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1. Introduction 

Vascular dementia (VaD) is the second-largest cause of dementia. Around 50 million people 

worldwide have dementia with almost 60% living in low- and middle-income countries. 

Annually there are nearly 10 million new cases. VaD is more common in India compared to 

the West. VaD results due to neurodegenerative changes and cognitive decline. The major 

risk factor for VaD is stroke [1]. Ischemic stroke occurs due to occlusion of the cerebral 

artery resulting in reduced blood flow leading to hypoxia and infarction & this neuronal 

impairment due to hypoxia is a causative factor for VaD [2].  

Global cerebral ischemia differentially affects the brain regions like the cortex, striatum, and 

hippocampus where cortex and striatum were found to be late ischemic tolerant while 

hippocampus showed delayed neuronal death leading to cell death and cellular dysfunction 

[3]. 

Cerebral blood flow (CBF) determines the severity of ischemia the normal CBF ranges from 

50ml/100g/min. The central core of the infarcted region has CBF of <7ml/100g/min and the 

penumbra surround the core region where the CBF ranges from 7 to 15ml/100g/min, this 

penumbra region is metabolically active but functionally inactive and does not mediate cell-

cell or neuronal communication this disruption is due to ischemia and hypoxia. The neurons 

in the penumbra regions are viable and can be made functionally active and rescued 

employing proper neuroprotective therapy to overcome further insult [4]. 

The neurovascular unit (NVU) regulates cerebral blood flow. NVU consists of astrocytes, 

pericytes, interneurons, and other glial cells that interact with each other and communicate 

with neurons to regulate CBF according to neural activity [5]. 

During hypoxic conditions, many transcription factors and molecular pathways are activated 

in neurons. Transcription factors like NFκβ and HIF1α have dual roles in neuronal survival 

and neuronal death. Other factors like CREB, NRF are also activated [6]. NFκβ aids in the 

transcription of pro-inflammatory cytokines, cell survival, and cell proliferation whereas 

HIF1α aids in the expression of several growth factors, cell survival factors needed for 

neuroprotection [7, 8]. HIF1α also plays a detrimental role in neuronal apoptosis [9]. The 

cellular pathways like JNK, ERK, GSK3β, p38, PI3K/AKT are also well studied for their 

defined roles in neuronal survival and death [4]. 
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NFκβ is bound with Iκβ to stay in an inactive form. Cellular pathways such as JNK, p38, 

PI3K/AKT activates NFκβ. NFκβ is also directly activated during hypoxic conditions by 

modulation of PHD. NFκβ after activation translocates to the nucleus to activate the 

expression of several pro-inflammatory genes like IL-6 and TNFα which induces 

neuroinflammation and apoptosis. On the contrary, NFκβ also stimulates several survival 

genes like Bcl-2, Bcl-XL [10, 11]. 

HIF1α is a transcription factor triggered during hypoxia in neurons and this may be the factor 

responsible for the expression of neuroprotective factors [12, 13]. 

HIF1, a crucial regulator of gene expression during hypoxia that regulates pro-survival genes 

than pro-apoptotic genes which aid in neuroprotection [8, 14]. The neuroprotection of the 

HIF1 mimetic agent depends on the cell type conferred and the magnitude of ischemic 

damage [15]. 

The neuroprotective and detrimental effect of HIF1 depends on the duration of the hypoxic 

insult. HIF1 may prevent apoptosis through inhibition of caspase, cytochrome c, and PARP 

cleavage during cerebral ischemia [16, 17]. 

NFκβ and HIF1α have a controversial function of regulating proliferative, survival, apoptotic, 

inflammatory genes aiding in neuroprotection as well as neuronal death. This controversial 

action of these transcription factors depends upon the pathway activating these transcription 

factors, the genes regulated by them, cell type, and the duration of hypoxic stress insult [8-

10]. 

cAMP-regulated PKA has a role in the activation of hypoxic controlled NFκβ and HIF1α 

transcription factors. PKA also has a role in the activation of MAPK pathways and inhibition 

of pro-apoptotic genes [18]. 

Protein Kinase A (Pka) is found to be involved in HIF1α phosphorylation. HIF1 is also 

controlled by stressors and growth factors other than hypoxic stimuli [19]. 

β2 adrenergic receptors are G-protein coupled receptors which upon activation stimulate 

cAMP and PKA [20]. 

β2 adrenergic receptors are expressed in neurons [21] and are found to regulate NFκβ and 

increase HIF1 levels in pancreatic cancer cells under normoxic conditions [22]. Salbutamol 
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and propranolol are well-documented drugs known for their stimulation and inhibition of β2 

adrenergic receptors respectively [23, 24]. 

As of now, there is no current effective treatment to attenuate neuronal impairment in VaD 

and so elucidating the molecular mechanistic pathways behind neuroprotection may provide a 

clear insight on neuroprotective therapy and help solve the crisis [1]. 

Hypothesis Framed: 

Elucidating the molecular mechanistic pathways of salbutamol and propranolol on 

neurons acting via β2 adrenergic receptors or direct modulation of MAPK, NFκβ, and 

HIF1α after hypoxic insult may provide a clear insight of their function on 

neuroprotection and it may also be a choice of treatment. 

 

The study has been designed to elucidate the neuroprotective effect of salbutamol and 

propranolol through β2 adrenergic receptor and to study the behavioural, biochemical, 

molecular and pathological changes induced by ischemic injury in different brain 

regions.  
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                                                     2. Literature review 

2.1 Dementia 

Dementia is a syndrome characterized by progressive cognitive decline. This cognitive 

impairment is caused due to neuroinflammation, neurodegeneration, synaptic loss, and 

impaired neurotransmission. Dementia is characterized by a decline in defined cognitive 

functions such as learning and memory, language, complex attention, executive function, 

perceptual-motor, agnosia, apraxia, communication while intelligence remains unchanged. 

Mild cognitive impairment (MCI) is the stage between normal cognition and dementia. 

Symptoms include mild memory loss, difficulty in planning and organization, trouble finding 

words, frequently losing things, forgetting names. People with MCI are at greater risk of 

dementia but MCI does not always progress to dementia. The degree of memory impairment 

is significant in dementia compared to MCI. According to the severity of symptoms, the 

cognitive disorder is classified into mild and major. Mild cognitive disorder patients are 

characterized by modest cognitive decline whereas patients with major cognitive decline are 

characterized by severe cognitive decline [25]. 

2.1.1 Subtypes of dementia 

Alzheimer’s disease- occurs due to the accumulation of Aβ and tau proteins. 

Vascular dementia occurs due to sudden-onsets cerebrovascular disease (stroke, lacunar 

infarcts, and aneurysm) and atherosclerotic comorbidities (diabetes, hypertension, coronary 

heart disease). 

Lewy body dementia -occurs due to parkinsonism and abnormal deposits of alpha-synuclein 

(Lewy bodies). 

Fronto-temporal dementia- affects the frontal and temporal lobes of the brain which affects 

the ability to reason and make a decision, prioritize the task. They are classified into several 

types like behavioral variant FTD, primary progressive aphasia, pick’s disease, corticobasal 

degeneration [25]. 
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2.2 Vascular dementia 

Vascular Dementia (VaD) is the second-largest cause of dementia. Around 50 million people 

worldwide suffer from dementia with almost 60% living in low- and middle-income 

countries. Annually there are nearly 10 million new cases. VaD is more common in India 

compared to the west. VaD results due to neurodegenerative changes and subsequent 

cognitive decline. 

VaD is a heterogeneous and progressive neurocognitive disorder caused due to a reduction in 

cerebral blood flow to the brain. Hemorrhagic, ischemic, and hypoxic injuries contribute to 

VaD [1]. 

 

Fig 1: Science of vascular contributions to cognitive impairment and dementia [1] 

2.2.1 History 

In 1549, De Cerebri Morbi a book published by Jason Pratnesis first described the link 

between dementia and stroke. In 1658, Johann Wepfer theorized that a broken blood vessel 

causes apoplexy (stroke). The correlation between dementia and atherosclerotic disease was 

precisely identified during the 20th century. Alois Alzheimer and Otto Binswanger 

contributed to the field of neurodegeneration during the 20th century. In the 1960s VaD was 

classified as a unique type of dementia from Alzheimer's due to its altered mechanism of 

cerebral vascularization and decreased cerebral blood flow contributing to neuronal loss.  

 



                                                                                              Literature review 
 

Department of Pharmacology, PSG College of Pharmacy  Page 6 
 

In 1975, Vladimir Hachinski described the “ischemic score”, used for clinical diagnostic of 

VaD. From 1980 to the 2000s with a new revolution in imaging technologies like MRI, PET, 

CT scans the diagnosis for VaD became clear & it distinguished between the various types of 

dementia [26]. 

2.2.2 Subtypes 

Vascular cognitive impairment is briefly defined as the impairment in cognition arising due 

to vascular deformities and vascular insults that serve the brain. They are majorly classified 

into two types depending on the severity of cognitive impairment and cognitive decline. One 

is vascular dementia and the other is vascular mild cognitive impairment. VaD occurs due to 

severe cognitive decline manifested by neuronal loss and synaptic dysfunction. The disability 

of more than one cognitive function that is of sufficient severity to affect daily activities 

outlines the clear feature of VaD. 

VaD is further classified into several types depending upon the vascular deformities. 

Vascular deformities can be majorly classified into two large vessel diseases and small vessel 

diseases serving the brain. 

Post-stroke dementia - develops months after a major stroke 

Subcortical ischemic vascular dementia (Binswanger disease) - microscopic damage to 

small blood vessels and nerve fibers. 

Multi-infarct dementia (cortical dementia) -results due to combined effects of many small 

infarcts. 

Strategic single infarct dementia- caused by single infarcts in strategic regions i.e., in 

regions that cause significant cognitive deficits when destroyed by an infarct. 

Mixed dementia -dementia related to the coexistence of Alzheimer's and vascular dementia. 

Cerebral amyloid angiopathy- amyloid plaque deposition in walls of a blood vessel 

resulting in decreased blood flow. 

CADASIL (Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and 

Leukoencephalopathy) - a rare inherited disorder caused by thickening of small and 

medium-sized blood vessels [27, 28]. 
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Fig 2: Mechanism underlying VaD [27] 

2.2.3 Diagnosis 

Diagnosing VaD is not simple. Currently, there is a lack of validated criteria for establishing 

a diagnosis of VaD, and many of the various pathologies that reduce the brain’s blood supply 

are complex. 

CT scans, MRI, PET scans are used to diagnose the nature of infarct. 

2.2.4 Risk factors 

VaD is contributed by several risk factors affecting the blood vessels serving the brain. The 

major one is stroke. Other risk factors include brain traumatic injuries, aneurysm, 

hypertension, diabetes mellitus, cerebral amyloid angiopathy, age, gender, atherosclerosis, 

genetic abnormalities (e.g., ApoE4 genetic variant) [29]. 

2.2.5 Pathogenesis 

A decrease in cerebral blood flow, ischemia, hemorrhage caused due to vascular insults and 

deformities describe the pathogenesis for VaD. Hippocampus and cerebral cortex are the 

main areas affected. Large and small vessel insults cause white matter destruction, 
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microinfarct, microhemorrhages, and large infarcts which may lead to atrophy and neuronal 

loss resulting in vascular cognitive impairment. 

 

 

Fig 3: Neurovascular factors driving neuropathology and dementia [28] 

Decreased cerebral blood flow creates a hypoxic state and nutrient deprivation in neuronal 

cells. Prolonged hypoxia results in decreased ATP synthesis in the neuronal cells. Due to 

decreased ATP, there is an influx of sodium and calcium ions inside the neuronal cells. 

Accumulation of these ions triggers glutamate excitotoxicity and activates various cellular 

pathways resulting in apoptosis, neuroinflammation, and free radical production. 

Neuroinflammation and free radicals further activate several cascade pathways finally 

resulting in necrosis and apoptosis of the neuronal cells. Intermittent hypoxia may trigger cell 

adaptability pathways for cell survival and combat stress. Loss in synaptic neurotransmission 

and neuronal loss in the hippocampus, cortex, and other brain regions creates a dementia 

state. 

