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Abstract 

 

Ischemic stroke is a leading cause of adult disability, which presents a pressing 

need for a pharmacological therapy.  Emerging literature suggests that after a stroke, the 

peri-infarct region exhibits dynamic changes in excitability. The acute ischemic phase 

triggers glutamate-mediated excitotoxic neuronal death. On the contrary, during the 

chronic phase, when the brain begins to repair itself, it displays heightened 

neuroplasticity that also resembles the neuronal developmental stages. However, this 

recovery is incomplete. Thus, promoting cortical excitability during the repair and 

recovery phase could potentially be therapeutic. Brevetoxin-2 (PbTx-2), a voltage-gated 

sodium channel (VGSC) modifier, increases intracellular sodium ([Na+]i), upregulates N-

methyl-d-aspartate receptors (NMDAR) channel activity, and engages activity-dependent 

downstream calcium (Ca2+) signaling pathways. In immature cerebrocortical neurons, 

PbTx-2 promoted neuronal structural plasticity by increasing neurite outgrowth, 

dendritogenesis and synaptogenesis. This led us to hypothesize that PbTx-2 could 

promote structural remodeling of neural networks in the peri-infarct site and subsequently 

promote functional outcomes after stroke.  In the current study, we have investigated this 

phenomenon using adult male transgenic yellow fluorescent protein expressing (YFP) 

mice by providing an epicortical application of PbTx-2 five days after inducing a 

photothrombotic stroke. We show that PbTx-2 enhanced dendritic arbor complexity and 

excitatory synapse density of the cortical layer V pyramidal neurons in the peri-infarct 

cortex. Consistent with increased neuronal plasticity, PbTx-2 also produced a robust gain 

of motor recovery. Collectively, our results identify an activity-dependent pharmacologic 

strategy to promote recovery from stroke and possibly other brain injuries.   
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CHAPTER 1: INTRODUCTION AND REVIEW OF THE 
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Stroke epidemiology  

 

Stroke is one of the leading causes of mortality and adult disability worldwide. 

Although the rate of stroke mortality has decreased in high-income countries, no 

significant difference has been seen in low and middle-income countries. Globally, stroke 

is the second leading cause of death [Mozaffarian et al., 2016]. Stroke also has an annual 

economic cost of approximately $34 billion worldwide (Mozaffarian et al., 2015). Stroke 

affects more than 795,000 people each year with nearly 1 of 4 occurring in people who 

have had a previous stroke (Benjamin et al., 2017).  

In the United States, the geographic disparities are dramatic. Mortality is 20% 

higher in the stroke belt, identified as South Carolina, North Carolina, Georgia, 

Tennessee, Louisiana, Mississippi, Alabama and Arkansas (Howard et al., 1997). This is 

mostly attributed to socioeconomic status and regional differences in culture such as 

cigarette smoking and consumption of high salt and fat food.  

Types of stroke  

 

Ischemic stroke  

 

Ischemic stroke accounts for 87% of all strokes (Donnan et al., 2008) and is 

caused by interruption of blood supply to a part of the brain resulting in a sudden loss of 

function. Ischemic strokes are further classified into thrombotic or embolic strokes.  

Thrombotic strokes are caused by a blood clot that forms in and occludes blood vessels 

inside the brain. Embolic strokes are caused by a clot or plaque that travels from 

somewhere in the body and then blocks one of the blood vessels in the brain.   
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Hemorrhagic stroke 

 

Hemorrhagic strokes are commonly caused by hypertension, anti-coagulation 

therapy, cerebral amyloid angiopathy, and vascular structural lesions (Rannikmae et al., 

2016). Intracerebral hemorrhage occurs when a blood vessel within the brain bursts, 

causing blood to leak inside the brain. This type of hemorrhage usually occurs in the 

cerebellum, brain stem, basal ganglia or cortex. Subarachnoid hemorrhage occurs when a 

blood vessel on the surface of the brain bursts and bleeds into the space between the brain 

and the skull (subarachnoid space).  

Transient Ischemic Attack  

 

 Transient Ischemic Attack (TIA) is often called a mini- stroke but is a warning 

sign for a major stroke. TIA occurs due to a temporary blockage of blood flow to the 

brain. The body usually responds by moving the clot downstream or by use of 

endogenous anticoagulants in the blood. According to the American Stroke Association, 

15% of stroke patients have a TIA history and up to 25% of people with TIA die within a 

year. Approximately one-third of patients with TIA progress to a more severe stroke 

within one year of onset.  

Cryptogenic Stroke 

 

A stroke of unknown cause is called a Cryptogenic Stroke (CS). There are several 

different definitions of CS. The Trial of Org 10172 in Acute Stroke Treatment defines CS 

as a cerebral infarct not attributed to a definite source of cardioembolism, large-vessel 

atherosclerosis, or small-vessel disease, despite:  

(1) extensive cardiac, vascular, hematologic, and serological evaluation;  
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(2) evidence of > 1 competing cause, or  

(3) incomplete diagnostic evaluation (Adams et al., 1993).  

In most situations, the cause of CS is unknown because it is transitory or 

reversible or in some cases the causes remain unknown. Statistically, about one third of 

ischemic strokes are classified as cryptogenic and is predominantly detected in younger 

compared to older patients due to cardiac embolism, followed by coagulopathy and 

vasculopathy. Cardiac embolism occurs due to an embolism from upstream veins from 

patent foramen ovale, valvular disease, atrial septal aneurysm, and atrial fibrillation 

(Finsterer, 2010). 

Brain Stem Stroke 

 

According to the American Stroke Association, patients with brain stem strokes 

can display complex symptoms making it difficult to diagnose. For example, a patient 

may have vertigo, dizziness and severe imbalance without the characteristic symptom of 

stroke- weakness on one side of the body. A brain stem stroke can also present itself with 

other symptoms such as slurred speech, double vision and decreased level of 

consciousness. The brain stem controls several important activities of such as 

consciousness, breathing, motor control and blood pressure. A severe brain stem stroke 

can also cause a lock-down syndrome, in which survivors can only move their eyes and 

are generally unable to speak or move below the neck. Risk factors for brain stem stroke 

are similar as strokes in other areas of the brain. Other rare causes include injury to an 

artery due to sudden head or neck movements.  
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Diagnosis of stroke 

 

Depending on the area of brain damage, patients experience sudden unilateral 

paralysis, altered speech, vision loss, ataxia, visual-spatial-perceptual dysfunction (M.A 

Moskowitz 2010).  Stroke subtypes are determined using Computerized Tomographic 

(CT) imaging or Magnetic Resonance Imaging (MRI). CT scans are most commonly 

used, whereas MRI gives more accurate information and can distinguish between 

hemorrhage and a thrombus (Merino and Warach, 2010).  

Risk factors  

 

  

Genetic Risk Factors 

 

Genome wide association studies have identified a wide range of 

pathophysiological genes associated with stroke occurrence. Some of these include 

Endothelial Nitric Oxide Synthase (ENOS), Apolipoprotein E (APOE), Cytochrome 

P450 4F2 (CYP4F2), methylenetetrahydrofolate reductase (MTHFR), Factor V Leiden 

(F5), beta-fibrinogen, and Phosphodiesterase 4D (PDE4D) (Auer et al., 2015; Carty et al., 

2015; Gretarsdottir et al., 2008; Ikram et al., 2009).  
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Other risk factors   

 

Traditional risk factors of stroke can be classified into modifiable and 

unmodifiable risk factors. Modifiable risk factors include, hypertension, 

hypercholesterolaemia, atrial fibrillation, and carotid artery disease, alcohol consumption, 

cigarette smoking, physical inactivity and diabetes mellitus. Nonmodifiable risk factors 

include age and gender (Odonnell et al.,2010; Lopez et al., 2006]. Risk of suffering from 

stroke increases by age, but strokes can occur at any age. In the year 2009, 34% of stroke 

patients were under the age of 65 (Hall et al., 2012). 

Current treatment strategies  

 

Depending on timing, there are 3 broad treatment stages for stroke: prevention, 

therapy immediately after the stroke, and post-stroke rehabilitation. Therapies to prevent 

a first or recurrent stroke are based on treating a patient’s underlying risk factors for 

stroke. Acute stroke therapies try to stop a stroke while it is happening by quickly 

dissolving or removing the blood clot or by stopping the bleeding in the case of a 

hemorrhagic stroke. Post-stroke rehabilitation therapy helps patients overcome 

disabilities that result from stroke damage.  

Antithrombotics  

 

Antithrombotics include antiplatelet agents and anticoagulants. Antiplatelet drugs 

prevent clotting by decreasing platelet activity that contributes to blood clotting and are 

mainly prescribed for stroke prevention. These include aspirin, clopidrogel, 

dipyridamole, and ticlopidine. Anticoagulants reduces blood clotting. Most commonly 

used anticoagulants include warfarin, heparin, and enoxaparin (NINDS, 2004).  
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Thrombolytic agents  

 

Thrombolytic agents are used to treat an ongoing acute ischemic episode caused 

by a blocked artery. Recombinant tissue plasminogen activator (rtPA), a genetically 

engineered form of tPA can be effective if provided intravenously within 3 hours of 

stroke onset, resulting in only 3-9% of patients that received the treatment (Chang and 

Prabhakaran, 2017). The ECASS-3 trial in 2008 recently extended r-tPA eligibility from 

3 to 4.5 hours, with additional exclusion criteria, thereby increasing r-tPA utilization by 

20% in some medical centers (Lyerly et al., 2013) 

Surgery 

 

 The introduction of endovascular therapy further expanded the treatment window 

to up to 7 hours from stroke onset in select patients (Table 1). The American stroke 

Association/ American Heart Association has published selection criteria for 

endovascular therapy for patients with acute ischemic stroke (Powers et al., 2015).  

Acute ischemic stroke receiving t-PA within 4.5 hours of stroke onset. 

Stroke caused by occlusion of proximal or middle cerebral artery or internal carotid 

artery. 

Treatment to be initiated within 6 hours of stroke onset. 

NIH stroke scale/ score of >- 6 

Functionally independent before stroke (modified Rankin score of 0 to 1) 

Age >- 18 years  

Table 1- America Heart Association selection criteria 
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Extracranial/ Intracranial (EC/IC) bypass surgery is a procedure that restores 

blood flow to the area of the brain tissue that is compromised by rerouting a normal 

artery to the damaged brain tissue. However, EC/IC is not beneficial in the long run and 

is occasionally used for aneurysms or certain types of vascular deformities.    

