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Abstract 

Spreading depolarization (SD) is a wave of lost membrane potential moving across the gray matter 

within 1-2 minutes of metabolic compromise as during stroke, post-injury fever or migraine aura. Research 

is ongoing to protect the brain from the potentially damaging effects of SD on neurons, but progress has 

been slow because the molecular events initiating and sustaining SD are poorly understood. Therefore, we 

searched for evidence of an SD activating molecule (SDa) which is released from metabolically stressed 

gray matter and triggers SD, essentially acting like an endogenous palytoxin (PLTX). 

First, we tested if SD could be routinely evoked in a naïve, healthy brain slice by elevating the 

temperature quickly from 35 to 40oC. This “hyperthermic SD” (htSD) was confirmed using light 

transmittance (LT) imaging. Then, SD induction was attempted in a naïve slice by superfusing the artificial 

cerebral spinal fluid (aCSF) which previously bathed several slices undergoing htSD. This solution was 

termed “aCSFPost-SD” and was suspected of containing a released SDa. In support, SD could be evoked by 

aCSFPost-SD in ~62% of naïve slices at a normal temperature of 35oC. Moreover, SD onset evoked by the 

aCSFPost-SD was unaffected by slight elevations in [K+]O (5 mM) or by the inhibition of glutamate receptors 

by kynurenic acid (2 mM). SD induced by O2/glucose deprivation (OGD) was also not hindered by 

rostafuroxin, which blocks the inhibitory effect of a potential endogenous ouabain (EO). Chemical analysis 

of the aCSFPost-SD using size-exclusion high pressure liquid chromatography (HPLC) and matrix-assisted 

laser desorption ionization imaging mass spectrometry (MALDI-IMS) detected compounds with MW of 

~300-400 and ~500-600 Da associated with SD. Analysis of HPLC traces of substances released from brain 

slices evoked by brief hyperthermia, by OGD or by high [K+] revealed the same elevated peaks, implicating 

biomolecules common to SD in general.  Further characterization of SD-related molecules will help us 

identify an SDa as part of a continuing effort to identify therapeutic targets/biomarkers involved in SD-

associated acute brain injury. 
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1. Introduction 

1.1 Disorders related to spreading depolarization 

Neural function relies on an energetically expensive generation of an electrochemical gradient 

across the cell membrane. Insult to the neural tissue can lead to a loss of ionic homeostasis, in the form of 

sustained mass depolarizations propagating across the gray matter as a wave front (Leao 1944, 1947). This 

phenomenon is generally called, “spreading depolarization” (SD) and is the cause of acute injury in several 

neurological disorders, such as those as life-threatening as stroke or post-injury fever and as debilitating as 

migraine (Dreier et al., 2018) (Figure 1A).  

 

[1.1.1] Stroke 

Stroke describes a cerebrovascular complication like blockage (occlusive stroke) or rupture 

(hemorrhagic stroke) that results in oxygen and glucose deprivation (OGD) and potential damage to the 

affected neural tissue. Ischemia, a loss of oxygen and nutrients caused by the loss of blood flow, can either 

be limited to a specific brain region by an occlusion of a cerebral vessel (focal) or affect the entire brain by 

cardiac arrest or strangulation (global). World-wide, stroke is the second leading cause of death and the 

third leading cause of disability, often associated with dementia and depression (Global Health Estimates 

2012, Owolabi et al., 2015). However, while stroke incidence has decreased by 42% in high-income 

countries, the number has doubled in low- and middle-income countries over the last four decades (Feigin 

et al., 2014). Nevertheless, even the “better off” high-income countries are struggling to combat stroke. For 

instance, for every 100 new stroke cases out of 50,000 in Canada each year, 15 die, 40 are left with moderate 

to severe disability, 10 require long-term care, 25 live with minor impairment and only 10 recover 

completely (Krueger et al., 2015).  