Normal aging is associated with histological alterations in the vessel wall like thickening of 

the basement membrane, loss of pericytes which relates to changes in cerebral blood flow. An 

increase in HIF1α during hypoxia was documented in aged animals [28, 30].  

2.2.6 Treatment and Management 

The current treatment for VaD is directed towards treating the risk factors. There is no 

established treatment either to cure or control neurodegenerative changes. Cholinesterase 

inhibitors (donepezil, galantamine) may have a brief role in symptomatic relief. Serotonin 
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reuptake inhibitors are the treatment of choice for managing psychosis and depression. Anti-

platelet and thrombolytic drugs are prescribed depending upon the patient’s vascular 

pathology [30]. 

2.3 Stroke and Vascular dementia 

Stroke is one of the major risk factors leading to vascular dementia. The development of 

dementia after stroke depends on several factors such as the location, volume, degree of 

related neuronal damage, and presence of pre-existing cognitive impairment. Patients affected 

by stroke necessarily don’t get dementia but the frequency of acquiring dementia is higher. 

Dementia mostly occurs within three months of stroke onset. Ischemic stroke patients have a 

higher survival rate compared to hemorrhagic stroke which proves that ischemic stroke can 

cause cognitive impairment. The region of the brain affected by stroke plays a major role in 

the development of dementia [31]. 

2.3.1 Stroke 

Stroke is a focal neurologic deficit caused by an alteration in circulation in the encephalon. 

The most common type of stroke is atherothrombotic brain infarction, embolic stroke. Stroke 

survivors develop physical and intellectual limitations. Encephalic vascular accident (EVA) 

is a term recently used for stroke. EVA occurs in four different forms: 1. Ischemic and 

transitory, with decreased blood flow and possible recovery after 24h; 2. Ischemic and 

complete, with neurologic deficits caused by vascular disturbance for a day or more that 

remains stable; 3. Progressive, with an intermittent increase in deficits caused by embolism 

and thrombus; 4. Hemorrhagic, ruptured vessels, and blood overflow caused by increased 

intracranial pressure. The pathophysiology of cerebral ischemia has been studied and they 

have shown that metabolic and chemical alterations during ischemia and reperfusion lead to 

cellular lesions in specific brain regions, depending on the duration of ischemia. Regional 

destructions of brains may lead to alteration in motor activity and other cognition-related 

activities.  

The recovery process may happen but full recovery may not be observed due to the lesions 

and neuronal loss. Strokes vary from mild to severe and the consequences faced can be 

temporary or permanent. Most strokes are caused due to cerebral ischemia [32]. 
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Fig 4: Arteries of the brain [63] 

2.3.2 Cerebral Ischemia 

Cerebral ischemia occurs due to the occlusion of the arteries supplying the brain or due to a 

reduction in blood flow to the brain. Occlusion occurs mainly due to thrombosis or embolus 

formation in the arteries. Cerebral ischemia is majorly classified into two 1. Focal cerebral 

ischemia and 2. Global cerebral ischemia. In focal cerebral ischemia, there is a cessation of 

blood flow to localized areas of the brain. Focal cerebral ischemia occurs when a blood clot 

has blocked the cerebral blood vessel. It can be caused due to thrombosis or embolism. The 

case of global cerebral ischemia occurs when there is a decreased flow of blood to the brain 

which occurs due to hypotension, hypoperfusion, cardiac arrest. If adequate circulation is 

restored within a short period the symptoms may be brief.  

However, if it takes a long period to restore the circulation then the symptoms may become 

permanent. In global cerebral ischemia, the brain regions affected are widespread and as with 

the neuronal death [33]. 
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2.3.3 Cellular mechanisms of ischemic cellular injury 

The brain is a highly aerobic tissue and so requires a constant supply of glucose and oxygen 

for its metabolic and neurotransmission activities. over a wide range of blood pressures and 

intracranial pressure. The neurovascular unit plays a major role in controlling the CBF and 

maintaining its constant levels. 

The brain may be deprived of oxygen by several mechanisms. Hypoxia is of several types. 

Hypoxemic type is where hypoxia is caused due by the low partial pressure of oxygen, 

Anemic type is when the amount of hemoglobin is less and hence the capacity of blood to 

carry oxygen is low, Stagnant type where there is a reduction in blood flow to tissues as in 

ischemic conditions which occurs due to several factors like arterial occlusion, Histoxic type 

is when the tissues are not able to properly utilize the supplied oxygen. 

Interruption of blood flow leads to hypoxia and glucose deprivation; ATP levels are 

decreased due to attenuation of oxidative phosphorylation in mitochondria. Decrease ATP 

levels lead to failure of sodium-potassium-ATP pump which causes alterations of cell 

membrane ionic gradients and sodium influx accompanied with water influx. Ionic and water 

influx leads to cell edema. Ca2+ influx and increased Ca2+ concentrations due to destruction 

of intercellular calcium stores lead to activation of several cellular pathways directing the cell 

to apoptosis, necrosis, and triggers neuroinflammation. Increased calcium also leads to 

glutamate excitotoxicity and nitric oxide production which further triggers various pathways 

leading to neuronal cell death. Increased ROS and peroxynitrites are other factors released 

during hypoxic stress, they are formed due to dysfunction of mitochondria during hypoxia 

and lack of antioxidative enzymes. Calcium, ROS, NO, and cytokines activate MAPK (ERK, 

JNK, p38), PI3K/AKT, NOTCH, Wnt signaling cascade pathways which lead to cell death 

and few pathways may aid inadaptability of the cell to withstand hypoxic conditions for some 

duration of time by expression and release of growth factors, cell survival factors and anti-

inflammatory molecules.  

Hypoxia also activates several transcription factors like HIF1α and NF-κB directly. The 

affected neurons release several cytokines and chemokines that trigger the nearby glial cells, 

endothelial cells, and other vascular cells. These glial cells and vascular cells aid in both 

neuroprotection and neuroinflammation. All these biochemical changes in neurons and 

nearby cells depend upon the duration, severity of the stress condition. 
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A neuron may try to adapt and survive if it experiences stress for less duration and low 

severity whereas if the duration and severity are high the cell may undergo apoptosis, 

necrosis. 

 So, Alterations in biochemical changes/pathways for adaptability, cell survival, and cell 

death depend upon the nature of the neuron and the stress condition it experiences [2, 4, 33, 

34]. 
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Fig 5: General Mechanism in neurons after occlusion of the artery [35] 
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2.3.4 Neurovascular unit (NVU) 

An efficient blood supply is of great importance for the normal functioning of the brain. 

Cerebral blood flow (CBF) is regulated by the interplay between various cell types of the 

NVU. CBF is controlled according to brain neural activity. BBB protects the brain from 

leakage of blood to the parenchyma tissues and it protects from toxins and infections. 

Neurons are not in direct connection with the blood. They are structurally and functionally 

connected to a network of cell types called NVU. NVU regulates CBF in response to 

neuron’s metabolic activity in a relationship termed neurovascular coupling. Neurovascular 

coupling ensures the brain has proportionally matched CBF in response to neural activity. 

Dysfunction of neurovascular coupling causes neurologic disorders. NVU facilitates 

hemodynamic changes known as hyperemia. 

NVU is comprised of neurons, astrocytes, microglia, interneurons, pericytes, vascular smooth 

muscle cells, glial cells, and endothelial cells. Neurons directly or indirectly interact with the 

NVU through complex neurogliovascular signaling pathways [5, 36-38]. 

 

Fig 6: Neurophysiology of neurovascular coupling [5] 
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Astrocytes: Star-shaped cells that aid neurons in the formation of synapses, give 

considerable strength, selective permeability of substances, control vascular tone, regulate 

CBF, communicate with other cells, remove excess neurotransmitters, and regulate pericyte 

tone. 

Oligodendrocytes: They are responsible for the formation of the myelin sheath, signal to 

neurons via myelin-axon interactions, oligodendrocyte-derived trophic factors, such as IGF1, 

and GDNF, promote neuron survival. 

Microglia: They are immune cells and function as phagocytes/macrophages, helping in 

removing cellular debris and damaged tissues. They get activated during the stroke and 

release inflammatory cytokines. Endothelial cells: Cerebral endothelial cells with astrocytes 

and pericytes from BBB. They nourish neighboring neurons, guide developing axons, protect 

neurons against stress, help in vasodilation and provide a niche for supporting neural stem 

cells. Provide a supportive framework for oligodendrocyte lineage cells. Pericytes: They are 

located in the capillary network surrounding endothelial cells. They play a key role in the 

BBB function. They help in regulating CBF, secrete various factors for neuronal 

development, source of pluripotent stem cells, provoke immune cells to regulate 

neuroinflammatory conditions [36, 39]. 

In physiologic conditions, the normal CBF is 50-60 ml/ 100mg/ min during cerebral ischemia 

the CBF falls to < 7 ml/ 100mg/ min in the central ischemic core and 7-17ml/ 100mg/ min in 

penumbra region. The Penumbra region is the region surrounding the ischemic core where 

the tissues are metabolically active but electrically silent. 

During cerebral ischemia, NVU is disrupted which causes BBB permeability and 

neuroinflammation. In hypoxic conditions, NVU secretes biochemical factors which have a 

dual role in neuroprotection and neurodegeneration. Elucidating the mechanistic pathways 

and biochemical alterations of NVU during ischemia and intervening with drugs may help 

protect neurons [4, 37]. 

2.4 Hypoxia 

Eukaryotic cells are often subjected to various kinds of stress. Hypoxia is one such stress 

which affects neurons. Hypoxia regulates and activates several transcription factors to combat 

stress.HIF-1α, NF-κβ, CREB, STAT, Myc, Nrf2 are some of the transcription factors 

activated during stress conditions [6]. 
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HIF-1α 

HIF1 is an oxygen-dependent transcriptional activator. HIF1 functions as a master regulator 

of oxygen and undergoes conformational changes in response to oxygen concentrations. HIF1 

consists of the two subunits alpha and beta, alpha subunit are found to be highly expressed 

during hypoxia and expression is low in normoxia conditions. In normoxia conditions, the 

HIF1α subunit is rapidly degraded via the von Hippel-Lindau tumor suppressor gene product 

(pVHL)-mediated ubiquitin-proteasome pathway. The association of HIF-1α with pVHL is 

triggered by post-translational hydroxylation of proline residue mediated by prolyl 

hydroxylase (PHD) or HIF prolyl hydroxylase (HPH) [8].  

Growth factors activate PI3K, MAPK pathways which in turn activate and regulate the 

transcriptional and translational synthesis of HIF-1α. This activation is irrespective of 

hypoxia and occurs in normoxia conditions [40].  

HIF1 has multiple roles in cellular proliferation, survival, apoptosis, motility, cytoskeletal 

structure, adhesion, erythropoiesis, inflammation, vascular tone, angiogenesis, pH, iron, 

amino acids, energy, and glucose metabolism [8, 19].  

NF-κβ 

NF- κβ is a family of transcription factors that is composed by RelA, RelB, cRel, NF- κβ1 

(p105/p50) and NF- κβ2 (p100/p52). These transcription factors are usually held captive in 

the cytoplasm by a family of inhibitors called Inhibitor of Inhibitor of κβ (Iκβ). During stress 

conditions, several pathways activate NF- κβ and can be classified into canonical, non-

canonical pathways. In the canonical pathway, NF- κβ is activated via the TAK1-IKK axis 

whereas NF- κβ can also be activated via PKA, PKC, Ca2+, HIF1, PI3K & MAPK pathways 

[7, 10, 34, 41]. 

Hypoxia can directly activate NF- κβ by PHD & FIH. NF- κβ can induce HIF1α [7]. 

NF- κβ is found to aid in the transcription of pro-inflammatory and cell survival genes [11]. 