Rehabilitation Therapy 

 

Physical therapy (PT) promotes relearning simple motor movements such as 

standing, sitting, walking, lying down, and switching from one movement to another.  It 

includes training, exercises and physical manipulation of the patient in order to restore 

movement, balance and coordination. Occupational therapy (OT) aims to facilitate 

patients to become more independent. OT also involves training the patients to help 

relearn daily activities such as eating, drinking, cooking, bathing, reading and writing 

(NINDS, 2004).  

Excitotoxicity associated with ischemic stroke 

 

During ischemia, restricted blood vessel results into depletion of oxygen and 

essential nutrients required for maintenance of ionic homeostasis and results in triggering 

the release of the excitatory neurotransmitter- glutamate (Dirnagl et al., 1999). 

Additionally, energy depletion also disrupts the re-uptake transporters and results in 

accumulation of glutamate in the synaptic space.  Ionotropic glutamate receptors are 

ligand-gated ion channels that allow rapid ion influx in response to glutamate and are 

broadly classified into two main subtypes: NMDA (N-methyl-d-aspartate) receptors 

(NMDARs) and AMPA (α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid) 

receptors (AMPARs). Normally, in the resting state, the NMDA channels are blocked by 
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Mg2+. When glutamate is released from pre-synaptic sites, activated AMPARs cause a 

partial depolarization sufficient to remove the Mg2+ block from NMDARs. Once 

NMDARs are activated, they cause influx of Na+ and Ca2+ into the cell. However, during 

excitotoxicity, excess glutamate release results in over-activation of NMDARs and leads 

to calcium overload inside the neurons. Excess calcium triggers a cascade of downstream 

signaling events such as calpain activation [Curcio, 2016; Xu J, 2009], reactive oxygen 

species generation  (Kristian and Siesjo, 1998; Eliasson, 1999; Lau and Tymianski,  

2010), and mitochondrial damage (Kristian and Siesjo, 1998), ultimately resulting in cell 

death. 

Zones of stroke damage  

 

Infarct core 

 

 The core denotes the part of the ischemic tissue which is permanently infarcted due 

to acute loss of blood flow and is destined to infarct regardless of reperfusion. Loss of 

blood flow precipitates a cascade of excitotoxic events that directly damage the 

parenchyma of the brain including the neurons, blood vessels, astrocytes, 

oligodendrocytes, microglia, and oligodendrocyte precursor cells.  

Peri-infarct region 

 

Peri-infarct is the tissue adjacent to the infarct core and has experienced partial 

damage that risks progressing to infarction but is still potentially salvageable. The partial 

blood supply triggers endothelial cells to localize neutrophils and macrophages. 

Additionally, activation of astrocytes triggers the production of cytokines, matrix 

metalloproteases and chondroitin sulfate proteoglycans that cause secondary damage, but 
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also generate signals for neuronal repair such as promoting angiogenesis, axonal 

sprouting; and synchronized neuronal activity that promotes the formation of new 

connections (Carmichael, 2016).  

Neuroplasticity  

 

Neuroplasticity is broadly defined as the ability of the nervous system to adopt a 

new structural or functional state in response to extrinsic and intrinsic factors (Ganguly 

and Poo, 2013). Plasticity plays a key role not only in the normal process of learning, 

memory and adaptation, but also in response to ischemic stroke and other central nervous 

system (CNS) injuries (Boller 2004). Mechanisms involved in post-stroke recovery are 

similar to those involved in the development of the nervous system. Two factors that 

enable post-stroke plasticity in an adult brain are (1) redundant connectivity in the CNS, 

(2) formation of new structural and functional circuits through remapping of related 

cortical areas. (Murphy and Corbett, 2009). It has also been suggested that although the 

brain has a defined circuitry, it functions as a spatially distributed system that signals 

through multiple pathways and is capable of adapting to changes in signal transmission.  

As mentioned earlier, the brain has the capacity to alter the structure and function 

of neurons in response to changing demands. Therefore, when a normal input to a cortical 

area is lost due to injury, rapid structural and functional reorganization results in 

activation of this area by the surrounding intact regions. For instance, in macaque 

monkeys, recovery of dexterity after a unilateral stroke is mediated by the ipsilateral 

hemisphere (Liu and Rouiller, 1999). Similarly, in humans, recovery in patients is 

associated with increased activity in the ipsilateral cortex (Gerloff et al., 2006). This 

process of remapping occurs with changes in neuronal excitability where an initially less 
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responsive peri-infarct area or zone displays a differential return of neuronal activation 

(Lim et al., 2014). Recovery in smaller strokes (those that affect 5 to 15 % of tissue) 

involves the peri-infarct area that performs similar functions (Brown et al., 2009).  In 

contrast, for larger strokes, tissues with similar functions are founds at more distant 

regions or even the contralateral hemisphere (Biernaskie et al., 2005). Recovery achieved 

through cortical reorganization in the contralateral region is associated with 

compensation whereas recovery involving the peri-infarct area is associated with true 

recovery.  

The neurobiological recovery post-stroke can be divided into 5 phases. (1) hyper-

acute: 0 to 24 hours, (2) acute: 1 to 7 days, (3) early subacute: 7 days to 3 months, (4) late 

subacute: 3 to 6 months, and (5) chronic: 6 months and more (Fig. 1).  

 

Figure 1- Progression of stroke damage, tissue reorganization and behavioral 

recovery (Dobkin and Carmichael, 2016). 

Brain excitability during ischemic stroke  

 

Neuronal excitability after a stroke exhibits a yin and yang phase, where the acute 

phase is deleterious and is characterized by neuronal depolarization, excessive glutamate 
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and calcium levels, and excitotoxicity. Due to elevated excitability during the acute 

phase, blocking glutamate or enhancing GABA signaling promotes neuroprotection, in 

animal models of stroke.  However, during the chronic phase (Fig. 2), the peri-infarct 

tissue displays a marked increase in extracellular γ-aminobutyric acid (GABA) levels due 

to the loss of the GABA transporter GAT-3(Clarkson et al., 2010). Notably, 

administration of L655,708, a benzodiazepine inverse agonist specific to the 

extrasynaptic GABAAR, produced early and sustained functional gains. Additionally, 

increasing baseline glutamatergic excitability during the chronic phase through direct 

current stimulation of the peri-infarct region improved the use of the affected limb in 

patients after stroke (Hummel and Cohen, 2006). Hence, counteracting the hypo-

excitability caused by heightened inhibition, could potentially promote recovery when 

initiated during the chronic phase. This inflection point from acute to chronic phase has 

been reported to occur 3 days after stroke in mice.  

 

Figure 2 - Boxplot showing elevated tonic inhibition post-stroke in the peri-infarct 

region. Whole-cell-patch-clamp recordings obtained from post-stroke brain slices, 

within peri-infarct region (Clarkson et al., 2010). 
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Voltage-gated sodium channels (VGSC) 

 

VGSCs play an essential role in action potential initiation and propagation, they 

mediate forms of synaptic plasticity that depend on neuronal firing (Cantrell and 

Catterall, 2001). Sodium currents were first recorded by Hodgkin and Huxley using the 

voltage clamp procedure, showing the key features such as voltage gated activation, rapid 

inactivation (1-2 milliseconds) and selective ion conductance to sodium (Hodgkin and 

Huxley, 1952). Structurally, the VGSC consists of a pore-forming α subunit, which can 

function independently, together with 1–4 auxiliary β subunits (Wood, 2001; Yu and 

Caterall, 2003; Yu et al., 2005; Caterall, 2000). To date, 10 VGSC subtypes have been 

identified in mammals. They were named Nav1.1-Nav1.9 and NavX based on differences 

in the α subunit (Yu and Caterall, 2003; Yu et al.,2005; Goldin et al., 2000). VGSCs are 

composed of 4 transmembrane domains (DI-DIV); 3 intracellular loops (L1, L2 and L3); 

and the N-terminus and C-terminus (NT and CT) (Fig, 3). Further, each transmembrane 

domain contains 6 α-helical transmembrane segments (S1-S6). The transmembrane 

segment S4 is called the “voltage sensor” as it is extremely sensitive to changes in 

membrane potential. The intracellular loop L3 between the domains DIII and DIV has 3 

amino acid residues and is involved in rapid inactivation of the channel (Yu FH 2003).  

VGSC α subunits are distributed differently in the CNS and peripheral nervous 

system (PNS). Nav1.1, Nav1.2, Nav1.3, Nav1.5, and Nav1.6 Na+ channels are more 

widely distributed in the CNS, whereas the Nav1.7, Nav1.8, and Nav1.9 Na+ channels are 

predominantly distributed in the PNS (Candenas et al., 2006; Vacher et al., 2008; 

Pappalardo et al., 2016; Lai and Jan, 2006; Whitaker et al., 2000; Wang et al., 2009; 

Onkal et al., 2008; Whitaker et al., 2001; Fukuoka and Noguchi, 2011; Schaller and 
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Caldwell, 2000 and 2003). VGSCs have three characteristic features: (1) voltage-

dependent activation; (2) rapid inactivation; and (3) Na+ selectivity (Wood and Baker, 

2001; Yu and Caterall, 2003; Goldin et al., 2000; Diss et al., 2004). VGSCs switch 

between 3 states depending on the membrane potential. In excitable cells, depolarizations 

cause a rapid rise in Na+ permeability due to opening from their resting state. This 

process involves voltage sensors to move in an outward direction due to the change in 

membrane potential. This increase in Na+ permeability causes membrane depolarization 

that characterizes the initial phase of the action potential. 