 Occlusive stroke is the most prevalent and the only available acute treatment is reperfusion. The 

most well-known treatment regimen for acute occlusive stroke with limited alternatives for the last thirty 

years is the intravenous administration of tissue plasminogen activator (tPA), a FDA-approved 
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thrombolytic agent. tPA however, has a narrow time window of 3 – 4.5 hrs after symptoms onset while up 

to two thirds of ischemic stroke patients have already lost 3 hrs upon their arrival at the emergency 

department (Hacke et al., 2008, van den Berg & de Jong 2009). Moreover, depending on the risk factors 

including age, weight, gender, stroke severity, diabetes, prior medications (i.e. aspirin) and blood pressure, 

tPA administration can cause intracranial hemorrhage, major systemic hemorrhage or angioedema. 

Moreover, tPA is only effective for small clots (Miller et al., 2011). Alternatively, endovascular reperfusion 

treatments, comprising of pharmacological and mechanical procedures, has improved over the past decade. 

The mechanical procedures involving a stent retriever are reserved for patients who have a large thrombus 

at the base of major brain arteries. A stent retriever is a narrow tube that is threaded up from the femoral 

artery to the clot and is either used with or without large-bore suction therapy and tPA (Goldstein et al., 

2016). Although mechanical endovascular therapy has an advantage of a longer time window of 6-hours 

and early recanalization even prior to retrieval of the clot, its use in patients with high blood pressure and 

strained vessels is discouraged (Punal-Rioboo et al., 2015). The clear need for neuroprotection and perhaps 

other acute treatment with more limited exclusion criteria require a better understanding of the immediate 

neural cascades surrounding ischemic stroke.  

 

[1.1.2] Fever  

Fever is a defense mechanism that increases the core body temperature from 37℃ by 1–4℃ in order 

to help resolve infection and improve survival (Chughtai et al., 2017). However, post-stroke fever is not a 

simple epiphenomenon of stroke (Azzimondi et al. 1995; Reith et al., 1996; Boysen & Christensen 2001; 

Greer et al., 2008). In animal models of global ischemia, external warming which simulates the rise in 

temperature within the first 24-hours following stroke onset, exacerbated neuronal injury (Kim 1996, Baena 

et al., 1997). Similarly, a meta-analysis of patients with stroke or other brain injuries, found a significant 

correlation between fever and worse outcome defined by higher mortality rates, greater disability and 

dependence, poorer functional outcome, aggravated disease severity and longer hospital stays (Greer et al., 

2008).  
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Fever often arises within the first two days after the stroke onset and its development can be 

described either as “infectious” or “central” (Georgilis et al., 1999). Infectious fever is caused by bacteria 

or viruses. Unfortunately, these are quite frequent due to the invasive nature of stroke treatment procedures 

(Georgilis et al., 1999). In fact, the prevalence of post-stroke fever is approximately 30% with pneumonia 

accounting for one third of the cases and urinary tract infection responsible for the other third (Westendrop 

et al., 2011). On the other hand, central fever is defined by the absence of any discernable infection. The 

reported prevalence of central fever among acute stroke patients ranges from 14.8% (Georgilis et al., 1999) 

to 44% (Karaszewski et al., 2012) which may be due to the variable ratings of focal signs of infections and 

different cohort sizes with large neural lesions (Wastfelt et al., 2018).  

 First inspired by the positive outcomes in cardiac arrest patients, therapeutic hypothermia is the 

only neuroprotective method that has successfully been transferred to clinical practice for post-stroke 

patients (Moskowitz et al., 2010; Bernard et al., 2002). In particular, endovascular cooling, a catheter-based 

system that allows cool saline to circulate, significantly improves fever reduction in ICU patients (Thomson 

2015). Controlled hypothermia presents a great clinical benefit because it slows the brain metabolic rate 

and oxygen consumption (Sakoh et al., 2003). The reduced metabolic stress lowers the risks of energy 

depleting depolarizations [see section 1.2.2 PIDs] (Tang & Yenari 2010). However, despite the promising 

clinical improvements, there is currently no consensus on the optimal timing, method of inducing 

hypothermia and rewarming (Moskowitz et al., 2010; Wrotek et al., 2011).   

 

[1.1.3] Migraine 

Migraine is a debilitating neurological disorder that manifests as a unique collection of symptoms 

including: unilateral, pulsating headache, an interictal hypersensitivity to sensory stimuli and/or disrupted 

autonomic, cognitive, emotional or motor systems (Goadsby & Sprenger 2010; Noseda & Burstein 2013). 