CREB 

CREB is a transcription factor phosphorylated by PKA, PKC, Akt, Ca2+, MAPK. The 

phosphorylation of CREB is found in hypoxic states. The hypoxic response is important for 

survival in both neurons and astrocytes. HIF-1 and CREB are activated during hypoxic 
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treatment and PKA plays a key role in the activation of these molecules. CREB plays a major 

role in cell survival and neuroprotection by expressing survival and proliferative genes [6]. 

JNK3 & GSK3β 

JNK3 is highly expressed in neurons. JNK3 activates c-jun and other apoptotic transcription 

factors leading to apoptosis. JNK3 is also directly activated during hypoxic conditions. JNK3 

after phosphorylation activates c-jun which translocates to the nucleus to initiate apoptosis 

[42]. 

GSK-3β has been found to express in all brain regions and is elevated in neurodegenerative 

diseases prominently inactive state. GSK-3β plays a role in cellular function and is controlled 

by complex mechanisms that are dependent upon specific signaling pathways like 

PI3K/AKT/GSK-3, p53, JNK, c-jun, p38, CDK5, calpain, mTOR, hedgehog, notch, and 

ERK-1,2. In its unphosphorylated inactive state, β-catenin gets stabilized and accumulates in 

cytosol and translocates into the nucleus, where it initiates transcription of target genes which 

helps in neuronal survival. The neuroprotective effect of GSK-3β is attributed to restoration 

of neurobehavioral functioning, mitochondrial biogenesis, prevention of reactive oxygen 

species (ROS), reducing infarct size and cerebral damage, and promoting hippocampus 

neurogenesis [43]. 

cAMP-regulated PKA has a role in the activation of hypoxic controlled JNK3 and GSK3β 

transcription factors. PKA also has a role in the activation of MAPK pathways and inhibition 

of pro-apoptotic genes [18]. 

2.5 Beta 2 Adrenergic receptors 

Beta 2 adrenergic receptors are found to be expressed in neurons particularly in hippocampus 

regions [47]. Activation of these receptors stimulates ERK, PI3K, CREB whereas the cAMP-

derived PKA is found to regulate HIF1α and NFκβ expression. These receptors are said to 

regulate synaptic plasticity and may aid in cognition and neuroprotection. 

Studies suggest that endogenous β2 AR agonists and NE depletion lead to increased 

microglial-induced neuroinflammation. Further, it also states that NE dose-dependently 

blocks microglial expression of inflammatory mediators this effect is reversed by 

coapplication of β2 AR specific antagonist. β2 AR agonists can directly interact with the 

receptor or indirectly do not stimulate receptor activation. 



                                                                                              Literature review 
 

Department of Pharmacology, PSG College of Pharmacy  Page 18 
 

β2 AR agonists are found to upregulate neurotrophic growth factors and astrocyte activation 

which mediate neuroprotection which was evident from studies in DA neurons, Parkinson 

and traumatic brain injury. In the TBI model, the β2 AR agonist decreases neuronal 

impairment and helps in recovery by decreasing the level of glutamate levels. β2 AR 

antagonists are found to block IL-6 production and acute inflammatory response providing 

neuroprotection in the hemorrhagic stroke model whereas the β2 AR antagonist did not 

provide neuroprotection in the focal cerebral ischemic model [44, 45]. 

β2 AR signaling pathways involved in mediating neuroprotection 

β2 AR agonist mediates signals through two pathways one is through Gαs mediated pathway 

activating cAMP and PKA which can activate CREB. The other pathway is through 

association with β-arrestin which can also activate other pathways like MAPK cascade and 

other kinase complexes that help in the regulation of NF-κB. 

β2 AR agonists at high concentrations were found to induce inflammatory effect through 

increased cAMP production in contrast low concentration of β2 AR agonists inhibits LPS 

induced inflammatory mediators, such as ROS, NO, TNFα which is mediated through 

activation of β-arrestin and independent of cAMP. This activation of β-arrestin helps in 

neuroprotection. 

β-arrestin binds with Iκβa which is an inhibitor of NF-κB. Activation of this Iκβa helps in 

negative regulation of NF-κB. 

β2 AR agonists can stimulate MAPK signaling cascade via β-arrestin. The low dose of β2 AR 

agonist reduced the activation of p38& JNK. 

β2 AR in neurons directly promotes the synthesis and release of cAMP/PKA/CREB which 

promotes the synthesis and release of NGF, BDNF, IGF-1, and pro-survival pathways and 

also inhibits glutamate toxicity which helps in neuroprotection. Further, it can also activate 

the PI3K-Akt-mTOR pathway. 

β2 AR antagonist is found to downregulate HIF1α during ischemic insults and this may help 

in neuroprotection, whereas in contrary β2 AR agonist is found to upregulate HIF1α. 

β2 AR has multiple roles and multiple pathways which on activating and deactivating at 

different doses of β2 AR agonist and β2 AR antagonist help in neuroprotection and this area 

has to be studied mechanistically to explore the neuroprotective benefits of β2 AR in neurons.  
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Many clinical trials are undergoing on β2 AR-mediated neuroprotection 

β2 AR agonists have been said to have an anti-inflammatory response. β2AR agonists block 

the NFκβ expression thereby inhibiting the expression of pro-inflammatory cytokines. This 

NFκβ inhibition may be independent of PKA. Low doses of salmeterol were found to 

decrease the activation and upregulation of JNK, p38, ERK1/2 [44-46].  

β2AR agonists were said to have a neuroprotective action in Parkinson's disease. 

β2AR was found to upregulate the expression of HIF1α in neurons and pericytes [46]. 

β2AR agonists and antagonists were found to modulate emotional memory and decrease 

neuronal death in the rat hippocampus [44, 47-49].  

Salbutamol a β2AR agonist widely used for symptomatic treatment of asthma and 

Propranolol a β2AR antagonist used for treating hypertension may modulate and have 

various roles in neuroprotection [23, 24]. 

Molecular pathways behind β2AR on neuroprotection during cerebral hypoxia and ischemia 

have not been widely studied. Hence, elucidating the molecular mechanisms of salbutamol a 

β2AR agonist, and propranolol a β2AR antagonist on neurons may provide a clear insight on 

neuroprotection in VaD. 

To study the molecular pathways during cerebral ischemia on neuroprotection a stable model 

has to be selected which are specific to neurons and which can mimic cerebral ischemia. 

2.6 Stroke induction and animal models 

The majority of stroke experiments are carried out in small animals (e.g., mice, rats, 

rabbits). The use of small animals presents clear advantages – lower cost and greater 

acceptability from an ethical perspective compared to larger animals. The rat is one of the 

most commonly used animals in stroke studies for many reasons: the cerebral vasculature 

and physiology of the rat are similar to that of humans [50]. 
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Fig 7: Stroke models 
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2.7. Diagrammatic representation of molecular pathways taking place during hypoxia 

 

Fig 8: Upstream and downstream signaling during the hypoxic insult 
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There is no current effective treatment to attenuate neuronal impairment in VaD and so 

elucidating the molecular mechanistic pathways behind neuroprotection may provide a clear 

insight into neuroprotective therapy and help solve the crisis 

With the reviewed literature in mind, we postulated a hypothesis on elucidating molecular 

mechanistic pathways during cerebral ischemia which results in VaD. 

Hypothesis 

Salbutamol a β2 adrenergic agonist and Propranolol β2 adrenergic antagonist may aid 

in neuroprotection by modulating the hypoxic regulated gene expression thereby 

upregulating the cell survival factors and downregulating the pro-apoptotic and pro-

inflammatory cytokines. 
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                                                    3. Aim and Objective 

3.1 Aim 

 To elucidate the effect of β2 adrenergic drugs (agonist & antagonist) & HIF1α 

antagonist interaction on neuroprotection in cerebral hypoperfusion model   

3.2 Objective 

 To assess the neuroprotective effect of β2 adrenergic receptor-mediated response 

through administration of salbutamol and propranolol and also with phenylephrine to 

confirm that there is no involvement of α mediated response. 

 To elucidate the β2 agonist response through HIF1α blockade with YC-1 (HIF1α 

antagonist) 

 To assess the functional recovery and cognitive functions of ischemic rats through 

behavioral studies. 

 To assess the restoration of cerebral blood flow and reversal of ischemic injury. 

 To estimate the level of biochemical parameters and molecular markers for 

elucidating its pathway. 

 To examine the neuroprotection of β2 agonist and antagonist through 

histopathological studies in hippocampus and cortex region of ischemic rats. 
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4. Plan of Study 

 Phase Ⅰ 

 Review of literature 

 Optimization of model and anesthesia dose 

 Animal ethical approval 

 Phase Ⅱ 

 BCCAo Surgery and drug treatment for 7 days 

 Behavioral assessment and laser perfusion imaging 

 Neurological deficit score 

 Grip strength measurement 

 Transfer latency using the elevated plus-maze 

 Phase Ⅲ 

 Brain tissue harvesting and micro-dissection of cortex, striatum and 

hippocampus 

 Biochemical assays  

 Griess assay (NO) 

 GSH assay 

 Thiobarbituric acid reactive substances (TBAR’s) assay 

 ATP colorimetric assay 

 Molecular studies  

 ELISA - cytokines (IL1β, IL6, TNFα) 

 Phase Ⅳ 

 Histopathology and immunohistochemistry 

 Hematoxylin and Eosin staining   

 Glial fibrillary acidic protein (GFAP)  

 Synaptophysin IHC 

 Phase Ⅴ 

 Statistical analysis and data interpretation 
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Timeline of the study 

 

 

Fig 9: Timeline of the study 
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                                               5. Materials & Methods 

Equipment’s  qPCR Western Blot 

Dissection microscope 

Microvascular clip 

Scalpels 

Scissors 

Needle driver 

FLPI 

ICV stereotaxic apparatus 

Hamilton syringe 

Bioseb grip strength meter 

Elevated plus-maze 
Gel rocker 

Semi-dry apparatus 

Gel Doc analyzer 

 

 

SYBR-green premix 

RNA conversion kit 

Thermocycler 

Applied Biosystems qPCR 

DEPC water 

Micropipettes 

Vortex mixer 

Centrifugal tubes 

PCR tubes 

Primer set 
Nano-drop 

 

Primers set 

β2 AR 

PI3K 

NT3  

BDNF 

GDNF 

eNOS 

iNOS 

nNOS 
Bax 

Bcl2 

Casting frame 

Casting stand 

Nano-drop 

Vortex mixer 

Thermo mixer 

Buffer tank 

Electrophoresis Chamber 

Electric voltage supply 

TEMED, Kaleidoscope 

Bis-Acrylamide 
APS 

SDS 

Milli-q-Water 

Blot paper 

Nitrocellulose membrane 

Semi-dry blot equipment 

Forceps 

Micropipettes 

Lamelli buffer 

Washing buffer 

Running buffer 
Transfer buffer 

luminescence kit 

Primary antibody 

Secondary antibody 

TBS 

Bovine serum albumin 

ELISA Drugs Protein and RNA isolation 

Primary antibody 

Secondary antibody 

Nunc-96 well plate 

Reagent diluents 

Wash buffer 

PBS 
Sulphuric acid 

HRP-Conjugate 

BSA 

Standard 

Normal goat serum 

Multiskan ELISA reader 

Ketamine 

Xylazine 

Atropine 

Salbutamol 

Propranolol 

Phenylephrine 
YC-1 

Betadine solution 

Zinc phosphate cement 

Xylocaine jelly 

Cipladine ointment 

Neosporin ointment 

DMSO 

Reduced glutathione 

Annexin V 

Primary antibodies 

HIF1α 

HIF PHD2 
STAT3 

ERK ½ 

β-arrestin 

mTOR 

JNK3 

GSK 3β 

Caspase 3 

Secondary antibodies 

IgG-goat/mouse antibody 

TRI reagent 

Chloroform 

Iso-propanol 

Ethanol 

DEPC water 

Centrifuge 
Micropipette 

RIPA buffer 

Nano-drop 

Kits 

ATP colorimetric assay kit 

 

Table 1: List of Equipment’s and Drugs 
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5.1. Animals 

A total of 36 male Sprague-Dawley rats (200-250g) was used in the study and the rats were 

housed in individual polypropylene cages in a well-ventilated room under an ambient 

temperature of 25±2º C with 50-55% RH and a 12:12 h light/dark cycle. They were provided 

with food and purified water. All the animals were acclimatized for 7 days to the laboratory 

conditions before experimentation. They were randomly divided into 6 different groups.  