 

 

Figure 3 - The voltage-gated sodium channel [Yu FH, 2003]. 
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N-methyl-d-aspartic acid (NMDA) 

 

Excitatory synaptic transmission is primarily mediated by the amino acid 

glutamate that activates 2 groups of glutamatergic receptors: ionotropic and 

metabotropic. Ionotropic receptors are further classified into α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid receptor (AMPA), kainite, N-Methyl-D-aspartic acid 

(NMDA), and delta receptors. Structurally, the NMDA receptors consists of GluN1-3 

subunits. GluN2 and N3 are encoded by 4 (GluN2A-D) and 2 (GluN3A and B) genes, 

respectively (Monyer et al., 1992). Functional NMDA receptors are organized as 

heterotetramers containing GluN1 subunits in combination with 2 GluN2 and/ or GluN3 

subunits (Monyer et al., 1992, Ulbrich and Isacoff, 2008). The amino terminal domain is 

linked to the ligand binding domain, which in turn is connected to the transmembrane 

domain, thus forming an ion channel. This structure in turn communicates with the 

carboxy-terminal domain (Traynelis et al., 2010). In terms of channel gating, NMDA 

receptors require the simultaneous binding of 2 ligands for receptor activation: 2 

molecules of the agonist glutamate (Watkins and Evans, 1981, Patneau et al., 1990; 

Clements and Westbrook, 1991) and 2 molecules of the coagonist glycine (Johnson and 

Ascher, 1987; Kleckner and Dingledine, 1988). Once glutamate is released from the 

presynaptic nerve it reaches a peak cleft concentration of approximately 1mM and is then 

rapidly removed by diffusion/uptake (Bergles et al., 1999). The transient glutamate 

concentration results in a normal synaptic transmission via activation of NMDA 

receptors. However, disease states are associated with dysregulated glutamate release or 

uptake (Mattson 2003, Nyitrai et al., 2006), therefore resulting in an extended elevation 
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of glutamate levels reaching μM values (Heinrich et al., 2012, Phillis and O’Regan, 

2003). This results in excitotoxic tonic activation of NMDA receptors.  

NMDA receptors play a pivotal role in synaptic plasticity (Collingridge, 2004). 

Physiological activation of NMDA receptors during development can promote neuronal 

survival, migration and dendritic outgrowth (Pearce et al., 1987; Komuro and Rakic, 

1993). However, excessive NMDA receptor activity leads to neuronal necrosis that 

occurs in the ischemic core of a stroke (Bonfoco et al.,1995) (Fig. 4).  

 

Figure 4 - Graph depicting an inverted U-shaped dose-response relationship of 

NMDA receptor activity versus neuronal survival and outgrowth. Too little or 

excessive NMDA receptor activity results in neuronal death (Lipton and Nakanishi, 

1999). 

 

Brevetoxin (PbTx) 

 

Brevetoxins (PbTx-1 to PbTx-10) are potent lipid-soluble polyether neurotoxins 

produced by the marine dinoflagellate Karenia brevis (formerly known as Gymnodinium 

breve and Ptychodiscus brevis), an organism linked to periodic red tide blooms in the 
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Gulf of Mexico along the western Florida coastline (Baden, 1989) and New Zealand 

(Ishida et al, 1995). Although brevetoxin toxicity can result from inhalation, oral or 

dermal exposure, the most common route of exposure is by ingestion of contaminated 

shellfish. Neurotoxic Shellfish Poisoning is characterized by paresthesia, vertigo, reversal 

of temperature, myalgia and ataxia. Other symptoms include gastrointestinal discomfort 

such as abdominal pain, diarrhea and nausea (Morris et al., 1991).  Inhalation exposure 

may cause respiratory symptoms characterized by bronchospasm, dyspnea, and cough 

(Tunik, 2011; Baden et al., 2005; Fleming et al, 2005; Watkins et al., 2008).  

Structurally, PbTx-2 is composed of three distinct regions: H-K ring system, an 

A-ring lactone, and a B-G ring region (Fig. 5). All active forms of the toxins, whether 

they are members of the brevetoxin A or brevetoxin B backbone, possess these 

characteristics (Gawley et al., 1995). 

 

Figure 5 - Structural backbones of brevetoxin. [Baden et al., 2005] 

Type A brevetoxins such as PbTx-1, 7, and 10, are more potent than type B, however, are 

less stable and of limited supply (Poli et al., 1986). Of the type B PbTxs, PbTx-2 is the 
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major naturally occurring PbTx produced with successively lower amounts of PbTx-3 

followed by PbTx-1. Karenia brevis produces type B PbTxs in an approximate ratio of 

20:4:1, respectively (Poli et al., 2000). The active toxin binds at site 5 of the α subunit in 

a “head-down” orientation, intercalating between domains DIII and DIV (Poli et al.,1986; 

Gawley et al.,1995 and Trainer et al., 1994). Brevetoxins interact with site 5 of the α-

subunit of the VGSC. Brevetoxins augment Na+ influx through VGSC by increasing the 

mean open time of the channel, inhibiting channel inactivation and shifting the activation 

potential to more negative values (Jeglitsch et al, 1998). 

Pbtx-2 augments NMDAR function  

 

Studies have reported that intracellular sodium concentrations may act as a 

signaling molecule and play a role in activity-dependent plasticity as indicated by 

increased [Na+]i  increments in the dendrites and spines during synaptic stimulation (Rose 

et al., 1999; Rose and Konnerth, 2001). Additionally, Src family kinases (SFKs) are 

widely expressed in the CNS and play an important role in regulating activities of ion 

channels such as the NMDARs. They also regulate other types of channels in neurons 

including voltage-gated ion channels, such as calcium and potassium, as well as GABAA 

(gamma-aminobutyric acid type A) receptors and nicotinic receptors. 

Electrophysiological studies have shown than NMDA currents are regulated by a balance 

between tyrosine phosphorylation and dephosphorylation. Protein tyrosine kinase (PTK) 

inhibition or increasing phosphotyrosine phosphatases (PTP) leads to suppression of 

NMDAR currents. Conversely, NMDAR currents are increased by increasing PTK 

activity or inhibiting PTP activity. Tyrosine phosphorylation by Src facilitates the binding 

of Na+ to NMDAR and exerts a regulatory effect on NMDAR signaling (Salter, 1999). 
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Previous studies (George et al., 2009) have demonstrated that PbTx-2 exposure leads to 

augmentation of NMDA receptor signaling and this effect was mediated by an increase in 

Src kinase activity and increased intracellular [Na+]. Membrane potential assays indicated 

that PbTx-2 augmentation of NMDA receptor signaling does not involve depolarization-

induced relief of Mg2+ blockade. Single-channel currents from cell-attached patch clamp 

recordings demonstrated that PbTx-2 induced upregulation of NMDAR was mediated by 

increased open probability and mean open time of NMDARs. Further analysis to 

demonstrate the requirement of Na+ used PbTx-2 applied when Na+ was substituted by an 

impermeable cation N-methyl D-glucamine (NMDG).  Under these conditions, PbTx-2 

failed to upregulate NMDAR function. Resubstituting back with Na+ caused PbTx-2 to 

significantly increase the mean open time and open probability of NMDARs, thus 

suggesting the requirement of Na+ for augmenting NMDAR function.  Previously the 

same group also found that PbTx-2 augmented NMDAR-mediated Ca2+ influx in both 

mature and immature neurons (Dravid et al., 2005) 

PbTx-2 engages downstream activity-dependent signaling mechanisms  

 

Mitogen-activated protein kinases (MAPK) are activated by phosphorylation of 

tyrosine and threonine that convert extracellular stimuli into intracellular responses. 

Major MAPK signaling cascades include extracellular signal-regulated kinases 

(ERK1/2), c-Jun N- terminal protein kinase (JNK), and p38 (Cargnello and Roux, 2011). 

Of this family, the most studied, ERK1/2, plays an important role in cell survival. Upon 

activation ERK translocates into the nucleus and phosphorylates transcription factors that 

are involved in regulating gene expression (Chang et al., 2003), and facilitating DNA 

synthesis (Dangi et al., 2006). ERK1/2 phosphorylates cAMP responsive element binding 
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protein (CREB) which regulates the transcription of several genes including brain-

derived neurotrophic factor (BDNF). Binding of PbTx-2 to VGSC’s leads to increases in 

intracellular calcium levels in neurons, thus triggering the activation of ERK 1/2 (Dravid 

et al., 2004). Further, ERK1/2 activation was shown to be mediated by calcium influx 

through NMDA receptors; when these receptors were blocked by MK-801, the ERK 1/2 

expression was significantly reduced suggesting the underlying role of NMDA. CREB 

activation mediates activity-dependent dendritic arborization and PbTx-2 stimulation of 

CREB phosphorylation at Ser 133 iss also NMDA dependent. BDNF is one of the most 

well-known molecules associated with activity-dependent plasticity and has been shown 

to promote functional recovery in preclinical models of stroke (Schabitz et al., 2007 and 

Takeshima et al., 2011). BDNF signaling is increased in the peri-infarct region and 

mediates motor recovery in cortical strokes (Clarkson et al., 2011). PbTx-2 exposure 

increased cell surface expression of BDNF-tropomyosin-related kinase B (TrkB) 

receptors. TrkB receptors have been shown to have profound neurotrophic effects in the 

developing and mature nervous system, and the surface expression of TrkB is neuronal 

activity dependent (Du et al., 2000). The GluN2 B subunit is a predominant subunit of 

NMDARs and regulates surface expression of these receptors (Groc et al., 2006). 

Exposure of cerebrocortical neurons to PbTx-2 significantly increased the cell surface 

expression of GluN2B subunits.  

PbTx-2 promotes neurite outgrowth 

 

Dendritic filopodia are protrusions found predominantly in the developing brain 

that evolve into mature dendritic spines (Ziv and Smith, 1996). In vitro studies in 

cerebrocortical neurons show that PbTx-2 enhanced total protrusion density as compared 
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to controls. Additionally, PbTx-2 exposed cerebrocortical neurons displayed a significant 

shift from long to stubby-type filopodial protrusions. Long filopodia are considered to be 

immature and stubby shaped filopodia are referred to as the mature form of filopodia 

(Portea-Cailliau et al., 2003). Additionally, these effects were antagonized with TTX and 

APV but not nimodipine. Thus, indicating PbTx-2 effect on total filopodia density and 

maturation and that NMDARs play an essential role in expansion of dendritic arbors 

mediated through Ca2+-dependent signaling (Wong and Ghosh, 2002; Konur and Ghosh, 

2005).  

PbTx-2 produced a robust increase in dendritic arbor complexity and this effect 

was attenuated by pharmacological inhibitors such as TTX and MK801, but not 

nimodipine (L-type calcium channel blocker).  This suggests that PbTx-2 activation of 

VGSC induced enhancement of NMDA receptor signaling is responsible for dendritic 

arborization.  

