipsilateral region of 

normothermic animal compared to that of hypothermic animal. This region demarcate with 

larger infarct volume as determined by MRI and NeuN immunostaining. Abundance of 

AnxA1 presence in the infarct core and peri-infarct region of normothermic animal envisages 

its role in the development of infarct volume. To distinguish between immune cells expressing 

AnxA1 in the brain, co-localization staining has been carried out with AnxA1 and ED-1 

(specific marker for activated microglial/macrophage) and AnxA1 and PMN. Specifically, 

AnxA1 was seen to be co-localized with PMN cells, whereas, there were no ED-1 positive 

cells expressing AnxA1 were observed (Fig.12). This clarifies inflammatory reaction involved 

stroke was caused by recruitment of PMN cells, where AnxA1 helps to elucidate the role of 

recruitment of PMN cells in ischemic stroke region.  

 

To further clarify that the reduction of PMN cells is due to administering H2S-induced 

hypothermia, the infarct volume was compared in both H2S-induced hypothermic and 

normothermic conditions. In hypothermic condition, it was observed that the PMN cell 

extravasation was not to the same extent as observed in normothermic condition. This may be 

because the kinetics of recruitment, adherence and infiltration of PMN cells was slowed down 

by H2S-induced hypothermia. This proves that the reduction of PMN cells is due to 

administration of H2S-induced hypothermia. 
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3.3. CHAPTER III: Behavioral recovery in cerebral ischemic rats after 

H2S-induced hypothermia 

During stroke, neurons are deprived of their normal metabolic substrates due to which they 

cease to function in seconds and show signs of structural damage even after just 2 minutes. As 

energy-dependent processes fail, neurons are unable to maintain their normal transmembrane 

ionic gradients, resulting in an ion-water imbalance that leads to apoptotic and necrotic cell 

death and ultimately, the impairment of sensory and motor functions (Hossmann 2006; 

Murphy and Corbett 2009; Zhang and Murphy 2007).  

 

Rodents serve as an excellent model to explore the understanding and effects of human stroke. 

In addition to examining histopathological measures in rodents, it is important to assess the 

functional outcome after stroke can be easily studied. The evaluation of neurological function 

allows for the assessment of the degree of damage over a period of time (Schaar et al 2010). 

The ultimate goal of stroke treatment is the restoration of behavioral function in patients. 

Identifying behavioral deficits and therapeutic treatments in animal models of stroke is 

essential for potential translational applications. 

 

Unilateral middle cerebral artery occlusion (MCAO) in both humans and rodents induces 

contralateral neurological deficits and a compensatory reliance on the less impaired side of the 

body ipsilateral to the injury (Li et al 2001; Schallert 2006). Compensatory behaviors are 

developed in order to perform daily activities despite impairments. Unilateral brain damage 

results in deficits of symmetry; therefore it is useful to rely on tests that have the ability to 

detect asymmetries. Tests of asymmetry help factor out confounding variables such as overall 

decrease in activity after surgical induction of stroke (Schaar et al 2010).  

 

Scientists refer to the enhanced sensory and motor performance that occurs after stroke as 

recovery, although re-emergent post-stroke behavior is unlikely to be identical to pre-stroke 

behavioral patterns owing to the loss of neurons that have highly specific functions. However, 

it is observed that true recovery, with relatively little compensation, can occur after small 

cortical lesions (Moon et al 2009).  
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Therefore, in this study, we intended to confirm the correlation between lesion volume and 

behavioral (sensory motor functions) recovery in H2S induced hypothermic rats after MCAO, 

using normothermic rats after MCAO as the control. 

 

3.3.1 Experimental design 

Behavioral analysis was performed up to 14 days post stroke. Both normothermic and H2S 

induced hypothermic groups had five rats each. Experiments were done as instructed by 

Animal Care Authority of Greifswald University University (Ref.num 7221.3-1.1011/12). 

 

 

Fig. 14: representing the time parameter involved during the experimental (behavioral tests) 

course.  