After surgery, the rats were placed in individual cages and post-operative care was 

maintained. Ethics were followed as per Indian Council Medical Research guidelines: “Guide 

for the care and use of laboratory animals”. The study protocol had been approved by the 

Institutional Animal Ethics Committee vide number 464/IAEC/2020 dated 03.09.2020. 

5.2. Grouping and Treatment 

Groups Treatment No of SD rats 

Group – 1 Sham operated 3 

Group – 2 Negative control 3 

Group – 3 Salbutamol (30mg/kg) 6 

Group – 4 Propranolol (10mg/kg) 6 

Group – 5 Phenylephrine (10mg/kg) 6 

Group – 6 YC-1 (30μM) 6 

Group – 7 YC-1 (30μM) + Salbutamol (30mg/kg) 6 

Table 2: Animal grouping and treatment 

5.3. Surgical procedure 

BCCAo – Induction of ischemia using bilateral common carotid artery occlusion was done 

following previously reported procedure with slight modification. Rats were anesthetized 

with ketamine (80 mg/kg) and xylazine (10 mg/kg), intraperitoneally. A midline incision was 

made to expose both the right and the left common carotid arteries. Cerebral ischemia was 

induced by clamping both the arteries using microvascular clips for 20 min. The clips were 

removed from both the carotid arteries to produce IR injury. The incision was then sutured 

with a surgical suture. The sutured area was cleaned with 70% ethanol, sprayed with 

antiseptic powder, and treated with a local analgesic ointment. After completion of the 

surgical procedure, the rats were shifted individually to their home cage and allowed to 



                                                                                   Materials and Methods 
 

Department of Pharmacology, PSG College of Pharmacy  Page 28 
 

recover. Throughout the surgical procedure, the body temperature was maintained at 37°C 

using a surgery plate connected to a temperature stabilizer [51, 52]. 

ICV - Rats were anesthetized with ketamine (80 mg/kg) and xylazine (10 mg/kg), 

intraperitoneally. Sedation is monitored using a gentle toe pinch withdrawal reflex. The Head 

is shaved of fur and cleaned with iodine before incision After skin incision and removal of all 

soft tissue from the surface of the skull, placement of the guide cannula is determined 

concerning bregma. A 6 mm hole is drilled through the skull with a battery-operated driller 

designed for rodent surgery. Care is taken so that the drill bit does not penetrate through 

meningeal membranes or blood vessels. Skull is implanted with bilateral 5 mm 21-gauge 

stainless steel guide shafts leading to the posterior nucleus accumbens, dorsal striatum, or 

prefrontal cortex. The stereotaxic coordinates are established as per Paxinos and Watson, 

2006 (The Rat Brain in Stereotaxic Coordinates, Academic Press). Implants are secured by 

dental cement. A bolus of Lactated Ringers of the 0.9% saline is given at the end of surgery 

(5mls SC in rats after fluids are warmed to normal body temperature) to prevent dehydration. 

Buprenorphine (0.1-0.5mg/kg SC) is administered twice daily and then, on an as-needed 

basis, if the animal appears to be in pain. Local antibiotic treatment (bacitracin ointment) and 

systemic antibiotic treatment (penicillin 100,000 IU/kg IM every 12 hours for the first 48 

hours post-op) are administered if post-operative infections occur. Following surgery, 

animals are individually housed with food and water available ad libitum. Throughout the 

surgical procedure, the body temperature was maintained at 37°C using a surgery plate 

connected to a temperature stabilizer [53]. 

5.4. Bodyweight assessment 

The body weight of the rats was monitored before surgery and after seven days of drug 

treatment. 

5.5. Behavioural assessment 

5.5.1. Neurological deficit score 

Neurological deficit in all the treatment groups was assessed by the following score pattern at 

24h and on the 7th day after bilateral common carotid artery occlusion. The scores were 

assigned from 0-5 based on the observed neurological deficit, 0 = No neurological deficit, 1 = 

Failure to extend left forepaw fully, 2 = Circling behavior, 3 = Falling to the right, 4 = No 

spontaneous walking with depression, 5 = Death [54]. 
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5.5.2. Grip strength measurement 

A modified forelimb grip strength test was used to evaluate the neuromuscular functions in 

rats. Loss of muscle strength and function is a severe pathology in post-ischemic conditions. 

Modified grip strength was performed using Bioseb’s grip strength meter. The motor 

coordination was measured by determining maximal peak force developed after BCCAo at 

24hr and on 7th-day surgery. Measurements are recorded in grams during the study [55, 56]. 

5.5.3. Transfer latency  

Transfer latency was measured using an elevated plus-maze which consists of two open arms 

(16×5 cm) and two enclosed arms (16×5×12 cm). The maze was elevated to a height of 25 

cm. Rats were placed individually at end of an open arm facing away from a central platform 

and the time it took to move from the end of the open arm to either closed arm (Transfer 

latency, TL) was recorded. If the animal did not enter into one of the enclosed arms within 90 

sec, a gentle push was given towards one of the two enclosed arms, and the TL was assigned 

as 90 sec [57]. 

The inflexion ratio was calculated using the formula  

    Inflexion ratio =
(L1−L0)

L0
 x 100 

 

5.6. Laser perfusion imaging 

After the behavioral assessment, the rat was subject to mild anesthesia. A skin incision was 

made above the skull region and the skull was exposed to measure the cerebral blood flow 

using the Laser Doppler image analyzer (Moor-FLPI, UK) technique. The blood flow 

intensity was expressed as a flux mean. The color patterns in the brain images are represented 

as red – high blood flow; yellowish-orange – low blood flow and blue – no blood flow 

respectively [51]. 

5.7. Preparation of brain samples 

The animals were sacrificed after 8 days of drug treatment. The brain was removed and 

different regions of brain tissues like the cortex, striatum, and hippocampus were dissected. 

The brain samples were kept at −80°C [54]. 
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5.8. Biochemical assays 

5.8.1. Griess assay (NO) 

Nitric oxide (NO) was indirectly measured in the form of nitrates and nitrites taking 0.2 ml of 

10% homogenate followed by the addition of 1.8 ml of saline and 0.4ml of 35% 

sulphosalicylic acid for protein precipitation. The precipitate was removed by centrifugation 

at 4000 rpm for 10 min. Griess reagent was prepared by dissolving 100mg of sulphanilamide 

and 10mg of naphthyl ethylene-diamine (NED) in 10ml of 5%Hcl. 50μl of standard (sodium 

nitrite)/ sample supernatant is added to each well (96 well flat bottom plate) and then add 

50μl of Griess reagent. This reagent forms a violet color in the presence of nitrite. The plate 

was incubated in dark for 10 mins and absorbance was measured at 540nm. The unknown 

concentration of samples was determined by interpolating the absorbance values in the 

standard linear graph [54, 58]. 

5.8.2. GSH assay 

GSH content was estimated by the following method. Homogenize the tissue in 0.6% 

sulfosalicylic acid – Triton -X solution and centrifuge at 8000g for 10 min at 2-4ºC. Transfer 

the clear supernatant and use it for the total GSH assay. 20 μl of standard/sample is added to 

each well (96 well flat bottom plate) and then add 120 μl of equal volumes of freshly 

prepared DTNB and GR solutions. Allow 30s for the conversion of GSSG to GSH and then 

add 60 μl of β- NADPH and read the absorbance at 412 nm in a microplate reader and take 

measurements every 30s for 2 mins. Calculate the rate of 2-nitro-5-thiobenzoic acid 

formation (change in absorbance min-1) and determine the actual total GSH concentrations in 

the samples by using linear regression to calculate the values obtained from the standard 

curve. Total GSH concentration is expressed as μM or nM mg-1 protein [54, 59]. 

5.8.3. Thiobarbituric acid reactive substances (TBAR’s) assay 

Lipid peroxidation was evaluated by measuring the TBAR’s content. TBA reagent was 

prepared by adding 5.76mg of Thiobarbituric acid in 10ml of glacial acetic acid after addition 

it was sonicated for 10 mins for uniformity. 150μl of standard/ sample was added to each 

well (96 well flat bottom plate) and then 75μl of TBA reagent is added to it. Optical density/ 

absorbance was measured as a pre-read at 532nm. After the pre-read, the 96 well plates were 

incubated at 50ºC for 3hours. After incubation, the absorbance was measured at 532nm. The 

pre-read absorbance was subtracted with the final absorbance value to get the corrected final 
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absorption value. A standard graph was plotted and the unknown concentration of samples 

was determined by interpolating the absorbance values from the linear graph [54, 60]. 

5.9. ATP colorimetric assay 

The amount of ATP present in the brain tissue was measured using ATP colorimetric assay 

kit (Sigma Aldrich). The measurement of ATP was performed step-by-step as per the ATP kit 

protocol. ATP present in the sample is expressed as ng/μl. 

5.10. Quantification of inflammatory cytokines by ELISA 

The levels of cytokines (TNF-α, IL-β, and IL-6) in the brain tissue were measured using an 

ELISA kit (Diaclone, France) specific for rats. The measurement of cytokines was performed 

step-by-step as per ELISA kit protocol. The cytokines contents were expressed as pg/ml total 

protein [54]. 

5.11. Histopathology and Immunohistochemistry 

5.11.1. Hematoxylin and Eosin staining 

Hematoxylin and Eosin staining is done to study the details of the nuclei of the cell. In H&E-

stained tissues, the nucleic acids stain dark blue and the proteins stain red to pink or orange. 

After 7 days of drug treatment, euthanasia on the experimental animals was done. The brains 

were dissected out quickly, fixed in 10% formalin, and 5 μm thick sections were taken. The 

sections were processed and stained in hematoxylin and eosin. The stained sections were 

observed under a binocular light microscope and photographed and compared with control 

groups [61]. 

5.11.2. Glial fibrillary acidic protein (GFAP) 

Glial fibrillary acidic protein is an intermediate filament protein present in astrocytes. GFAP 

expression is increased in severe mechanical or osmotic stress, hypoxia, brain, and spinal 

cord injury. Brain samples were stained with monoclonal mouse anti-GFAP (Dako, 

Denmark) (1:300) using the immunoperoxidase technique. The paraffin sections of the rat 

brain were deparaffinized and hydrated with distilled water. The sections containing antigenic 

sites were exposed by incubating them in a microwave oven with antigen retrieval solution 

(trisodium citrate, pH 6.2) for 20 min at 96ºC. Following retrieval, the slides were cooled 

with distilled water for 5 min. Subsequently, the slides were washed with PBS in each step. 
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Then the slides were treated with 3% hydrogen peroxide to decrease the endogenous 

peroxidize activity. The slides were then incubated with 1.5% bovine serum albumin (BSA) 

for blocking the non-specific binding sites. The immune reactivity was detected with an 

Immunocruz mouse ABC staining kit using biotinylated goat anti-mouse IgG (for GFAP) 

secondary antibodies at 1:100 dilution and evaluated under a binocular light microscope 

(40x) and photographed [62]. 

5.11.3. Synaptophysin IHC 

Synaptophysin is an integral membrane glycoprotein present in the presynaptic vesicles of 

neurons. The integrity of the synapse in ischemic brain regions was measured by performing 

immunohistochemistry staining of synaptophysin. After isolation of the brain, it was fixed 

with 10% formalin. Paraffin sections of 5 μm thick were made and IHC was done by using a 

monoclonal mouse anti-synaptophysin clone SY38 antibody kit (Dako, Denmark). The active 

synapse was evaluated under a binocular light microscope (40x) and photographed [62]. 