Animal models of ischemic stroke  

 

No single animal model mimics all aspects of a human stroke because ischemic 

stroke is a heterogeneous disorder with a complex pathophysiology. Hence selecting an 

appropriate animal model to optimize the study design can improve the translational 

potential of animal model studies (Table 2).  

Model Description  

Middle cerebral artery 

(MCA) occlusion model 

Interrupts MCA by use of suture, mimics human stroke, 

increased hemorrhage thus not suitable for thrombolysis 

studies. 
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Craniotomy model MCA occlusion requiring craniotomy, good 

reproducibility, highly invasive causing injury of 

underlying cortex and vessels, disrupting BBB and 

intracranial pressure.  

Photo thrombosis model Intravascular photo-oxidation, localized lesions, highly 

reproducible, low invasiveness, used to study 

neuroprotective drugs, can cause cytotoxic damage and 

vasogenic edema.  

Endothelin-1-model Application of vasoconstrictive peptide: endothelin-1, low 

invasiveness, duration of ischemia is uncontrollable.  

Embolic stroke model Mimics pathogenesis of human stroke, used for study of 

thrombolytics or neuroprotective drugs, variability in 

lesion and uncontrollable reperfusion.  

Table 2 - Animal models of ischemic stroke. (Felix Fluri et al., 2015) 

Photothrombotic stroke  

 

The photothrombotic stroke model aims to induce ischemic damage within the 

cortical area of interest by means of photo-activation of a previously injected light-

sensitive dye. Post illumination, the dye is activated and generates singlet oxygen that 

results in a cascade of events such as endothelial cell membrane peroxidation, platelet 

aggregation and formation of a thrombi. This model was introduced by Rosenblum and 

El-Sabban in 1977 and later improved by Watson in 1985 in rat brains. This technique 

produces a localized infarct of desired size with well-delimited boundaries which makes 

it advantageous for precise cell characterization or functional studies in mice (Labat-gest 
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and Tomasi, 2013). The photothrombosis technique shares similar mechanisms of stroke 

damage that occur in humans such as platelet aggregation and clot formation that 

interrupt blood supply in the area exposed to light (Dietrich et al., 1987).  

Hydrogel as a drug delivery vehicle  

 

 Hydrogels are composed of a large amount of water (70 to 99%) and a cross-

linked polymeric network. Hydrogels contain hyaluronan, commonly found in the 

extracellular matrix and therefore provide excellent biocompatibility. In situ-gelling 

hydrogels are injected in the liquid form and once inside the body transition into a sol-gel 

state. This causes the hydrogels to take the shape of the available space at the injection 

site. The ideal kinetics of hydrogel formation should initially be slow to prevent needle 

clotting, but fast enough to avoid dilution of hydrogel with the body fluids (Li and 

Mooney, 2016). 

Research significance  

During the initial phase of excitotoxicity, neurons are permanently damaged, and 

the associated brain function ceases rapidly. This phase is immediately followed by the 

recovery phase where the region adjacent to stroke damage (the peri-infarct zone) 

undergoes remapping and reorganization. However, this recovery is often not complete, 

making ischemic stroke a chronic disabling disease. The challenge for promoting 

recovery is to enhance neuroplasticity at the existing neuronal connections in the peri-

infarct tissue.  

Molecular mechanisms that underlie ischemic stroke recovery are identical to 

those involved in neuronal development. This critical period that displays heightened 
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neuroplasticity that occurs during developmental stages also exists after stroke. Thus, 

studies have demonstrated that increasing cortical excitability in the peri-infarct zone 3 to 

5 days after stroke improves outcomes in mice. Here, we show that administration of 

PbTx-2 epi-cortically 5 days after stroke enhances neural plasticity by increasing 

dendritic arborization and excitatory synapse density in the peri-infarct region and 

subsequently rescues motor deficits.  

Hypothesis 

We hypothesized that epicortical application of PbTx-2 in YFP expressing 2 to 4-

month mice will lead to increased neuronal plasticity after photothrombotic stroke and 

will be accompanied by increased functional recovery when compared to vehicle-treated 

mice.  

Objectives  

The objectives of this study are to:  

1) Evaluate neuroplasticity in PbTx-2 treated mice and compare with vehicle alone 

(by measuring dendritic arbor complexity, as well as immunohistological 

examination of excitatory synapse density levels) 

2) Investigate the effects of PbTx-2 on motor recovery (by use of catwalk gait 

analysis, pasta matrix reach task and foot fault test).  

3) Measure tritium-labelled PbTx-3 distribution in the mouse brain following 

epicortical administration by autoradiography.  
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Overview of experimental plan  

 

Animals were food restricted to 85% of their body weight for two weeks prior to 

training for pasta matrix reach task. Animals were trained to perform pasta matrix reach 

task and foot fault task prior to inducing stroke to obtain baseline values. A focal lesion 

was induced on the motor cortex region by photothrombosis on day 0. Animals were 

randomly divided into PbTx-2 treatment groups and vehicle-treated groups. On day 5, 

PbTx-2 groups were treated with 3, 10, 100, 1,000 or 3,000 pmol PbTx-2, whereas 

vehicle-treated mice were given hydrogel (vehicle) alone. Further, on day 1 (post-stroke) 

and day 6 (post-treatment) mice were assessed for the number of pasta pieces retrieved 

and % foot faults. On day 6, animals were sacrificed, and brains were isolated for 

histological analysis of surviving neurons in the peri-infarct region (Fig. 6).  

 

 

 

 

 

Figure 6 - Experimental timeline. 
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CHAPTER 2: EFFECT OF PbTx-2 ON STRUCTURAL 

PLASTICITY POST-STROKE 
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Introduction 

 

Pyramidal neurons 

 

Pyramidal neurons comprise of 70-90% of all neurons in the cortex. Pyramidal 

cells form rich corticocortical connections, including both ipsi- and contralateral, as well 

as subcortical connections. Pyramidal neurons are primarily excitatory and are principal 

neurons of the cerebral cortex (Elston, 2007). Cortical pyramidal neurons are organized 

into six layers, each with characteristic dendrite branching patterns, associated with their 

functional roles (Spruston, 2008). Additionally, they are also found in subcortical 

structures such as the amygdala and hippocampus. These cells are characterized by their 

pyramidal shaped soma that range from 20- 120 µm in diameter and their prominent 

apical and basal dendrites (Fig. 7).

 

Figure 7 - Structural features of a pyramidal neuron 
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Dendrites and spines  

 

During neuronal development pyramidal neurons elaborate their dendritic arbor 

complexity to increase their surface area and connectivity (Forest et al., 2018). Pyramidal 

neurons in the cortex have a characteristic pyramidal morphology with distinct large 

apical and shorter basilar dendrites that originate from the apex and base of the soma 

respectively. The pattern of dendritic arborization has a profound impact on the synaptic 

input field of the dendrite. Distinct dendritic regions integrate synaptic input from 

multiple sources (Spruston, 2008). In humans, dendritic structures are recognized 

approximately midway during gestation, spines appear later during the second trimester 

and reach peak at early infancy before the pruning that occurs during adolescence and 

adulthood (Forest et al., 2018). In rodents, once neurons mature, their arbors become 

relatively stable (Petit et al., 1988). However, there are exceptions to dendritic stability-  

for example, changes in basilar complexity have been noted in the cortex after brain 

damage (Biernaskie and Corbett, 2001; Jones and Schallert, 1992). Synapses are 

considered to be the major sites of information input in neurons. In the cortex, most of the 

excitatory synapses are formed on spines, whereas inhibitory synapses are usually formed 

on dendritic shafts and cell bodies. Dendritic spines are small protrusions that are studded 

along the dendritic shaft. Structurally, spines consist of a long thin neck and a mushroom 

shaped head that bears the excitatory synapse but can have varied morphology with 

different sizes and shapes (Bourne and Harris, 2008).  
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Vesicular Glutamate Transporter 1(VGLUT 1) 

 

Vesicular glutamate transporters pack neurotransmitters inside synaptic vesicles 

and release them into the synapse. Three isoforms of glutamate transporters are expressed 

by glutamatergic neurons (VGLUT 1, -2, and -3). VGLUTs are dependent on a proton 

gradient that they create by hydrolyzing adenosine triphosphate (ATP). VGLUT1 and 

VGLUT2 are the two prominent isoforms in the adult brain. VGLUT1 also referred to as 

BNPI (brain-specific Na- dependent inorganic phosphate cotransporter) and SLC17A7 is 

predominantly expressed in the cerebellum, cortex and hippocampus, whereas VGLUT2 

also referred to as DNPI (differentiation-associated Na-dependent inorganic phosphate 

cotransporter) and SLC17A6 is expressed in the brainstem, diencephalon, and spinal cord 

(Fremeau RT Jr, 2001).The third isoform, VGLUT3 also referred to as DFNA25 

(deafness, autosomal dominant 25) and SLC17A8, is a nonconventional glutamatergic 

transporter as it is not expressed in glutamatergic neurons but is found in serotoninergic, 

cholinergic, and GABAergic neurons. (Gras et al., 2002; Fremeau et al., 2002)   

Post-synaptic density (PSD-95) 

 

Neurotransmitter receptors are known to be localized in the post-synaptic density 

(PSD) which is a protein rich subdomain that lines the inner surface of the postsynaptic 

membrane. The enrichment of receptors at PSDs occurs due to receptor immobilization 

by associated proteins in the postsynaptic membrane (Triller et al., 1985). PSD-95 is a 

membrane-associated guanylate kinase that plays a major role in regulating synaptic 

strength and assembling signaling complexes at excitatory synapses. The regulation of 
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PSD-95 is crucial for neurons establishing and maintaining proper synaptic connections 

(Matus, 2000) 

Yellow fluorescent protein (YFP) transgenic mice   

 

Mice express YFP under the control of neuron-specific elements from the thy1 

gene. Thy1 is a member of the immunoglobulin superfamily that is expressed by neurons 

in many parts of the nervous system YFP fluorescence intensely stains in both live and 

paraformaldehyde-fixed tissue, allowing reexamination of tissue following live imaging. 