 

Table showing the schedule of the different behavioral tests: 

 

3.3.2. Behavioural tests 

To evaluate the changes in the neurological functions associated with ischemia, the rats were 

subjected to a variety of somato-sensory and motor tests before and after surgery. All tests 

were performed between 9.00 and 11.00 am. Results obtained before surgery were used to 

define 100% functionality for each animal in each test, and functional recovery was expressed 

as percent recovery, relative to the pre-surgery baseline. 

Behavioral test  Pre-stroke training  Post stroke test 

 Tape removal test             3 days  All the tests post stroke, were 

performed on even days unto the 

fourteenth day following normothermia 

and hypothermic intervention. 

Limb use asymmetry test               No 

Beam walk test              7 days 

Incline plane test              3 days 
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3.3.2.1. Adhesive tape removal test  

The sticky-tape test is a commonly used test for somato-sensory dysfunction following 

cerebral ischemia in rats. The sticky-tape test, as conventionally performed, involves the 

placement of small circular or rectangular adhesive labels onto the animal's forepaws 

bilaterally. After sensing the tape, the animal uses its mouth or the other forelimb, to remove 

the labels. 

 

 Pre-training for 3 days before surgery was given to the animals on the adhesive tape removal 

task, in which the animals were removed from their cages and adhesive rectangular sticky 

labels (15 x 18 mm) were applied bilaterally to their forelimbs (Schallert et al 1982). The 

latency to sense and to remove the right and left was recorded in three trials per session, and 

the mean value of the three trials was calculated. The maximum time allowed to remove the 

stimulus was 180 seconds.  

 

3.3.2.2. Limb-use asymmetry test  

The forelimb placement of rats during exploratory activities was analyzed by videotaping the 

animal in a transparent cylinder (20 cm diameter and 30 cm height) for 5 min (Schallert et al 

2000). Training on this task is not necessary before stroke. For this task, the rats were first 

acclimatized to the testing room for 30 minutes prior to each session. A light source was 

placed near the cylinder to allow clear and unobstructed visualization of foot placement. The 

animal‟s movements were videotaped from below. The rats were placed in the cylinder, and 

the extent of forelimb-use asymmetry displayed during exploration of the cylinder walls and 

during landings after a rearing movement was recorded for 3 minutes. Wall exploration 

included independent use of the left or right forelimb for initial contact on the wall while 

moving laterally in a vertical posture. Occasionally, the rats used both the left and right 

forelimb for contacting the wall; every contact of the lateral wall of the cylinder with each 

forelimb was counted. Rats were excluded from the test if they made less than 8 independent 

contacts with the wall, because anything less than that does not yield a reliable estimate of 

limb use asymmetry.  
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3.3.2.3. Bilateral sensorimotor coordination: Rotating beam-walking test (Rotarod) 

and inclined plane  

The bilateral sensorimotor coordination was assessed using 2 tasks: rotating beam-walking 

test (Rotarod) (Dunham and Miya, 1957) and inclined plane test (Rivlin and Tator, 1977). 

Both the tasks involved the forelimb and hind limb coordination and fine vestibulomotor 

function. For rotor rod task, rats were trained to traverse an elevated horizontal rod having two 

different levels of rotation velocities: 0 and 6 rotation per minute. During training, a cage with 

another rat was placed at the end of the beam in order to stimulate the tested rat to traverse the 

rotating rod. A soft padding was lined on the floor to avoid any harm to the animal in case it 

fell. Normally, the rats crossed the rod with their feet exactly on the top surface of the rod. 

Using either a forelimb or hind limb on the side of the beam was considered to be a fault. The 

assessment was done using two parameters: (i) time (seconds) required traversing the rotating 

rod; and (ii) a performance score as follows:  

 0 - rat falls immediately  

1- rat does not walk forward, but stays on the rotarod 

2- rat walks, but falls before reaching the goal  

3 - rat traverses the rod successfully, but the limbs are used asymmetrically 

4 - the left hind limb is used during less than 50% of the total time taken to traverse the rod  

5 - the rat successfully traverses the rod, but with some difficulties; 

6 - no mistakes, symmetric movements  

 

For the inclined plane task, we measured the ability of each animal to maintain its position at a 

given angle on an inclined plane. The relative angle at which the rat could no longer maintain 

its position was taken as a measure of functional impairment. In three consecutive trials, we 

noted the maximum angle at which the animal could maintain its position without falling and 

the average was considered. 