5.12. Statistical analysis 

Data were tabulated and statistics were performed using statistical analytical tool software 

Graph pad Prism v9.3. Data were expressed as mean ± standard deviation (SD). The 

significance level was set to p<0.05 and is analyzed using one-way and two-way ANOVA 

followed by Bonferroni’s multiple comparison test for posthoc analysis. 
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6. Results 

6.1 Surgical observations 

 

CCA- Common Carotid Artery 

Fig 10: Surgical procedure of BCCAo model 

6.2 Body weight assessment 

The body weight of all rats was measured before surgery (day 0) and after drug treatment 

(day 8). No significant changes in the body weight were observed in comparison to the sham-

operated rats. (Figure.11) 

Data were expresses as mean ± SD. Statistical analysis were carried out using two-way 

ANOVA followed by Bonferroni’s multiple comparison test.  
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Fig 11: Effect of salbutamol 30mg/kg, propranolol 10mg/kg, phenylephrine 10 mg/kg, YC-1 

30μM and YC-1 30μM + salbutamol 30mg/kg at day 0 & day 8 on body weight in global 

ischemic rats. Data were expressed as mean ± SD (n=3, 6). 

6.3 Behavioural assessment 

6.3.1 Neurological deficit score 

The neurological function of all the rats were measured before surgery and was found to be 

normal. After induction of global ischemia, the neurological function was measured on day 1 

and day 8 of the drug treatment.  

Inducement of global cerebral ischemia in rats produced significant increase in the 

neurological score at day 1 and day 8 respectively (Figure.12). Drug treatments with 

salbutamol 30mg/kg, propranolol 10mg/kg, phenylephrine 10 mg/kg, YC-1 30μM and YC-1 

30μM + salbutamol 30mg/kg showed significant increase (p<0.001) in neurological function 

as noted by better neurological score in comparison to vehicle treated ischemic rats on day 8.  

Data were expresses as mean ± SD. Statistical analysis were carried out using two-way 

ANOVA followed by Bonferroni’s multiple comparison test.  
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Fig 12: Effect of salbutamol 30mg/kg, propranolol 10mg/kg, phenylephrine 10 mg/kg, YC-1 

30μM and YC-1 30μM + salbutamol 30mg/kg at day 1 & day 8 on neurological score in 

global ischemic rats. Data were expressed as mean ± SD (n=3, 6). Superscripts c and z 

denotes statistical significance in comparison to sham-operated and vehicle treated ischemic 

rats at p<0.001 respectively. 

6.3.2 Modified forelimb grip strength test using bioseb grip strength apparatus 

Inducement of cerebral ischemia in rats exhibited significant loss of muscle coordination as 

observed by significant decrease in the force applied in grip strength activity (Figure.13). 

Drug treatment with salbutamol 30mg/kg, propranolol 10mg/kg, phenylephrine 10 mg/kg, 

YC-1 30μM and YC-1 30μM + salbutamol 30mg/kg showed significant improvement 

(p<0.001) in grip strength activity in comparison to vehicle treated ischemic rats on day 8. 

Data were expresses as mean ± SD. Statistical analysis were carried out using two-way 

ANOVA followed by Bonferroni’s multiple comparison test.  
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Fig 13: Effect of salbutamol 30mg/kg, propranolol 10mg/kg, phenylephrine 10 mg/kg, YC-1 

30μM and YC-1 30μM + salbutamol 30mg/kg at day 1 & day 8 on grip strength in global 

ischemic rats. Data were expressed as mean ± SD (n=3, 6). Superscripts a, b, c and z denotes 

statistical significance in comparison to sham-operated and vehicle treated ischemic rats at 

p<0.05, p<0.01 and p<0.001 respectively. 

6.3.3 Transfer latency using Elevated Plus Maze 

The day 1 and day 8 memory retention activity for different treatment groups were 

represented as transfer latency in table 3 and inflexion ratio in figure 14. Transfer latency at 

day 0 is considered as acquisition (learning) and memory retention is assessed on day 1 and 

day 8. Treatment with YC-1 30μM and YC-1 30μM + salbutamol 30mg/kg significantly 

(p<0.001) improved the (day 1) short term memory as observed by increased inflexion ratio 

in comparison to vehicle treated ischemic rats. On day 8, salbutamol 30mg/kg, propranolol 

10mg/kg, phenylephrine 10 mg/kg, YC-1 30μM and YC-1 30μM + salbutamol 30mg/kg 

treated rats exhibited significant (p<0.001) increase in inflexion ratio indicating memory 

retention in transfer latency test. 

Data were expresses as mean ± SD. Statistical analysis were carried out using two-way 

ANOVA followed by Bonferroni’s multiple comparison test.  
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S.no 

 

Groups 

Transfer latency (sec) 

Day 0 Day 1 Day 8 

1 Sham operated 27.83±2.66 20.69±1.95 14.2±1.51 

2 Negative control 44.22±4.38 39.81±4.1 41.51±3.96 

3 Salbutamol 30mg/kg 32.18±3.18 28.55±2.91 19.3±1.87 

4 Propranolol 10mg/kg 33.8±3.25 31.14±3.05 22.19±2.36 

5 Phenylephrine 10mg/kg 41.82±4.28 37.53±3.62 29.04±3.1 

6 YC-1 30μM 57.05±4.47 44.57±3.22 31.71±2.22 

7 YC-1 30μM + Salbutamol 30mg/kg 55.9±4.89 39.24±3.73 28.03±2.72 

Data were expresses as mean ± SD.  

Table 3: Transfer latency period 

 

Fig 14: Effect of salbutamol 30mg/kg, propranolol 10mg/kg, phenylephrine 10 mg/kg, YC-1 

30μM and YC-1 30μM + salbutamol 30mg/kg at day 1 & day 8 on inflexion ratio in global 

ischemic rats. The inflexion ratio was calculated in percentage using transfer latency period. 

Data were expressed as mean ± SD (n=3, 6). Superscripts a, c and z denotes statistical 

significance in comparison to sham-operated and vehicle treated ischemic rats at p<0.05 and 

p<0.001 respectively. 
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6.4 Laser Perfusion Imaging – Cerebral blood flow 

The cerebral blood flow intensity was expressed as flux mean and it was measured in the 

midbrain region. The colour pattern in the brain images is represented as red – high blood 

flow, yellowish orange – low blood flow and blue – no blood flow respectively.  

Data were expresses as mean ± SD. Statistical analysis were carried out using one-way 

ANOVA followed by Bonferroni’s multiple comparison test.  

 

Fig 15: Full-field laser perfusion imaging 

Induction of ischemia through BCCAo model resulted in decreased cerebral blood flow in the 

mid-region of the brain as indicated by significantly decreased flux mean (p<0.001) in 

negative control rats in comparison to sham-operated rats. On day 8, propranolol 10mg/kg 

showed significant increase (p<0.01) in blood flow in comparison to vehicle treated ischemic 

rats. Salbutamol 30mg/kg, phenylephrine 10 mg/kg and YC-1 30μM + salbutamol 30mg/kg 

treated rats have demonstrated significant increase in cerebral blood flow after ischemic 

induction in comparison to vehicle treated ischemic rats (Figure.16). 
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Fig 16: Effect of salbutamol 30mg/kg, propranolol 10mg/kg, phenylephrine 10 mg/kg, YC-1 

30μM and YC-1 30μM + salbutamol 30mg/kg at day 8 on cerebral blood flow in global 

ischemic rats. Data were expressed as mean ± SD (n=3, 6). Superscripts c and y, z denotes 

statistical significance in comparison to sham-operated and vehicle treated ischemic rats at 

p<0.01 and p<0.001 respectively. 

6.5 Biochemical assays 

6.5.1 Griess assay (NO) 

The occlusion of bilateral common carotid artery followed by reperfusion resulted in elevated 

Nitrite levels (p<0.001) in the cortex, hippocampus and striatum regions in comparison to the 

Sham-operated rats.  

There was a significant decrease (p<0.001) in nitrite levels with salbutamol 30mg/kg, 

propranolol 10mg/kg, phenylephrine 10 mg/kg, YC-1 30μM and YC-1 30μM + salbutamol 

30mg/kg in all three regions were observed in comparison to vehicle treated ischemic rats. 

The maximum increase in NO release was observed in the cortex region of the ischemic rats. 

(Figure. 17a, b, c) 
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Data were expresses as mean ± SD. Statistical analysis were carried out using one-way 

ANOVA followed by Bonferroni’s multiple comparison test.  

 

Fig 17a: Nitrite cortical level 

 

Fig 17b: Nitrite Hippocampal level 
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Fig 17c: Nitrite striatal level 

Fig 17a, b, c: Effect of salbutamol 30mg/kg, propranolol 10mg/kg, phenylephrine 10 mg/kg, 

YC-1 30μM and YC-1 30μM + salbutamol 30mg/kg on nitric oxide levels in cortex, 

hippocampus and striatum regions of global ischemic rats. Data were expressed as mean ± 

SD (n=3, 6). Superscripts b, c and y, z denotes statistical significance in comparison to sham-

operated and vehicle treated ischemic rats at p<0.01 and p<0.001 respectively. 

6.5.2 GSH assay 

In comparison to sham-operated rats the reduced glutathione levels in cortex (p<0.001), 

hippocampus (p<0.001) and striatum (p<0.001) was found to be significantly reduced in the 

vehicle treated ischemic rats. Treatment with salbutamol 30mg/kg, propranolol 10mg/kg, 

phenylephrine 10 mg/kg and YC-1 30μM + salbutamol 30mg/kg led to significant increase in 

the cortex, hippocampus and striatum regions GSH levels in comparison to vehicle treated 

ischemic rats. 

 YC-1 30μM treatment showed significant decrease (p<0.01) in the striatum GSH level in 

comparison to vehicle treated ischemic rats. (Figure. 18a, b, c) 

Data were expresses as mean ± SD. Statistical analysis were carried out using one-way 

ANOVA followed by Bonferroni’s multiple comparison test.  
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Fig 18a: GSH cortical level 

 

Fig 18b: GSH Hippocampal level 
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Fig 18c: GSH striatal level 

Fig 18a, b, c: Effect of salbutamol 30mg/kg, propranolol 10mg/kg, phenylephrine 10 mg/kg, 

YC-1 30μM and YC-1 30μM + salbutamol 30mg/kg on GSH levels in cortex, hippocampus 

and striatum regions of global ischemic rats. Data were expressed as mean ± SD (n=3, 6). 

Superscripts c and y, z denotes statistical significance in comparison to sham-operated and 

vehicle treated ischemic rats at p<0.01 and p<0.001 respectively. 

6.5.3 Thiobarbituric acid reactive substance (TBAR’s) assay 

The circulating lipid peroxide levels were significantly elevated (p<0.001) in the cortex, 

hippocampus and striatum regions in vehicle treated ischemic rats in comparison to sham-

operated rats.  

Treatment with salbutamol 30mg/kg, propranolol 10mg/kg, phenylephrine 10 mg/kg, YC-1 

30μM and YC-1 30μM + salbutamol 30mg/kg significantly attenuated the lipid peroxide 

levels (p<0.001) in the cortex region, Salbutamol 30mg/kg, propranolol 10mg/kg, 

phenylephrine 10mg/kg treatment showed significant decrease (p<0.001) in the lipid peroxide 

levels in hippocampus and striatum regions. (Figure. 19a, b, c) 

Data were expresses as mean ± SD. Statistical analysis were carried out using one-way 

ANOVA followed by Bonferroni’s multiple comparison test.  
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Fig 19a: TBARs cortical level 

 

Fig 19b: TBARs Hippocampal level 
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Fig 19c: TBARs striatal level 

Fig 19a, b, c: Effect of salbutamol 30mg/kg, propranolol 10mg/kg, phenylephrine 10 mg/kg, 

YC-1 30μM and YC-1 30μM + salbutamol 30mg/kg on TBARs levels in cortex, 

hippocampus and striatum regions of global ischemic rats. Data were expressed as mean ± 

SD (n=3, 6). Superscripts c and z denotes statistical significance in comparison to sham-

operated and vehicle treated ischemic rats at p<0.001 respectively. 