YFP labelling was confined to the neurons in their entirety, including somata, nuclei, 

axons, dendrites and spines and is the expression of thy1-YFP- H is restricted to neurons 

in layer V of the cortex (Feng et al., 2000).  

Surgical procedures  

 

Animals 

 

All animal use protocols were approved by the Institutional Animal Care and Use 

Committee of Creighton University and employed measures to minimize pain and 

discomfort. Hemizygous Cg-Tg (B6.Cg-Tg(Thy1-YFP)HJrs/J (YFP expressing mice) 

were obtained from Jackson Laboratories (stock 3782) and maintained as a breeding 

colony. Mice were genotyped by a commercial vendor (Transnetyx, Cordova, TN). 

Murine thy1-YFP line-H strain was selected since they display bright fluorescence in 

layer V pyramidal neurons of the motor cortex providing high contrast, thus facilitating 

imaging and analysis of fine neuronal structures. (Feng et al., 2000.) Six days post 

infarct, animals were anesthetized and transcardially perfused with phosphate-buffered 
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saline (PBS), followed by 4% paraformaldehyde (PFA) solution and tissue was isolated 

for analysis and post fixed overnight with PFA at 4 °C.  

Photothrombotic model of focal stroke 

 

Photothrombosis is less invasive and produces highly localized and reproducible 

lesions in comparison to other ischemic stroke models (Labat-gest and Tomasi, 2013). 

Adult thy1-YFP mice (Jackson Laboratories) age 2-4 months old were anesthetized with 

isoflurane inhalation (Piramal Healthcare; VetEquip) and placed in a stereotaxic 

apparatus (Stoelting).  Body temperature was maintained at 36.9 ± 0.4°C using a TP700 

water warming system (Stryker). A midline incision was performed, the skull exposed, 

and connective tissue removed.  Mice were weighed and 100 mg/kg dose of Rose Bengal 

solution (10 mg/ml in sterile PBS) was injected intraperitoneally (IP).  Five minutes after 

IP injection (Fig. 9), the brain was illuminated 1.5 mm lateral from bregma through an 

intact skull for 12.5 minutes using a light source (150 mW, KL 1500 LCD, Zeiss) 

attached to an UPlanApo20x objective (Olympus). Rose Bengal produces oxygen 

intermediates under light excitation, leading to platelet adhesion and aggregation, which 

occludes the vascular lumen and results in formation of an infarct. (Dietrich et al., 1987). 

The skull was closed using Vetbond adhesive (3M) and animals were treated for five 

days with oral Sulfamethoxazole and Trimethoprim (SMZ/TMP; 200/40 mg). 

In vivo epicortical drug administration  

 

Five days post-infarct (Fig. 8), adult thy1-YFP mice (Jackson Laboratories) age 2-

4 months old were anesthetized with isofluorane inhalation (Kent Scientific; Vetflow) 

and placed in a stereotaxic apparatus (Stoelting).  Body temperature was maintained at 
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36.9 ± 0.4°C using a TP700 water warming system (Stryker). The midline incision was 

reopened, and a small burr hole drilled (Dremel) through the skull 1.5 mm lateral to 

bregma. Hystem-HP Hydrogel alone or in combination with 3 pmol, 10 pmol, 100 pmol, 

1,000 pmol or 3,000 pmol of PbTx-2 was injected using a Hamilton syringe 0.75 mm 

below the surface of the brain. PbTx-2 was dissolved in dimethyl sulfoxide (DMSO) 

(Sigma-Aldrich) and administered in a volume of 3 uL at a rate of 0.3 uL /min for an 

injection period of 10 min. The skull was closed using Vetbond adhesive (3M) and 

animals were treated for 1 day with SMZ/TMP.     

         

 

Figure 8 - Schematic model of photothrombotic stroke induction and PbTx-2 

administration in mice. 

Infarct volume 

 

Infarct volume is commonly used to assess the extent of brain damage following 

an ischemic stroke event. We evaluated the effect of epicortical application of PbTx-2 on 

Rose bengal 

PbTx-2 

5 min 5 days 
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infarct volume determined by cresyl violet stain (Fig. 9). Cresyl violet is a basic dye that 

stains the acidic and basophilic components of Nissl bodies (granular endoplasmic 

reticulum), nucleoli of cells and chromatin in nuclei (Kobayashi and Lavenex, 2015). 

Coronal sections of 30 μm were cut using a vibratome (Leica VT 1200S). For infarct 

volume measurement, brain sections were stained by 0.5% cresyl violet (Nissl). Images 

were then acquired using bright-field microscope. The areas of infarct were delineated 

and quantified using the Image J software (NIH) and the infarct volume was calculated 

by summation of the lesion areas of all sections and integrated by the thickness of the 

section (Fig. 9B). Infarct volumes did not vary significantly between PbTx-2- and vehicle 

treated mice (Fig. 9C).  

  

 

A1 A2 A3 
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Apparatus 

 

Leica SP8 Multiphoton Confocal Microscope 

 

This system consists of an upright microscope, a smart touch panel, a smart 

control panel, and the computer system. Acquisition screen provides access to setting 

parameters such as resolution, scan speed, zoom, rotation, optical thickness and z-stack 

parameters. Additionally, it provides access to laser and detector settings associated with 

wavelength of the fluorochrome. The display screen displays the collected images (Fig. 

10).  

Figure 9 – Photothrombotic stroke. Representative cresyl violet stained sections at 6-

days post stroke from stroke + vehicle treatment (A1) and + stroke + 3, 10, 100, 1,000 

and 3,000 pmol PbTx-2 treatment (A2, A3, A4, A5) respectively. (B) Zones of stroke 

indicating the photothrombotic stroke region and the peri-infarct region. (C) 

Quantification of stroke volume. No difference in stroke size, p< 0.05, one-way 

ANOVA. Data shown as mean ± SEM of 2 to 7 brains.  
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Figure 10 - Leica SP8 Multiphoton Confocal Microscope 

Dendritic arbor complexity   

 

Methods 

 

100 μm brain sections were collected using a vibratome (Leica VT 1200). At least 

10 neurons per animal were used for quantification. 40X images of YFP labelled layer V 

pyramidal neurons in the peri-infarct region were captured using a TCS SP2 confocal 

microscope in z-stack images (Leica Microsystems, Wetzlar, Germany). Each neuron 

selected for analysis met the following two criteria:  

(1) the neuron was located in the peri-infarct region;(2) the neuron was distinctly 

separated from its surrounding neurons to allow measurement of dendritic arborization. 

 Following image acquisition, computer-based cell tracing software Imaris image 

analysis (Bitplane, Zurich, Switzerland) was used for 3D reconstruction of neurons (Fig 

11 A). For the analysis of dendritic arbor complexity, dendritic tracings were quantified 

by the Sholl analysis method, where a set of concentric spheres (1μm apart) centered 
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from the cell body was drawn, and the number of dendritic branch intersections at each 

sphere was quantified and plotted (Fig. 11 B).  

A 

 

 

 

B 

 

 

 

Infarct region 

Pyramidal neurons in 

peri-infarct region 

STEP 1 

 40X image obtained from  

Leica confocal microscope 

STEP 2 

Neurons reconstructed by 

Imaris software  

STEP 3 

Manual editing to optimize  

analysis  

Figure 11 - Imaris image analysis. (A) 10 X image showing the infarct and peri-

infarct region. (B) Steps involved in 3D reconstruction of dendrites using Imaris 

software.  
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Dendritic injury is a pathological hallmark of excitotoxicity as NMDARs are 

predominantly localized on dendrites (Racca et al., 2000; Ikegaya et al., 2001). Six days 

post-infarct, confocal images of layer V YFP labelled pyramidal neurons were obtained 

and 3D morphological analysis of the arbor complexity with a defined algorithm was 

performed using Imaris image analysis software (Fig. 12 A). In vehicle-treated neurons, 

there is a gradual increase in branching complexity moving away from the soma reaching 

a maximum of 8 ± 0.5 intersections per neuron and then progressively declining 

beginning ∼10 µm from the soma (Fig. 12 B). Dose- response analysis indicated that 10, 

C 

Figure 12 - Effect of PbTx-2 on dendritic arborization in the peri-infarct region. 

(A) Representative images of PbTx-2 induced dendritic arborization in the peri-infarct 

region (Scale bar: 30 μm) (B) Sholl analysis to quantify dendritic arbor complexity (C) 

Area under the curve (AUC) analysis of Sholl data. PbTx-2 at 10, 100 and 1,000 pmol 

doses enhanced dendritic arbor complexity in the peri-infarct site as compared to 

vehicle-treated animals (one-way ANOVA followed by Dunnett’s post hoc test, 

****p<0.0001). However, 3 and 3,000 pmol PbTx-2 treated mice lacked effects on 

expansion of dendritic arbors (3 pmol PbTx-2 effect, p= 0.579; 3000 pmol PbTx-2 

effect, p= 0.998). Each bar represents the mean ± SEM of 17-51 neurons. 



40 
 

100 and 1,000 pmol PbTx-2 produced a robust 2-fold increase in expansion of dendritic 

arbors and a rightward shift in the Sholl plot as compared to controls. An AUC analysis 

of these Sholl data showed a significant increase in dendritic complexity following 10, 

100 or 1,000 pmol PbTx-2 compared with vehicle-treated animals (Fig. 12 C). The PbTx-

2 effect on dendritic complexity displayed a bidirectional profile, where there was a lack 

of effect on expansion of dendritic arbors in 3 and 3,000 pmol PbTx-2-treated mice.   

Synapse density 

 

Methods 

 

Free-floating slices of 20 μm were washed three times in 0.1 M PBS and blocked 

in PBS buffer containing 10% goat serum in 0.25% Triton X-100 (Sigma-Aldrich) for 1 

h. For synaptic staining, primary antibody solution was added consisting of PSD95 

antibody (1:300, Invitrogen) and guinea pig polyclonal anti-VGLUT1 antibody (1:1000, 

EMD Millipore). Slices were incubated in primary antibodies overnight at 4°C, washed 

three times in 0.1 M PBS and 0.25% Triton X-100, and incubated with Alexa Fluor 594 

goat anti-rabbit (1:500, Invitrogen), DyLight 405-conjugated AffiniPure Goat anti-guinea 

pig (1:500, Jackson ImmunoResearch). After incubation in secondary antibodies for 2 h, 

sections were washed and mounted onto slides using Fluoromount mounting medium 

(Sigma-Aldrich).  