 

Statistical analysis 

Numeric results are presented as mean ± SD. Statistical comparisons between groups were 

carried out using Mann–Whitney U test.   
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3.3.3. Results 

3.3.3.1. Asymmetric sensorimotor function test   

 

 

 

Fig.15: Recovery of the complex sensorimotor functions: (A) Cylinder test and (B) 

adhesive tape removal test shows significant improvement of sensorimotor functions (p <0.01) 

in animals kept under hypothermia induced by H2S.   

 

In contrast to the large delay in tape removal in case of control rats, the rats subjected to H2S-

induced hypothermia removed the tape from the left hind limb (contralateral to injured 

hemisphere) in only 6 ± 2 s and this was similar in case of the right hind limb also (Fig. 15, 

open circles). The forelimb asymmetry index was significantly improved in the hypothermic 

group between days 4 and 6 and indicated a strong deviation towards the right (i.e. ipsilateral 

to the injured hemisphere) in the control rats (0.72 ± 0.12, p<0.05; Fig. 15A) as compared to 

the rats subjected to hypothermia (0.33 ± 0.10, p<0.05; Fig. 15A). In the tape removal test, at 

the baseline the rats were able to complete the tape test in ~ 5 seconds for each forelimb. In 

the control rats subjected to MCAO, the tape removal time from the left fore limb 

(contrallateral to the injured hemisphere) at day 2 post-stroke was increased to 42 ± 8 s and 

this led to an asymmetry quotient of -0.8 (Fig. 15B, p<0.01).    
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3.3.3.2. Bilateral sensorimotor coordination  

At the baseline, rats traversed the rod within 3 seconds, with no mistakes (score of 6) and no 

difference was observed in the performances between the rats of control and hypothermic 

groups (Fig. 16A). Following MCAO, the hypothermic rat‟s shown faster performance in 

beam walking test than that of the normotheric rats (Fig.16A).  

 

 

 

Fig. 16: Faster recovery of bilateral sensory motor coordination: (A) The recovery of 

complex motor functions (rotating beam walking test) was significantly improved (p < 0.03) 

in animals kept under H2S induced hypothermia. (B) In the inclined plane test, a steady 

improvement (15% increase; p < 0.05) in motor functions was observed throughout the study 

period in case of hypothermic rats.   

 

In the inclined plane task, rats were able to maintain their position up to ~ 32 degrees at day 0.  

Following MCAO, the performance dropped to 82% of the baseline value and did not 

significantly recover even by day 14 in the control group. However, exposure to H2S led to a 

significant improvement in the performance starting with day 6 (Fig. 16B, open circles). 
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3.3.4. Discussion 

Behavioral studies were employed to evaluate the neuroprotective role of H2S-induced 

hypothermia from a functional point of view. The model of unilateral MCA/CCA occlusion 

used in this study is a well-established model that shows consistent behavioral impairment, 

which is coordinated by the cortical regions (Aronowski et al 1996). The current study aimed 

to assess the behavioral recovery related to asymmetric sensorimotor activity (tape test and 

limb-use asymmetry test) and bilateral sensorimotor coordination (rotating beam walk test and 

incline plane test) in animals subjected to H2S induced hypothermia, using normothermic 

animals as the control group. The tape test used in this study is analogous to the „simultaneous 

extinction‟ exercise used in patients with frontal or parietal cortex lesions (Aronowski et al 

1996). 