6.5.4 ATP colorimetric assay 

Inducement of global ischemia in rats depleted brain ATP levels significantly(p<0.001) in the 

cortex, hippocampus and striatum regions in comparison to SO rats which indicates energy 

depletion after reperfusion neuronal injury. The ATP levels in the cortex region were 

significantly elevated (p<0.001) following salbutamol 30mg/kg, propranolol 10mg/kg, 

phenylephrine 10 mg/kg, YC-1 30μM and YC-1 30μM + salbutamol 30mg/kg treatment in 

comparison to vehicle treated ischemic rats. (Figure. 20a) 

The ATP levels were significantly increased (p<0.001) in hippocampus of the ischemic group 

with treatment of salbutamol 30mg/kg, propranolol 10mg/kg, phenylephrine 10 mg/kg in 

comparison to vehicle treated ischemic rats. (Figure.20b) 
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The ATP levels were found to be significantly increased in striatum of the ischemic rats 

salbutamol 30mg/kg (p<0.001), propranolol 10mg/kg (p<0.001) and phenylephrine 10 mg/kg 

(p<0.05) treatment in comparison to vehicle treated ischemic rats. (Figure.20c) 

Among the regions studied in comparison to the cortex, the hippocampal and striatal ATP 

level was significantly elevated with salbutamol 30mg/kg and propranolol 10mg/kg 

treatment. 

Data were expresses as mean ± SD. Statistical analysis were carried out using one-way 

ANOVA followed by Bonferroni’s multiple comparison test.  

 

Fig 20a: ATP cortical level 
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Fig 20b: ATP Hippocampal level 

 

Fig 20c: ATP striatal level 
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Fig 20a, b, c: Effect of salbutamol 30mg/kg, propranolol 10mg/kg, phenylephrine 10 mg/kg, 

YC-1 30μM and YC-1 30μM + salbutamol 30mg/kg on ATP levels in cortex, hippocampus 

and striatum regions of global ischemic rats. Data were expressed as mean ± SD (n=3, 6). 

Superscripts c and x, z denotes statistical significance in comparison to sham-operated and 

vehicle treated ischemic rats at p<0.05and p<0.001 respectively. 

6.6 Quantification of Inflammatory cytokines by ELISA 

6.6.1 Effect of drug treatment on IL1β 

Inducement of global cerebral ischemia in rats elevated the pro-inflammatory cytokine levels 

in the cortex (p<0.001), hippocampus (p<0.001) and striatum (p<0.001) in comparison to SO 

rats. Treatment with salbutamol 30mg/kg, propranolol 10mg/kg, phenylephrine 10 mg/kg, 

YC-1 30μM and YC-1 30μM + salbutamol 30mg/kg significantly reduced the level of IL1β 

in all the three regions in comparison to vehicle treated ischemic rats (p<0.001).(Figure.21a, 

b, c) 

Among the regions studied in comparison to cortex, hippocampal and striatal levels of IL1β 

was significantly elevated upon ischemia induction. 

Data were expresses as mean ± SD. Statistical analysis were carried out using one-way 

ANOVA followed by Bonferroni’s multiple comparison test.  

 

Fig 21a: IL1β cortical level 
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Fig 21b: IL1β Hippocampal level 

 

Fig 21c: IL1β striatal level 
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Fig 21a, b, c: Effect of salbutamol 30mg/kg, propranolol 10mg/kg, phenylephrine 10 mg/kg, 

YC-1 30μM and YC-1 30μM + salbutamol 30mg/kg on IL1β levels in cortex, hippocampus 

and striatum regions of global ischemic rats. Data were expressed as mean ± SD (n=3, 6). 

Superscripts a, c and z denotes statistical significance in comparison to sham-operated and 

vehicle treated ischemic rats at p<0.05 and p<0.001 respectively. 

6.6.2 Effect of drug treatment on IL6 

Induction of cerebral ischemia elevated the pro-inflammatory cytokine IL6 levels in the 

cortex (p<0.001), hippocampus (p<0.001) and striatum (p<0.001) in comparison to SO rats. 

Treatment with salbutamol 30mg/kg, propranolol 10mg/kg, phenylephrine 10 mg/kg, YC-1 

30μM and YC-1 30μM + salbutamol 30mg/kg significantly reduced the elevated IL 6 in all 

the three regions in comparison to vehicle treated ischemic rats (p<0.001). (Figure.22a, b, c) 

Among the regions studied striatal IL6 level was significantly elevated upon ischemia 

induction. 

Data were expresses as mean ± SD. Statistical analysis were carried out using one-way 

ANOVA followed by Bonferroni’s multiple comparison test.  

 

Fig 22a: IL6 cortical level 
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Fig 22b: IL6 Hippocampal level 

 

Fig 22c: IL6 striatal level 
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Fig 22a, b, c: Effect of salbutamol 30mg/kg, propranolol 10mg/kg, phenylephrine 10 mg/kg, 

YC-1 30μM and YC-1 30μM + salbutamol 30mg/kg on IL6 levels in cortex, hippocampus 

and striatum regions of global ischemic rats. Data were expressed as mean ± SD (n=3, 6). 

Superscripts c and z denotes statistical significance in comparison to sham-operated and 

vehicle treated ischemic rats at p<0.001 respectively. 

6.6.3 Effect of drug treatment on TNFα 

TNFα cytokine levels was found to be elevated in the cortex (p<0.001), hippocampus 

(p<0.001) and striatum (p<0.001) region of ischemic rats in comparison to SO rats. 

No significant difference in the TNFα was observed with the treatments in the cortex region. 

Propranolol (10mg/kg) showed significant decrease (p<0.01) in the TNFα level in 

comparison to vehicle treated ischemic rats. (Figure.23a) 

Treatment with salbutamol 30mg/kg, propranolol 10mg/kg, phenylephrine 10 mg/kg and  

YC-1 30μM + salbutamol 30mg/kg showed significant decrease (p<0.001) in the 

hippocampal TNFα level was observed in comparison to vehicle treated ischemic rats. 

(Figure.23b) 

TNFα level in the striatum region remains unaltered with different treatments. Propranolol 

10mg/kg significantly decreased (p<0.05) the TNFα level in striatum in comparison to 

vehicle treated ischemic rats. (Figure.23c) 

Data were expresses as mean ± SD. Statistical analysis were carried out using one-way 

ANOVA followed by Bonferroni’s multiple comparison test.  
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Fig 23a: TNFα cortical level 

 

Fig 23b: TNFα Hippocampal level 
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Fig 23c: TNFα striatal level 

Fig 23a, b, c: Effect of salbutamol 30mg/kg, propranolol 10mg/kg, phenylephrine 10 mg/kg, 

YC-1 30μM and YC-1 30μM + salbutamol 30mg/kg on TNFα levels in cortex, hippocampus 

and striatum regions of global ischemic rats. Data were expressed as mean ± SD (n=3, 6). 

Superscripts a, b, c and x, y, z denotes statistical significance in comparison to sham-operated 

and vehicle treated ischemic rats at p<0.05, p<0.01 and p<0.001 respectively. 
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6.7 Histopathology and Immunohistochemistry 

6.7.1 Hematoxylin and Eosin staining 

Group Cerebrum 40x Hippocampus 40x 
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Phenylephrine 

(10mg/kg) 

  

 

 

YC-1 (30μM) 

  

 

YC-1 (30μM) 

+ Salbutamol 

(30mg/kg) 

  

 

Fig 24: H & E staining 

No histopathological changes were found in cerebrum, meninges and cerebellum for sham 

operated, salbutamol 30mg/kg, propranolol 10mg/kg and YC-1 30μM + salbutamol 30mg/kg 

treated rats whereas Cerebrum with area of ischemic necrosis and focal shrunken eosinophilic 

neuron and gliosis was observed in hippocampal CA1 region vehicle treated ischemic rats, 

phenylephrine 10mg/kg and YC-1 30μM treated rats. 
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6.7.2 Glial fibrillary acidic protein (GFAP) 
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Phenylephrine 

(10mg/kg) 

  

 

 

YC-1 (30μM) 

  

 

YC-1 (30μM) 

+ Salbutamol 

(30mg/kg) 

  

 

Fig 24: GFAP 

The expression of GFAP was found to be increased in ischemic rats, indicating the reactive 

changes of glial cells in response to damage. Salbutamol 30mg/kg, propranolol 10mg/kg and 

YC-1 30μM + salbutamol 30mg/kg treated rats showed increased expression of GFAP which 

was indicated by brown colour. 
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6.7.3 Synaptophysin IHC 
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Phenylephrine 

(10mg/kg) 

  

 

 

YC-1 (30μM) 

  

 

YC-1 (30μM) 

+ Salbutamol 

(30mg/kg) 

  

 

Fig 24: Synaptophysin IHC 

The onset of ischemia is evidenced by the loss of synaptophysin protein expression in the 

hippocampal region of the brain which is observed by the loss of brown colour stain. 

Salbutamol 30mg/kg, propranolol 10mg/kg and YC-1 30μM + salbutamol 30mg/kg treated 

rats showed expression of synaptophysin which was indicates the restoration of synapse 

integrity. 
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                                                    7. Discussion 

The study was designed to address the role of β2 adrenergic receptor agonist and antagonist 

on neuroprotection and its interaction with HIF1α antagonist (YC-1). β2 adrenergic receptors 

are widely expressed in hippocampus regions and helps in synaptic plasticity and 

neurogenesis. Salbutamol is a selective β2 adrenergic receptor agonist whereas propranolol is 

a non-selective β2 adrenergic receptor antagonist which has selectivity towards both β1 & β2 

receptors. β2 AR are GPCR receptors coupled to Gαs which when stimulated activates PKA. 

PKA in turn stimulates MAPK pathways.  

Literature studies states that β2 AR has multiple pathway activation related to dose 

concentration. β2 AR agonist leads to activation of two different pathways depending upon 

the concentration. β2 AR agonist activates cAMP/PKA which regulates NF-κB activation & 

MAPK activation and it also can act through activation of β-arrestin. β-arrestin is a binding 

partner of Iκβ which in turn inhibits NF-κB activation. Low doses of β2 AR agonist are found 

to activate β-arrestin and found to reduce the production of p38, JNK, NO thereby aiding in 

neuroprotection. Conversely, at high doses, β2 AR agonist is found to upregulate cAMP, and 

may decrease the neuroprotection by increased NADPH oxidase activity [45]. These 

literatures supported with our results representing that salbutamol 30mg/kg showed 

significant increase in neuroprotection by reducing NO level, lipid peroxidation level and 

increased GSH and ATP levels which aided in neuroprotection. 

β2 AR antagonist was found to downregulate HIF1α and helped in neuroprotection in OGD 

induced SHSY5Y cells whereas β2 AR agonist was found to upregulate HIF1α. β2 AR 

antagonist was also found to increase neuroprotection by inhibiting cAMP mediated effects 

[45]. These studies support our results indicating that propranolol showed significant 

neuroprotection by restoration of cerebral blood flow and downregulation of NO and TBARs 

level.  

Phenylephrine 10mg/kg (α1 AR agonist) treatment was done to confirm that there is no 

involvement of the α1 receptor on neuroprotection, which can be seen from the results that 

due to its vasoconstrictive property, the cerebral blood flow in the region was minimal which 

might be aggravated to ischemia. This effect of phenylephrine could see in the decreased 

muscle coordination and cognitive dysfunction and also the restoration of ATP levels was 

low when compared to salbutamol and propranolol treated groups. It clearly indicated that the 

neuroprotective response is more β receptor mediated. 
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In combination treatment of salbutamol with YC-1 (HIF1α antagonist) (pre-treatment) 

showed synergistic effect on restoring cognitive function, cerebral blood flow and attenuation 

of pro-inflammatory cytokines.  