Images of immunostained brain sections were collected on Leica TCS SP2 

confocal microscope using a 63x oil immersion objective in z-stack images. Serial optical 

sections at 0.15 μm intervals over a total depth of 10 μm for a total of 3 sections per brain 

were imaged. Channels for YFP, vesicular glutamate transporter 1 (VGLUT1) and 
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postsynaptic density 95 (PSD-95) were acquired sequentially to prevent spectral overlap 

of fluorophores. Gain thresholds and amplitude offsets were kept constant between 

imaging of the ipsilateral and contralateral cortices. A ratio of synaptic puncta on the 

ipsilateral hemisphere to the contralateral hemisphere was obtained to eliminate within 

animal variations. Further, a spot detection algorithm in Imaris image analysis software 

was used to quantify synapse density (analysis was normalized to number of synapses per 

neurite length).  

STEP 1: Collect 63 X images of 

dendrites in the peri-infarct region using 

a confocal microscope.  

STEP 2: Using Imaris image analysis 

software, determine the surface of the 

dendrite.  

STEP 3: Using spot detection software 

algorithm, analyze colocalization of  

VGLUT1 and PSD-95 markers on the 

dendrite.  

STEP 4: Normalize data by measuring  

length of the dendrite.  

 

Results  

A 
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C. 

Vehicle Vehicle 

3 pmol PbTx-2 3 pmol PbTx-2 

10 pmol PbTx-2 10 pmol PbTx-2 

100 pmol PbTx-2 100 pmol PbTx-2 

1000 pmol PbTx-2 1000 pmol PbTx-2 

3000 pmol PbTx-2 3000 pmol PbTx-2 

             YFP Confocal image 

B 

Vehicle Vehicle Vehicle 

3 pmol PbTx-2 3 pmol PbTx-2 3 pmol PbTx-2 

10 pmol PbTx-2 10 pmol PbTx-2 10 pmol PbTx-2 

100 pmol PbTx-2 100 pmol PbTx-2 100 pmol PbTx-2 

1000 pmol PbTx-2 1000 pmol PbTx-2 1000 pmol PbTx-2 

3000 pmol PbTx-2 3000 pmol PbTx-2 3000 pmol PbTx-2 

 VGLUT1 PSD-95 Colocalization 



43 
 

 

 

We examined the influence of PbTx-2 on synapse formation in the peri-infarct 

zone. Antibodies against VGLUT1 (presynaptic marker) and PSD-95 (postsynaptic 

marker) were used to quantify synapse density, as indicated by colocalized fluorescent 

puncta (Fig.13 A, B). Dose-response analysis of the effect of PbTx-2 on synapse density 

indicated that 3, 10, 100 and 1,000 and 3,000 pmol PbTx-2 produced significant increases 

in synapse formation (number of puncta per length of neurite) compared to control 

Figure 13 - Effect of PbTx-2 on excitatory synapse density in the peri-infarct region. 

(A) Representative images of double-immunostained YFP expressing neurites in the peri-

infarct region at day 6 obtained from confocal microscope. (B) Antibodies against VGLUT1 

(presynaptic marker/blue) and PSD-95/red (postsynaptic marker) were used to quantify 

synapse density, as indicated by colocalized fluorescent puncta (yellow) Scale bar: 5µm. 

(C) Quantification of colocalized fluorescent puncta using Imaris image analysis. We 

obtained the ratio of synaptic puncta on the ipsilesional side to that on the contralesional 

side to correct for within animal variation. 3, 10, 100, 1,000 and 3,000 pmol PbTx-2 doses 

enhanced synapse density in the peri-infarct region (one-way ANOVA followed by 

Dunnett’s post hoc test, ****p<0.0001).  
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cortices (Fig.13 C). Further, we compared mean difference (MD) distribution between the 

PbTx-2 treated groups and controls using the Gardner-Altman mean comparison plot that 

affords transparency of the comparisons being made (Fig. 14 A, B). 

 

Estimation statistics rather than hypothesis testing 

 

The use of P values to define study results as significant or non-significant by 

relying on the 5% level of statistical significance provides little comparative information. 

Additionally, even precise P values fail to convey information of the size of the 

differences between study groups. In terms of sample size, small differences can be 

statistically significant with large sample sizes, but a study result may be statistically non-

significant because of a small sample size. However, a confidence interval measures 

sample mean and mean difference between study groups to a range of values that are 

considered to be plausible for the sample population (Gardner and Altman, 1986). The 

width of the confidence interval is based on the standard deviation The difference axis 

provides more transparency of the comparisons being made. Importantly, by focusing 

attention on an effect size, the estimation plot encourages quantitative reasoning about 

the study (Ho J et al., 2019).  
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A 

 

B 

 

Figure 14- Gardner-Altman mean comparison plots.  (A) Each plot contains 

comparisons for all PbTx-2-treated groups, and each dot represents % 

ipsilateral/contralateral puncta from an individual brain section. (B)The axis on the left 

side of the plot shows mean difference (MD) distribution between the PbTx-2-treated and 

vehicle-treated groups. 3 pmol PbTx-2 MD=37.6%, 95% CI [28.3, 53.4]; 10 pmol PbTx-

2: MD= 63%, 95% CI [47.4, 86.2]; 100 pmol PbTx-2: MD=52.9%, 95% CI [42.3, 60.7]; 

1,000 pmol PbTx-2: MD=51%, 95% CI [40.3, 60.6]; 3,000 pmol PbTx-2: MD=38.7%, 

95% CI [32.4, 47.0]. The effect sizes and CIs are reported above as: effect size [CI width-
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-lower bound, upper bound] and the narrowness of the confidence interval represents the 

effect size precision. All data represented as mean ± SEM of 12- 18 brain sections.      

Data analysis 

 

All data were presented as mean values ± SEM and plotted using GraphPad 

Prism® 7.0 (GraphPad, La Jolla, CA). Area under the curve (AUC) was used to assess 

the number of dendritic intersections for vehicle and PbTx-2 treatment groups. Gardner-

Altman plot was generated using Estimation statistics software to compare mean 

differences between vehicle-treated and PbTx-2-treated groups. A one-way ANOVA 

followed by Dunnett's post hoc comparison test were used to compare 3 or more groups. 

The results were statistically significant if p < 0.05 according to the ANOVA. p values, 

the statistical analyses used, and sample sizes are described in the figure legends. 

Nonlinear regression (curve fit) was used to plot dose-response curves.   

 

  



47 
 

 

CHAPTER 3: EFFECT OF PBTX-2 ON MOTOR RECOVERY 

POST-STROKE 
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Introduction 

 

Stroke is a common and a long-term cause of adult disability that is associated 

with severe motor deficits including partial paralysis (Rogers DC et al, 1997). Due to the 

devastating motor impairments caused by stroke with no current medical therapy, there is 

an urgent need for new pharmacotherapy. Mice serve as an excellent model to study 

human stroke and other brain injuries. In addition to examining the neuro 

histopathological changes, it is equally important to assess functional outcomes post-

stroke. Identifying functional deficits and therapeutic treatments to restore function is 

essential for translational application to patients. Different tests are sensitive in detecting 

functional deficits associated with specific areas of brain damage. Table 3 provides an 

overview of the deficits each test identifies. To examine impairment and recovery, we 

utilized the CatWalk test to examine gross motor skills and gait, pasta matrix reach task 

to assess fine-motor skills (feeding and coordination) and the foot fault task to examine 

coordination and gait. 

Functional test Description 

Rotarod test Mice are placed on the rotating rod and try to remain on the 

rod to avoid falling. Latency to fall is quantified to evaluate 

motor function. This test is used to measure motor function 

and ataxia.  
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Pole test Animals are placed on top of a pole and trained to turn around 

and descend the pole. Time taken to complete the task is 

measured to evaluate motor function.  

Wire hanging test Animals are suspended from a single wire stretched between 

two posts above the ground. Latency to fall is quantified to 

assess motor performance. This test measures grip strength, 

balance, and endurance.  

Corner test Animals are placed in two connected cardboard walls forming 

an angle with a small opening to motivate animals to enter 

deep into the corner. Once they walk into the corner their 

vibrissae will be stimulated causing them to turn to their left/ 

right side. This turning behavior is used to measure the 

impairment. This test detects sensory-motor asymmetry as 

mice typically turn to their ipsilateral side.   

Adhesive removal 

test 

A small adhesive patch is applied to each forepaw. The time 

to contact and removal of each adhesive tape is recorded. 

Animals typically remove the adhesive patch on their 

ipsilateral paw first.  

Open field test This test is used to evaluate motor function and exploratory 

behavior. 

Gait analysis Catwalk or DigiGait are video-based systems used to assess 

locomotor deficits of each paw while mice walk on a 

transparent surface.   
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Cylinder test Animal is placed inside a glass cylinder; the forelimb use 

during the vertical exploration is measured by recording the 

number of forelimb contacts. This test is used to measure 

forelimb asymmetry post-stroke. 

Pasta matrix reach 

task 

 Mice reach from a clear Plexiglass box through an aperture 

to retrieve pieces of pasta arranged in rows away from the 

aperture. This test is used to measure skilled forelimb 

movement.  

Grip strength Mice are trained to hold a grid that is attached to a force 

gauge. Following which they are gently pulled back from the 

base of the tail and the maximum force required before they 

let go is assessed.  

Foot fault task Animals are placed on an elevated grid and the number of 

foot faults made by the ipsilateral and contralateral limbs are 

counted during locomotion.  

Ladder rung test Animals walk across a horizontal ladder with irregularly 

spaced rungs. The number of foot slips during locomotion is 

assessed.  