 

Neurological impairment in normothermic rats was observed in the behavioral tests that assess 

asymmetric sensorimotor activity (the tape-test and the cylinder test) for the first 8 days after 

reperfusion when compare to the hypothermic animals. This behavior reflects a predominant 

loss of function due to ischemic damage in the sensorimotor cortex as a result of 

unilateral MCAO.  Also, the hypothermic rats were observed to resume normal physical 

activities within minutes after returning to normal temperature conditions, and they scored 

significantly better in other tests that required complex sensorimotor skills such as Rotarod 

and inclined plane tasks. This suggests the possibility of induction of a “suspended animation-

like state” in the animal due to H2S, which plays a definite role in reducing the damage due to 

ischemia/reperfusion and in turn helps the animal to achieve faster behavioral recovery. Clear 

evidence supporting this notion is also obtained from the experiments mentioned in the 

previous chapters; the MRI results clearly show that the lesion in the somatosensory cortex of 

hypothermic rats is much less as compared to that of normothermic rats, the 

immunohistochemical results also show that there is a decrease in AnxA1 expressing 

polymorphonuclear cells in the infarct region, which is indicative of reduced damage due to 

inflammation after stroke in hypothermic rats. 
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4. Summary and Conclusion   

To date, all immunotherapeutic attempts to prevent or minimize brain damage following 

stroke have failed. From the experimental inference, I have observed that to efficiently treat 

stroke, physiological and neuroimmunological factors are to be considered. The results 

suggest that H2S-induced hypothermia, by simultaneously targeting multiple points of 

intervention, could have a higher probability of success in treating stroke.  

 

The physiological analysis has provided information regarding indirect neuroprotective role of 

H2S. Animals exposed to H2S had an EEG similar to that of a hibernating animal. Amusingly 

hibernating animal‟s exhibit reduced immune functions. The observation proves that H2S-

induced hyptothermia might be a useful therapeutic intervention in stroke patients. Hence, the 

therapeutic intervention is to be investigated for its potential application of hypothermic 

treatment immediately in the acute phase after cerebral ischemia at clinical level. This would 

expand the window of opportunity in the sub-acute or chronic phase to restore brain 

functionality by rehabilitative and regenerative therapies. 

  

 We have ascertained the fact that smaller animal like rats; when exposed to a non-detrimental 

lower concentration of H2S could attain a state of suspended animation. In these small animals 

this phenomena have revealed neuroprotective defense against ischemic insult, by reduction of 

proinflammatory molecules, AnxA1. Thorough research has to be performed to establish 

similar neuroprotective developments in higher animals to upgrade this technique to human 

stroke interventions.  
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Summary of experimental setup: 

Hypothesis Chapter Observation Inference 

H2S-induced hypothermia 

resulting in “suspended 

animation-like state” helps in 

neuroprotection 

Physiological evidence of 

neuroprotection by H2S 

following cerebral 

ischemia/reperfusion injury 

Mean arterial blood pressure 

decreases during the course of 

H2S exposure. 

 

Reveals anti-hypertensive 

potentials of H2S. 

   

 

A low-amplitude EEG 

dominated by a 4 Hz rhythmic 

activity replaces normal sleep-

wake oscillations. 

H2S-induced hypothermic 

animals exhibit EEG similar to 

that of hibernating animal. 

Power down of Background 

EEG. 

H2S-induced hypothermia has a 

neuroprotective effect by 

suppressing the development of 

seizures. 

Neuroprotection at cellular 

level in H2S-induced 

hypothermia 

Anti-inflammatory role of H2S-

induced hypothermia: 

Neuroprotection by reducing 

polymorphonuclear cell 

recruitment to the peri-infarct 

regions of ischemic brain 

AnxA1 expression was co-

localized with PMN cells 

Reduction of recruitment of 

PMN cells in the stroke region. 

RNA and protein expression of 

AnxA1 at the peri-infarct 

region of the H2S-induced 

hypothermic group was 

significantly less than that of 

normothermic group. 

Reduction of PMN cells is due 

to administration of H2S-

induced hypothermia. 

H2S-induced hypothermia helps 

in behavioral recovery 

Behavioral recovery in cerebral 

ischemic rats after H2S-induced 

hypothermia 

H2S induced hypothermic rats 

perform better and faster in 

bilateral and asymmetric 

sensorimotor test in 

comparison with normothermic 

rats. 

H2S induced hypothermic 

animals the brain regions 

coordinating the sensorimotor 

were apparently protected from 

severe damage than that as 

observed in normothermic 

animals. 
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