In the present study BCCAo resulted in degeneration of the different brain regions due to 

ATP depletion, biochemical alterations resulting in behavioural dysfunction indicates 

neurodegeneration. The alterations in the behavioural parameters in the ischemic animals 

indicate an elevation in EAA like glutamate [64]. Body weight was measured before and after 

surgery. The drug treatment did not show difference in the body weight between the 

treatment groups. In the present study, memory impairment was assessed using transfer 

latency as a function of inflexion ratio in an elevated plus-maze. The higher inflexion ratio 

indicates the nootropic effect of the drug [57]. The memory loss would have occurred due to 

a low level of blood supply to the brain, which results in neuronal damage, loss in synaptic 

integrity and plasticity in the hippocampal region [65]. Loss of muscle strength and function 

is a severe pathology in post-ischemic conditions [55]. Grip strength is an essential test to 

evaluate the neuromuscular function in a diseased condition such as cerebral ischemia. Grip 

strength of ischemic rats was found to be low which was progressively improved upon 

treatment.  

The reduction of blood supply could have contributed towards the neurodegeneration induced 

by ischemia. The reduced blood supply could be the cause of ischemic neuronal death 

resulting from the formation of ischemic core infarct regions [66, 67]. Studies showed that 

BCCAo model produces 32% reduction in the cerebral blood flow in hippocampus and 21% 

in the cortex [65]. In the present study, decreased CBF along with loss of grip strength and 

memory deficit was observed indicating a successful inducement of cerebral ischemia in rats.  

During cerebral ischemia, neurons are exposed to hypoxia, reduced mitochondrial function, 

increased intracellular cytosolic calcium level (Ca2+), excitatory amino acids and toxic free 

radicals [68, 69]. The depletion of GSH could be because of the oxidative stress induced by 

cerebral ischemic induction because earlier studies have suggested the release of free radicals 

during ischemic insult could deplete the GSH content in neuronal cells [70]. The released 

glutathione acts as an anti-oxidant and protects the cell from radical mediated cell injury 

which was observed due to decreased energy utilisation of mitochondrial hypoxic status. In 

this condition cells will undergo necrosis rather than apoptosis, resulting in more 

inflammatory mediator response. Interestingly, treatment with salbutamol, propranolol, 
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phenylephrine significantly increased the GSH levels in the cortex, hippocampus and striatum 

suggesting that these drugs could antagonize ischemia-induced oxidative stress and also 

reduced the elevation of NO and TBARs in the penumbra region, further supporting the 

attenuation of oxidative stress. NO, a major free radical has been widely reported during 

ischemia. The initial phase of release from eNOS is helpful in vasodilation and can control 

inflammation. The NO release through iNOS can precipitate inflammation.  

Further, current experimental findings have shown the role of inflammatory events in 

ischemia as indicated by increased levels of pro-inflammatory cytokines like IL1β, IL6 and 

TNFα in cortex, hippocampus and striatum regions of ischemic rats [54]. Pro-inflammatory 

cytokines (IL1β, IL6, TNFα) released during ischemic phase in the neuronal cells exhibit 

various effects on neurons, microglia and astrocytes [71] leading to inflammation and 

reduced glutamate clearance in the extracellular space due to impaired glutamate transporter 

activity [72]. Our results showed that post-ischemic condition enhanced the expression of 

pro-inflammatory cytokines which was downregulated upon treatment showing their role in 

neuro-inflammation in cerebral ischemic condition. 

Neuroprotective effect of drugs was assessed by histopathology and immune-histochemistry 

using H&E staining, GFAP and synaptophysin IHC. The vehicle treated ischemic rats 

showed loss of expression of GFAP and synaptophysin and the synaptophysin expression was 

significantly increased in salbutamol, propranolol and YC-1 + salbutamol treated rats 

indicating its neuroprotective property. 

Further studies have to be conducted on certain pathways β-arrestin/ NFkβ, 

cAMP/PKA/CREB, cAMP/PKA/NFkβ, neurotrophic factors levels and HIF1α regulation 

during ischemic insults which might help in providing a clear insight on neuroprotection. 

This elucidation can help in treating ischemic related stroke which in turn helps protect 

neurons in VaD. 

Hence, our current study clearly reveals the neuroprotective effect of salbutamol and 

propranolol and its synergistic effect in combination treatment with YC-1 during ischemic 

insult in cerebral hypoperfusion model. The study also states that the molecular mechanistic 

pathways have to be further elucidated with different set of proteins to get a clear insight on 

the neuroprotective molecular mechanism. 
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                                                    8. Conclusion 

The present study identified that salbutamol and propranolol showed significant 

neuroprotection by restoring muscle coordination, cerebral blood flow and downregulating 

nitrite level, lipid peroxidation and pro-inflammatory cytokines levels and also by 

upregulating the GSH and ATP levels in cortex, hippocampus and striatum regions of 

ischemic rats. Combination of salbutamol and YC-1 showed synergistic effect on salbutamol 

neuroprotection. 

Hence, our current study clearly reveals the neuroprotective effect of salbutamol and 

propranolol and its synergistic effect in combination treatment with YC-1 during ischemic 

insult in cerebral hypoperfusion model. The study also states that the molecular mechanistic 

pathways have to be further elucidated with different set of proteins to get a clear insight on 

the neuroprotective molecular mechanism. 

 

 



                                                                                                      Bibliography 
 

  Department of Pharmacology, PSG College of Pharmacy Page 65 
 

                                               7. Bibliography 

1. Corriveau RA, Bosetti F, Emr M, Gladman JT, Koenig JI, Moy CS, Pahigiannis K, 

Waddy SP, Koroshetz W. The science of vascular contributions to cognitive 

impairment and dementia (VCID): a framework for advancing research priorities in 

the cerebrovascular biology of cognitive decline. Cellular and molecular 

neurobiology. 2016 Mar 1;36(2):281-8. 

2. Khoshnam SE, Winlow W, Farzaneh M, Farbood Y, Moghaddam HF. Pathogenic 

mechanisms following ischemic stroke. Neurological Sciences. 2017 Jul 

1;38(7):1167-86. 

3. Wahul AB, Joshi PC, Kumar A, Chakravarty S. Transient global cerebral ischemia 

differentially affects cortex, striatum, and hippocampus in Bilateral Common Carotid 

Arterial occlusion (BCCAo) mouse model. Journal of chemical neuroanatomy. 2018 

Oct 1; 92:1-5. 

4. Mehta SL, Manhas N, Raghubir R. Molecular targets in cerebral ischemia for 

developing novel therapeutics. Brain research reviews. 2007 Apr 1;54(1):34-66. 

5. Shabir O, Berwick J, Francis SE. Neurovascular dysfunction in vascular dementia, 

Alzheimer’s, and atherosclerosis. BMC neuroscience. 2018 Dec;19(1):1-6. 

6. Nakayama K, Kataoka N. Regulation of gene expression under hypoxic conditions. 

International journal of molecular sciences. 2019 Jan;20(13):3278. 

7. D'Ignazio L, Rocha S. Hypoxia Induced NF-κB. Cells. 2016 Mar 8;5(1):10. DOI: 

10.3390/cells5010010. PMID: 27005664; PMCID: PMC4810095. 

8. Lee JW, Bae SH, Jeong JW, Kim SH, Kim KW. Hypoxia-inducible factor (HIF-1) α: 

its protein stability and biological functions. Experimental & molecular medicine. 

2004 Feb;36(1):1-2. 

9. Greijer AE, Van der Wall E. The role of hypoxia-inducible factor 1 (HIF-1) in 

hypoxia-induced apoptosis. Journal of clinical pathology. 2004 Oct 1;57(10):1009-14. 

10. Liu T, Zhang L, Joo D, Sun SC. NF-κB signaling in inflammation. Signal 

transduction and targeted therapy. 2017 Jul 14;2(1):1-9. 

11. Shabab T, Khanabdali R, Moghadamtousi SZ, Kadir HA, Mohan G. 

Neuroinflammation pathways: a general review. International Journal of 

Neuroscience. 2017 Jul 3;127(7):624-33. 

12. Gaceb A, Barbariga M, Özen I, Paul G. The pericyte secretome: Potential impact on 

regeneration. Biochimie. 2018 Dec 1; 155:16-25. 



                                                                                                      Bibliography 
 

  Department of Pharmacology, PSG College of Pharmacy Page 66 
 

13. Geranmayeh MH, Rahbarghazi R, Farhoudi M. Targeting pericytes for neurovascular 

regeneration. Cell Communication and Signaling. 2019 Dec;17(1):1-3. 

14. Singh N, Sharma G, Mishra V, Raghubir R. Hypoxia-inducible factor-1: its potential 

role in cerebral ischemia. Cellular and molecular neurobiology. 2012 May 

1;32(4):491-507. 

15. Davis CK, Jain SA, Bae ON, Majid A, Rajanikant GK. Hypoxia mimetic agents for 

ischemic stroke. Frontiers in cell and developmental biology. 2019 Jan 8; 6:175. 

16. Ostrowski RP, Zhang JH. The insights into molecular pathways of hypoxia‐inducible 

factor in the brain. Journal of neuroscience research. 2020 Jan;98(1):57-76. 

17. Shi H. Hypoxia-inducible factor 1 as a therapeutic target in ischemic stroke. Current 

medicinal chemistry. 2009 Dec 1;16(34):4593-600. 

18. Sassone-Corsi P. The cyclic AMP pathway. Cold Spring Harbor perspectives in 

biology. 2012 Dec 1;4(12): a011148. 

19. Kietzmann T, Mennerich D, Dimova EY. Hypoxia-inducible factors (HIFs) and 

phosphorylation: impact on stability, localization, and transactivity. Frontiers in cell 

and developmental biology. 2016 Feb 23; 4:11. 

20. Johnson M. Molecular mechanisms of β2-adrenergic receptor function, response, and 

regulation. Journal of Allergy and Clinical Immunology. 2006 Jan 1;117(1):18-24. 

21. Yun JH, Jeong HS, Kim KJ, Han MH, Lee EH, Lee K, Cho CH. β‐Adrenergic 

receptor agonists attenuate pericyte loss in diabetic retinas through Akt activation. 

The FASEB Journal. 2018 May;32(5):2324-38. 

22. Hu HT, Ma QY, Zhang D, Shen SG, Han L, Ma YD, Li RF, Xie KP. HIF-1α links β-

adrenoceptor agonists and pancreatic cancer cells under normoxic conditions. Acta 

Pharmacologica Sinica. 2010 Jan;31(1):102-10. 

23. Billington CK, Penn RB, Hall IP. β 2 Agonists. Pharmacology and Therapeutics of 

Asthma and COPD. 2016:23-40. 

24. Srinivasan AV. Propranolol: A 50-year historical perspective. Annals of Indian 

Academy of Neurology. 2019 Jan;22(1):21. 

25. Duong S, Patel T, Chang F. Dementia: What pharmacists need to know. Canadian 

Pharmacists Journal/Revue des Pharmaciens du Canada. 2017 Mar;150(2):118-29. 

26. Enciu AM, Constantinescu SN, Popescu LM, Mureşanu DF, Popescu BO. 

Neurobiology of vascular dementia. Journal of aging research. 2011 Oct;2011. 



                                                                                                      Bibliography 
 

  Department of Pharmacology, PSG College of Pharmacy Page 67 
 

27. Hachinski V, Donnan GA, Gorelick PB, Hacke W, Cramer SC, Kaste M, Fisher M, 

Brainin M, Buchan AM, Lo EH, Skolnick BE. Stroke: working toward a prioritized 

world agenda. Stroke. 2010 Jun 1;41(6):1084-99. 

28. Raz L, Knoefel J, Bhaskar K. The neuropathology and cerebrovascular mechanisms 

of dementia. Journal of Cerebral Blood Flow & Metabolism. 2016 Jan;36(1):172-86. 

29. Farooqui AA. Neurochemical Aspects of Neurological Disorders. In Curcumin for 

Neurological and Psychiatric Disorders 2019 Jan 1 (pp. 1-22). Academic Press. 

30. Iadecola C, Duering M, Hachinski V, Joutel A, Pendlebury ST, Schneider JA, 

Dichgans M. Vascular cognitive impairment and dementia: JACC scientific expert 

panel. Journal of the American College of Cardiology. 2019 Jul 2;73(25):3326-44. 