Table 3 - List of motor tests to assess stroke (Balkaya et al., 2013) 

Catwalk gait analysis  

 

Introduction  

 

Noldus Catwalk XT and analysis system enables gait analysis in rodents by 

dynamic assessment of footfalls. CatWalk gait analysis has applications in detecting 
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footfalls in several conditions such as spinal cord injury, muscular diseases, arthritis, 

neuropathic and inflammatory pain and Parkinson disease. CatWalk is a fully automated 

quantitative gait analysis system that uses a glass trackway and ventrally located camera 

to capture footfalls (Fig. 15). Compartments are created on either side of the trackway to 

contain the animal. Video recording of gait analysis is performed under dark room 

conditions. The footprints are captured at 100Hz with a high-speed color camera. Various 

gait metrics such as maximum contact, intensity, stride length is reported based on spatial 

and temporal data, and are labeled as per animal id/group 

Default start and stop areas are used to automatically start and stop data 

acquisition. The start area is triggered as soon as an animal’s paw exceeds the values of 

pixel threshold in this area of the walkway. Similarly, data acquisition stops when the 

paws exceeding the threshold values disappear from the Stop area. In order to facilitate 

smooth runs between the Start and Stop area with a constant pace, the barrier (grill) and 

the start area have space between them so that when the animal is placed in the walkway 

next to the grill, it has some time to pick up pace before it enters the Start area. Space is 

also maintained between the Stop area and the grill on the other side of the walkway so 

that the animal does not slow down before it reaches the Stop area.  
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Figure 15-CatWalk gait analysis system. 

 

After the classification of paws different gait metrics were calculated (Table 4).  

Parameter  Definition  

Intensity (%) expressed as the mean brightness of all 

pixels of the print at Max contact 

Maximum contact (%) the time in seconds since the start of the 

data file at which the largest part of a paw 

contacts the glass plate 

Stride length (%) the distance (in pixels) between 

successive placements of the same paw 

(in pixels) 

Stand (%) The duration (seconds) of contact of a 

paw with the glass plate in a step cycle.  

Swing (%) The duration (seconds) of no contact with 

the glass plate in a step cycle.  



53 
 

Print length (%) Length of the complete print. The 

complete print is the sum of all contacts 

with the glass plate as if the animal’s paw 

would have been inked.  

Table 4 - Definitions of gait parameters (CatWalk reference manual, Version 7.1, 

Noldus) 

 

Methods  

 

 Training animals. Animals were trained to cross the walkway without 

interruptions so that all animals start from a similar baseline to compare runs and detect 

gait abnormalities. One week prior to the experiment, animals were trained to run across 

the walkway with a minimum of 3 crossings.  

Data acquisition. This test was conducted in the dark to ensure optimal signal-to-

noise ratio. Mice were required to walk on a glass plate, which was illuminated by a 

fluorescent light. Light enters at the long edge of the plate and is completely internally 

reflected and escapes only at those areas where the animal’s paw makes a contact. A 

video camera, positioned underneath the glass plate, captures the illuminated areas and 

sends the video image to a computer running the CatWalk software (version 7.1, 

Noldus).  Three runs per mouse were recorded before stroke and on days 1, 2 and 5 post-

stroke and the average was used for analysis.  

Footprint classification. (Fig. 16): After acquiring the video images of paw 

prints, labels were assigned to illuminated areas [right front (RF), right hind (RH), left 

front (LF), left hind (LH)]. Following footprint classification, the CatWalk software 

automatically calculates a wide number of parameters. A series of gait statistics were 
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produced automatically when the system identified and marked each footprint. We then 

compared the ipsilateral LF paw to the contralateral RF paw in each animal of sham-

operated (IP injection of PBS) and photothrombotic stroke (PTS) affected mice (IP 

injection of Rose Bengal).  

 

Figure 16-Footprint classification 

 

Results  

 

A 
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C 
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We evaluated if enhancing cortical excitability promoted gross motor gains after a 

focal stroke by performing CatWalk gait analysis. We specifically examined the 

contralateral forelimb as motor disability contralateral to the stroke affected hemisphere 

accounts for most dysfunctions (Mani et al., 2013). We analyzed several parameters on 

days 1, 2 and 5 post-stroke and compared the ipsilateral LF paw to the contralateral RF 

paw in each animal. No differences between the sham-operated group and PTS affected 

group were detected p < 0.5, n=9 mice; Fig. 17). Our results suggest that stroke induced 

motor deficits were confined specifically to the digits of the paw. This led us to perform 

pasta matrix reach task and foot fault test to assess fine motor skills as catwalk gait 

analysis only detected gross motor deficits. 

 

Foot fault task 

 

Introduction  

 

The foot fault task, also referred to as the grid walking task, is commonly used to 

assess motor impairments of limbs during locomotion in rodents and requires minimum 

pre-training. This test is useful for assessing early treatment effects due to spontaneous 

Figure 17 - Impact of photothrombotic stroke on gross motor skills. Representative 

Catwalk parameters (A) max contact (%) (B) intensity (%) (C) stride length (%) analyzed 

before inducing photothrombotic stroke (PTS) to obtain baseline and on days 1, 2 and 5 

after stroke. We compared ipsilateral left front (LF) paw to the contralateral right front 

(RF) paw. Gait parameters were not altered by photothrombotic stroke. P< 0.05 unpaired 

two-tailed test, values are given as mean ± SEM (n= 9 mice). 
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recovery (Modo et al., 2010). This task has found applications to identify motor 

coordination deficits and rehabilitation effects post-stroke. Animals are placed on an 

elevated grid and are allowed to walk freely. Animals with no stroke will typically place 

their paws precisely on the grid while moving (Barth et al., 1990). Each time a paw slips 

through the grid openings a “foot fault” is recorded through a video camera.   Stroke 

affected mice typically make significantly more contralateral foot faults than intact mice.  

Methods  

 

Each mouse was placed individually on the elevated wire grid and allowed to 

freely walk for a period of 5 min. Video footage was analyzed and the total number of 

foot faults for each limb, along with the total number of non-foot-fault steps, was 

counted, and a ratio between foot faults and total steps taken calculated (Fig. 18). Percent 

foot faults were calculated by: number of foot faults / (foot faults + number of non-foot-

fault steps) × 100. A step was considered a foot fault if it was not providing support and 

when the foot went through the grid hole (Clarkson et al., 2010). To avoid variations, a 

ratio between foot faults and total steps taken was taken into account for differences in 

the degree of locomotion between animals and trials.  
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Figure 18 - Foot fault training 
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Results  

 

A 

 

B 
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The Foot Fault task is a sensitive indicator for detecting motor deficits of limb 

functioning and placement during locomotion. Animals with no stroke place their paws 

precisely on the wire frame and demonstrate few to no foot faults.  (Schaar et al., 2010).  

Stroke produced a significant increase in the % foot fault 1 day after the insult, indicating 

a focal stroke was successfully induced (Fig. 19A). 10, 100 and 1,000 pmol PbTx-2-

treated animals displayed a significant improvement in % foot faults as compared to 

vehicle-treated animals. Whereas, 3 and 3,000 pmol PbTx-2 again did not promote 

recovery (one-way ANOVA followed by Dunnett’s post hoc test, 10 pmol PbTx-2 effect; 

*p=0.023, 100 pmol PbTx-2 effect; *p=0.027, 1000 pmol PbTx-2 effect; **p=0.001; 3 

pmol PbTx-2 effect, p=0.703; 3000 pmol PbTx-2 effect, p>0.999; n= 9 to 13 mice; Fig. 

19 B) These data suggest that treatment with 10, 100 and 1,000 pmol PbTx-2 on day 5 

Figure 19 - Effect of PbTx-2 treatment on foot fault task.  (A) Animals were trained to 

walk on an elevated grid prior to inducing stroke to obtain baseline values. (B) 

Quantification of PbTx-2 dose-response effects on motor recovery. 1 day after inducing 

stroke, a significant increase in % foot faults were observed. 10, 100 and 1,000 pmol PbTx-

2-treated animals displayed significant improvement in % foot faults as compared to 

vehicle-treated animals (one-way ANOVA followed by Dunnett’s post hoc test, 10 pmol 

PbTx-2 effect; *p=0.023, 100 pmol PbTx-2 effect; *p=0.027, 1000 pmol PbTx-2 effect; 

**p=0.001). Whereas, 3 and 3,000 pmol PbTx-2 did not aid recovery (3 pmol PbTx-2 

effect, p=0.703; 3000 pmol PbTx-2 effect, p>0.999). All data are represented as mean ± 

SEM (n=9 to 13 mice).  
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resulted in functional recovery of fine motor skills in foot fault task as compared to 

vehicle only. 

Pasta matrix reach task 

 

Introduction 

 

This motor test allows for quantitative motor assessments of both motor 

impairment and recovery after stroke. Although this test requires food deprivation and 

daily pre-training to teach mice to retrieve pieces of pasta, the test is relatively easy to 

score.  

Methods  

 

To facilitate training, animals were food restricted for two weeks so that their 

body weight gradually reached 85% of that expected with free access to food. Animals 

were placed in a plexiglass cylinder and trained for 30 minutes to reach through a 1 cm 

wide slot to grasp, break, and retrieve pieces of vertically oriented pasta (Angel Hair 

Pasta, American Beauty) inserted into a 1mm diameter grid-ordered field of holes.  

To initially encourage reaching and to determine paw preference, animals were 

trained to grab a single piece of pasta for 3 days (Fig. 20 A). Once the preferred paw was 

determined, the matrix was offset such that animals could retrieve pasta pieces only with 

their preferred paw. Additionally, the matrix was arranged such that it consisted of a 5X5 

vertical alignment of 5 cm long segments of uncooked pasta (Fig. 20 B). Subsequent 

training sessions for a period of 7 days led to improved success in the task and 

established a baseline. Stroke was induced in the brain hemisphere contralateral to the 
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preferred paw. Performance was quantified by manual inspection of the matrix at the end 

of the session (counting the number of broken pasta pieces).  

 

Figure 20 - (A) Paw preference training (B) Pasta matrix reach task training.   
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Results  

 

A 

 

B 
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C 

 

Figure 21 - Effect of PbTx-2 treatment on pasta matrix reach task.  (A) Paw 

preference was determined using a single piece of pasta for 3 days (B) Animals were 

trained for 7 days to retrieve 25 pieces placed in a 5X5 matrix from their preferred paw to 

obtain baseline values. (C) Quantification of PbTx-2 dose-response effects on motor 

recovery. 1 day after the stroke, significant reduction in the number of pasta pieces 

retrieved indicating motor deficits induced by the insult. On day 6-10, 100 and 1,000 

pmol PbTx-2-treated animals exhibited a significant increase in the number of pasta 

pieces retrieved as compared to vehicle-treated animals (one-way ANOVA followed by 

Dunnett’s post hoc test, ****p<0.0001, ***p=0.0002). 3 and 3,000 pmol PbTx-2 did not 

facilitate functional recovery (3 pmol PbTx-2 effect, p=0.955; 3000 pmol PbTx-2 effect, 

p=0.873).  All data are represented as mean ± SEM (n=9 to 15 mice). 