31. Kalaria RN, Akinyemi R, Ihara M. Stroke injury, cognitive impairment, and vascular 

dementia. Biochimica et Biophysica Acta (BBA)-Molecular Basis of Disease. 2016 

May 1;1862(5):915-25. 

32. Casals JB, Pieri NC, Feitosa ML, Ercolin A, Roballo K, Barreto RS, Bressan FF, 

Martins DS, Miglino MA, Ambrósio CE. The use of animal models for stroke 

research: a review. Comparative medicine. 2011 Aug 15;61(4):305-13. 

33. Woodruff TM, Thundyil J, Tang SC, Sobey CG, Taylor SM, Arumugam TV. 

Pathophysiology, treatment, and animal and cellular models of human ischemic 

stroke. Molecular neurodegeneration. 2011 Dec;6(1):1-9. 

34. Lakhan SE, Kirchgessner A, Hofer M. Inflammatory mechanisms in ischemic stroke: 

therapeutic approaches. Journal of translational medicine. 2009 Dec;7(1):1-1. 

35. Mayor D, Tymianski M. Neurotransmitters in the mediation of cerebral ischemic 

injury. Neuropharmacology. 2018 May 15; 134:178-88. 

36. Brown LS, Foster CG, Courtney JM, King NE, Howells DW, Sutherland BA. 

Pericytes and neurovascular function in the healthy and diseased brain. Frontiers in 

cellular neuroscience. 2019 Jun 28; 13:282. 

37. Hawkins BT, Davis TP. The blood-brain barrier/neurovascular unit in health and 

disease. Pharmacological reviews. 2005 Jun 1;57(2):173-85. 

38. Muoio V, Persson PB, Sendeski MM. The neurovascular unit–concept review. Acta 

physiologica. 2014 Apr;210(4):790-8. 

39. Maki T, Hayakawa K, Pham LD, Xing C, Lo EH, Arai K. Biphasic mechanisms of 

neurovascular unit injury and protection in CNS diseases. CNS & Neurological 



                                                                                                      Bibliography 
 

  Department of Pharmacology, PSG College of Pharmacy Page 68 
 

Disorders-Drug Targets (Formerly Current Drug Targets-CNS & Neurological 

Disorders). 2013 May 1;12(3):302-15. 

40. Weidemann A, Johnson RS. Biology of HIF-1 α. Cell Death & Differentiation. 2008 

Apr;15(4):621-7. 

41. Takahashi N, Tetsuka T, Uranishi H, Okamoto T. Inhibition of the NF‐κB 

transcriptional activity by protein kinase A. European Journal of Biochemistry. 2002 

Sep;269(18):4559-65. 

42. Nakano R, Nakayama T, Sugiya H. Biological Properties of JNK3 and Its Function in 

Neurons, Astrocytes, Pancreatic β-Cells, and Cardiovascular Cells. Cells. 2020 

Aug;9(8):1802. 

43. Darshit BS, Ramanathan M. Activation of AKT1/GSK-3 β/β-Catenin–

TRIM11/Survivin pathway by novel GSK-3 β inhibitor promotes neuron cell survival: 

study in differentiated SH-SY5Y cells in OGD model. Molecular neurobiology. 2016 

Dec;53(10):6716-29. 

44. Peterson L, Ismond KP, Chapman E, Flood P. Potential benefits of the therapeutic use 

of β2-adrenergic receptor agonists in neuroprotection and Parkinson’s disease. Journal 

of immunology research. 2014 Jan 19;2014. 

45. Bartus RT, Bétourné A, Basile A, Peterson BL, Glass J, patrick NM. β2-Adrenoceptor 

agonists as novel, safe, and potentially effective therapies for Amyotrophic lateral 

sclerosis (ALS). Neurobiology of disease. 2016 Jan 1; 85:11-24. 

46. Sun Y, Chen X, Zhang X, Shen X, Wang M, Wang X, Liu WC, Liu CF, Liu J, Liu W, 

Jin X. β2-adrenergic receptor-mediated HIF-1α upregulation mediates blood-brain 

barrier damage in acute cerebral ischemia. Frontiers in molecular neuroscience. 2017 

Aug 14; 10:257. 

47. Hagena H, Hansen N, Manahan-Vaughan D. β-adrenergic control of hippocampal 

function: subserving the choreography of synaptic information storage and memory. 

Cerebral cortex. 2016 Apr 1;26(4):1349-64. 

48. Ortmann R, Martin S, Radeke E, Delini-Stula A. Interaction of β-adrenoceptor 

agonists with the serotonergic system in rat brain. Naunyn-Schmiedeberg's archives of 

pharmacology. 1981 Sep;316(3):225-30. 

49. Oshima N, Onimaru H, Yamamoto K, Takechi H, Nishida Y, Oda T, Kumagai H. 

Expression and functions of β 1-and β 2-adrenergic receptors on the bulbospinal 



                                                                                                      Bibliography 
 

  Department of Pharmacology, PSG College of Pharmacy Page 69 
 

neurons in the rostral ventrolateral medulla. Hypertension Research. 2014 

Nov;37(11):976-83. 

50. Omae T, Mayzel-Oreg O, Li F, Sotak CH, Fisher M. Inapparent hemodynamic 

insufficiency exacerbates ischemic damage in a rat microembolic stroke model. 

Stroke. 2000 Oct;31(10):2494-9. 

51. Ramanathan M, Abdul KK, Justin A. Low dose of L-glutamic acid attenuated the 

neurological dysfunctions and excitotoxicity in bilateral common carotid artery 

occluded mice. Behavioral pharmacology. 2016 Oct 1;27(7):615-22. 

52. Liu B, Gao JM, Li F, Gong QH, Shi JS. Gastrodin attenuates bilateral common 

carotid artery occlusion-induced cognitive deficits via regulating Aβ-related proteins 

and reducing autophagy and apoptosis in rats. Frontiers in pharmacology. 2018 Apr 

26; 9:405. 

53. Deshmukh R, Kaundal M, Bansal V. Caffeic acid attenuates oxidative stress, learning 

and memory deficit in intra-cerebroventricular streptozotocin-induced experimental 

dementia in rats. Biomedicine & Pharmacotherapy. 2016 Jul 1; 81:56-62. 

54. Justin A, Sathishkumar M, Sudheer A, Shanthakumari S, Ramanathan M. Non-

hypotensive dose of telmisartan and nimodipine produced a synergistic 

neuroprotective effect in the cerebral ischemic model by attenuating brain cytokine 

levels. Pharmacology Biochemistry and Behavior. 2014 Jul 1; 122:61-73. 

55. Desgeorges MM, Devillard X, Toutain J, Castells J, Divoux D, Arnould DF, Haqq C, 

Bernaudin M, Durieux AC, Touzani O, Freyssenet DG. Pharmacological inhibition of 

myostatin improves skeletal muscle mass and function in a mouse model of stroke. 

Scientific reports. 2017 Oct 25;7(1):1-1. 

56. Takeshita H, Yamamoto K, Nozato S, Inagaki T, Tsuchimochi H, Shirai M, 

Yamamoto R, Imaizumi Y, Hongyo K, Yokoyama S, Takeda M. Modified forelimb 

grip strength test detects an aging-associated physiological decline in skeletal muscle 

function in male mice. Scientific reports. 2017 Feb 8;7(1):1-9. 

57. Retinasamy T, Shaikh MF, Kumari Y, Othman I. Ethanolic Extract of Orthosiphon 

stamineus Improves Memory in Scopolamine-Induced Amnesia Model. Frontiers in 

pharmacology. 2019 Oct 29; 10:1216. 

58. Green LC, Wagner DA, Glogowski J, Skipper PL, Wishnok JS, Tannenbaum SR. 

Analysis of nitrate, nitrite, and [15N] nitrate in biological fluids. Analytical 

biochemistry. 1982 Oct 1;126(1):131-8. 



                                                                                                      Bibliography 
 

  Department of Pharmacology, PSG College of Pharmacy Page 70 
 

59. Jollow DJ, Mitchell JR, Zampaglione N, Gillette JR. Bromobenzene-induced liver 

necrosis. Protective role of glutathione and evidence for 3, 4-bromobenzene oxide as 

the hepatotoxic metabolite. Pharmacology. 1974;11(3):151-69. 

60. Ohkawa H, Ohishi N, Yagi K. Assay for lipid peroxides in animal tissues by the 

thiobarbituric acid reaction. Analytical biochemistry. 1979 Jun 1;95(2):351-8. 

61. Wang M, Wang J, Liu Z, Guo X, Wang N, Jia N, Zhang Y, Yuan J. Effects of 

intermedin on autophagy in cerebral ischemia/reperfusion injury. Neuropeptides. 2018 

Apr 1; 68:15-21. 

62. Justin A, Divakar S, Ramanathan M. Cerebral ischemia-induced inflammatory 

response and altered glutaminergic function mediated through brain AT1 and not AT2 

receptor. Biomedicine & Pharmacotherapy. 2018 Jun 1; 102:947-58. 

63. Agoston DV, Shutes-David A, Peskind ER. Biofluid biomarkers of traumatic brain 

injury. Brain injury. 2017 Jul 29;31(9):1195-203. 

64. Swanson CJ, Bures M, Johnson MP, Linden AM, Monn JA, Schoepp DD. 

Metabotropic glutamate receptors as novel targets for anxiety and stress disorders. 

Nature reviews Drug discovery. 2005 Feb;4(2):131-44. 

65. Bhuvanendran S, Bakar SN, Kumari Y, Othman I, Shaikh M, Hassan Z. Embelin 

improves the spatial memory and hippocampal long-term potentiation in a rat model 

of chronic cerebral hypoperfusion. Scientific reports. 2019 Oct 10;9(1):1-1. 

66. Neumar RW. Molecular mechanisms of ischemic neuronal injury. Annals of 

emergency medicine. 2000 Nov 1;36(5):483-506. 

67. Frederick JR, Chen Z, Bevers MB, Ingleton LP, Ma M, Neumar RW. Neuroprotection 

with delayed calpain inhibition after transient forebrain ischemia. Critical care 

medicine. 2008 Nov;36(11 Suppl):S481. 

68. Siesjö BK. Pathophysiology and treatment of focal cerebral ischemia: Part II: 

mechanisms of damage and treatment. Journal of neurosurgery. 1992 Sep 

1;77(3):337-54. 

69. Siesjö BK. Pathophysiology and treatment of focal cerebral ischemia: Part I: 

Pathophysiology. Journal of neurosurgery. 1992 Aug 1;77(2):169-84. 

70. Mizui TA, Kinouchi HI, Chan PH. Depletion of brain glutathione by buthionine 

sulfoximine enhances cerebral ischemic injury in rats. American Journal of 

Physiology-Heart and Circulatory Physiology. 1992 Feb 1;262(2):H313-7. 



                                                                                                      Bibliography 
 

  Department of Pharmacology, PSG College of Pharmacy Page 71 
 

71. Minami M, Katayama T, Satoh M. Brain cytokines and chemokines: roles in ischemic 

injury and pain. Journal of pharmacological sciences. 2006 Jan 1;100(5):461-70. 

72. Tilleux S, Hermans E. Neuroinflammation and regulation of glial glutamate uptake in 

neurological disorders. Journal of neuroscience research. 2007 Aug 1;85(10):2059-70. 

 





 


















 





       
  












 



 


















Distinguished Professor at Shaanxi 
University of Technology
Senior Researcher, CBMA, Univ. of Minho, 
Portugal
Adjunct Professor, Univ. of Guelph, Canada

Professor at Department of Biology, 
University of Minho, Portugal

Distinguished Professor at State Key 
Laboratory of Quality Research in 
Chinese Medicine, University of 
Macau

Thank you for presenting your poster at the Conference

                   The Organizing Committee of the
“International Conference on Medicinal and Food Plant Research & 3rd Sino-CPLP Symposium on 

Natural Products and Biodiversity Resources”, 9-10th April 2021, Hanzhong, China 

Naveen Raj Balasubramaniyan




	Dr. M. Ramanathan, D.Sc.
	Dr. M. Ramanathan, D.Sc.,
	B. NAVEEN RAJ