Rodents live in an environment that requires use of a complex range of motor 

skills to gain access to food (Schallert et al., 2005). Pasta matrix reach task is one of the 
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few motor tests that can measure skilled forepaw use (Schaar et al., 2010). Mice were 

trained for 3 days to grab a single piece of pasta to determine paw preference (Fig. 21 A).  

Once the preferred paw was determined, mice were trained for 7 days to obtain 

baseline values before inducing stroke (Fig. 21B). On day 1, stroke produced a significant 

decline in the number of pasta pieces retrieved, indicating photothrombotic stroke 

affected fine motor skills.  On day 6, animals treated with 10, 100 and 1,000 pmol PbTx-

2 exhibited a significant increase in the number of pasta pieces retrieved as compared to 

vehicle-treated animals. 3 and 3,000 pmol PbTx-2 did not facilitate functional recovery 

(one-way ANOVA followed by Dunnett’s post hoc test, ****p<0.0001, ***p=0.0002; 3 

pmol PbTx-2 effect, p=0.955; 3000 pmol PbTx-2 effect, p=0.873; n= 9 to 15 mice; Fig. 

21 C). 

Data analysis  

 

All data were presented as mean values ± SEM and plotted using GraphPad 

Prism® 7.0 (GraphPad, La Jolla, CA). The differences in gait assessed by CatWalk 

between sham-operated mice and stroke affected mice were examined using an unpaired t 

(two tailed) test. Percent foot faults were calculated by: number of foot faults / (foot 

faults + number of non-foot-fault steps) × 100. A one‐way ANOVA followed by 

Dunnett's post hoc comparison test were used to compare 3 or more groups. The results 

were statistically significant if p < 0.05 according to the ANOVA. p values, the statistical 

analyses used, and sample sizes are described in the figure legends. Nonlinear regression 

(curve fit) was used to plot dose-response curves.   
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CHAPTER 4: DISTRIBUTION OF TRITIUM-LABELLED 

PBTX-3 
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Autoradiography 

 

Introduction 

 

Autoradiography is a detection method in which X-ray, or a photographic film is 

exposed to emissions from radio-labelled isotopes to produce an image as darkened spots 

on the film. After a time-dependent exposure, the film is developed to reveal the location 

of the areas of radioactivity which are identified as zones of varying optical density. The 

density is related to the amount of radioactivity in the zone. Quantification can be done 

either by densitometry using a calibration curve produced by exposure to radioactive 

standards or by removing the areas of radioactivity and counting them by 

liquid scintillation (Clark, 2000). 

Apparatus specifications  

 

X ray cassette. X ray cassette is a flat-light resistant container used to hold a film 

in close contact with the radioactive specimen.  

High performance autoradiography film. A double-coated, multipurpose film 

with a clear base specially designed for the detection of beta- and gamma- emitting 

isotopes.  

Developer. Konica SRX-101 A allows fast development of radiographs. It 

typically consists of a control panel to adjust setting and a 17-inch feed tray where a large 

radiograph or 2 small 8 x 10 films can be processed side to side in just 90 seconds per 

cycle.  
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Methods  

 

In order to study the distribution of PbTx-2, an epicortical application of tritium 

(3H) labeled PbTx-3 was performed in photothrombotic stroke induced mice. Animals 

were sacrificed at different time points such as 5, 15, 30 minutes and 2 hours after 

administration and their brains were rapidly removed and frozen over dry ice. The frozen 

brains were then mounted on the cryostat chuck. Serial sections of 30 μm were then taken 

coronally on a cryostat (Leica CM 1900) maintained at 20°C. Sections were then 

mounted onto slides and placed inside X-ray cassettes. Autoradiograms were then 

generated by apposition of slide-mounted sections to 3H-sensitive Amersham Hyperfilm 

MP (GE Healthcare) for 6 weeks (Fig. 22 A). The images were then developed using 

Konica Medical Film Processor SRX-101.  

Results  

 

 To quantify the extent of distribution of tritiated PbTx-3, microdensitometric 

analysis was performed using 1619 x 762 μm samples taken from the region of maximum 

optical density for a series of autoradiograms generated from coronal sections taken to 

encompass the complete stroke region (Fig. 22 A). By plotting the optical density for 

each section from the point of injection to a level not different from background, PbTx-3 

at 5, 15 and 30 minutes reached approximately 600 μm from its injection site. (Fig. 22 B).  
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A   

 

B 

 

Figure 22 – Distribution of [3H] PbTx-3 in the brain. (A) Representative film 

processed 6 weeks after exposure to [3H] labelled PbTx-3 treated brains (B) 

Autoradiographic analysis of [3H] PbTx-3 5, 15, 30 min after an epicortical application 

onto the stroke site.  



71 
 

     Discussion 

 Here, we investigated the effect of PbTx-2 on neuroplasticity in the peri-infarct 

cortex and associated motor functions in a murine model of stroke. The main findings of 

this study are:  

1. Epicortical application of PbTx-2 in the stroke site displayed a 2-fold increase 

in dendritic arborization and increased synaptogenesis at the peri-infarct site.  

2. Photothrombotic stroke model produced functional deficits that was confined to 

the digits of the paw as no significant gross motor deficits were observed in 

CatWalk gait analysis.  

3. Results of cortical plasticity also correlated to a dramatic improvement in the 

functional outcome as measured by an increase in the number of pasta pieces 

retrieved and decreased % foot faults.  

VGSCs play a fundamental role in electrical signaling of the nervous system and 

for action potential generation (Hille B, 2001). Two-photon imaging studies show that 

synaptic stimulation leads to transient increases in [Na+]i in postsynaptic spines and 

dendrites (Rose et al., 1999). Thus, indicating that [Na+]i is a major signaling molecule 

and plays a role in activity-dependent synaptic plasticity. PbTx-2, a VGSC modifier, 

augments NMDA receptor signaling by coincidence of an elevation of [Na+]i and Src 

kinase (Dravid SM et al., 2005). Previous reports (George et al., 2012) suggested that 

PbTx-2 mediated activation of sodium channels with attendant enhancement of NMDA-

induced Ca2+ influx accelerated spine formation and maturation, dendritic arbor 
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elaboration and synaptogenesis in developing cerebrocortical neurons. On a molecular 

level, increased Ca2+ evoked by PbTx-2 produced phosphorylation of Ca2+-dependent 

molecules, such as CaMKI, CaMKII and CREB that play an essential role in neuronal 

growth and survival. BDNF is an activity-dependent neurotrophic factor that mediates 

neuroplasticity and is regulated by CREB -dependent mechanisms (Tao X et al., 1998) 

Further, PbTx-2 exposure also increased the surface expression of BDNF-tropomyosin-

related kinase B receptors in cerebrocortical neurons. 

Glutamate plays an essential role in mediating excitatory neurotransmission in the 

central nervous system and is vital for synaptic plasticity. After an ischemic stroke, 

however, glutamate accumulation leads to excitotoxicity due to over-activation of 

NMDARs and leads to neuronal apoptosis (Rossi et al., 2000; Simon et al., 1984). 

Interestingly, NMDAR antagonists failed clinically to show neuroprotective effects or 

worsened stroke outcomes in patients (Davis et al., 2000; Sacco et al., 2001; Albers 1995, 

2001). Hence, blocking NMDARs is detrimental as these receptors are also essential for 

physiologic functions. Neuronal survival displays an inverted U-shaped curve with 

respect to NMDAR activity, where physiologic activation during development promotes 

neuronal survival (Pearce et al., 1987). 

Neuronal excitability after a stroke exhibits a yin and yang phase, where excess 

glutamate in the acute phase is deleterious. However, during the chronic phase, the peri-

infarct tissue displays a marked increase in extracellular γ-aminobutyric acid (GABA) 

levels due to the loss of GABA transporter GAT-3(Clarkson et al., 2010). Notably, 

administration of L655,708, a benzodiazepine inverse agonist specific to the 
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extrasynaptic GABAAR, produced early and sustained functional gains. Additionally, 

increasing baseline glutamatergic excitability during the chronic phase through direct 

current stimulation of the peri-infarct region improved the use of the affected limb in 

patients after stroke (Hummel and Cohen, 2006). Hence, counteracting the hypo-

excitability caused by heightened inhibition, could potentially promote recovery when 

initiated during the chronic phase. Therefore, we hypothesized that enhancing brain 

excitability with PbTx-2 during the period of recovery and reorganization could 

potentially promote neurological recovery. 

We selected the photothrombotic stroke model because it produces a localized 

infarct and is highly advantageous for detailed analysis of cells and functional studies 

(Labat-gest and Tomasi, 2013). The effect of photothrombotic stroke on fine motor 

deficits, assessed by pasta matrix reach task and foot fault task, appears to be both 

pervasive and persistent, because 6 days post stroke, vehicle-treated animals displayed a 

profound deficit in task performance. We found that a single PbTx-2 treatment applied 5 

days post-stroke was sufficient to promote stroke recovery and that these beneficial 

effects may be mediated by the enhancement of synaptic plasticity and neuronal 

excitability. These effects of PbTx-2 on neuronal plasticity in the peri-infarct region are 

consistent with previous report in that neuronal activity affects structural plasticity in 

vivo through NMDAR-triggered intracellular signaling events (Sin WC et al., 2002). 

Our results demonstrate a functional deficit after inducing stroke and reversal of 

this deficit by PbTx-2 suggest that stroke induced motor deficits might be especially 

responsive to cortical excitability during the recovery phase of stroke. Currently, the only 
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treatment post-stroke is tPA, which must be administered within the first few hours post-

infarct. Considering that occupational and physical therapy are the standard of care for 

stroke recovery, our results have identified a novel pharmacotherapy to accelerate 

recovery. Our data suggests that enhancing cortical excitability during the same time 

frame important for plasticity and recovery is promising to reduce the severity of stroke 

disability. Additionally, this strategy is more effective because it is applicable much later 

than current treatment options after stroke onset.  
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