Approximately 15-18% of the world’s population suffer from migraines and a third of those cases are 

categorized under “classic migraines”, which describe those followed by a transient cortical malfunction, 

known as an aura (Lauritzen 1994; Lipton et al., 2001, 2007). Auras are usually sensory and visual auras 
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like scintillating scotoma and flashes of light moving across the visual field are the most common (Lauritzen 

1994). The progression of a migraine aura is spatiotemporally coincident with the SD propagations in the 

primary visual cortex (Dreier et al., 2002). In the case of migraines without auras, it is hypothesized that 

SDs occur in the ‘silent’ areas of the brain like the subcortical regions (i.e. hippocampus) (Theis et al., 2003) 

or that its effects simply do not meet the clinical threshold (Pietrobon & Striessnig 2003). Functional 

imaging studies of both migraines with and without aura have demonstrated features related to SD including 

alterations in cortical activity and blood flow (Oleson et al., 1990; Woods et al., 1994; Ostergaard, et al., 

2015). 

The pathophysiology of migraine headache is still unclear but it is generally thought that it involves 

recurring changes in the brain excitability capable of activating and sensitizing the trigeminovascular pain 

pathway in individuals with a genetic predisposition (Just et al., 2006; Noseda et al., 2013; Maniyar et al., 

2014). The trigeminal tract is responsible for the nociceptive innervation of meningeal blood vessels and 

large cerebral arteries. The mechanical, chemical or electrical stimulation of these structures, especially 

those associated with the dura mater, release vasoactive neuropeptides like substance P (SP) and calcitonin 

gene-related peptide (CGRP) and can emulate the typical head pain, nausea and photophobia (Keller & 

Marfurt 1991; Goadsby & Sprenger 2010). In other words, SD may actually initiate migraine pain, either 

directly by stimulating meningeal afferents overlying the neocortex or by indirectly activating ascending 

pain pathways in the brainstem. In turn, migraine attacks are sustained by an inappropriate nociceptive and 

vascular control signalling between the brainstem nuclei (i.e. PAG and raphe nuclei) (Weiller et al., 1995; 

May et al., 1998; Afridi et al., 2005).  

 

1.2 Spreading depolarization (SD) 

[1.2.1] General electrophysiological and pharmacological characteristics of SD 

During SD, a nonselective and dominantly inward conductance shifts the local membrane potential 

close to 0 mV. Specifically, [K+]O increases and [Ca2+]O, [Cl-]O and [Na+]O drop significantly as they run 

down their concentration gradients (Kraig & Nicholson 1978; Muller & Somjen 2000a,b). When measured 
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extracellularly using direct current – electrocorticogram (DC-ECoG), a low-pass filter signal recorded from 

macroelectrodes placed on the cortex, SDs are detected as a signature potential shift up to -30 mV or more 

in amplitude, called the “DC shift” (Dreier et al., 2016) (Figure 1B). In other words, if neurons are like 

batteries, SD is analogous to their shorting out (Ayata & Lauritzen 2015).  

The historical difficulty in identifying the channel(s) that drives SD is demonstrated by the 

preservation of SD in the presence of various pharmacological blockers. For instance:  

 

•   Application of voltage-dependent sodium (NaV) channel antagonist, tetrodotoxin (TTX) in 

concentrations that eliminate action potentials only delayed or weakened AD (Muller & Somjen 2000a). 

Other drugs that antagonize NaV channels, such as diphenylhydantoin (phenytoin) and local anesthetics 

only slowed the propagation rate and increased the SD threshold (Chebabo et al., 1988).  

 

•   Inhibition of mixed conductance from neurotransmitter-activated channels such as the NMDA also 

failed to prevent ischemic SD (Benveniste et al., 1984; Hernandez-Caceres et al.,1987; Fabricius et al., 

1993). Although some NMDA antagonists were successful in inhibiting CSDs with lower glutamate 

release, they were not necessarily suppressed at the initiation site (Marrannes et al., 1988).  

 

•   Inhibiting voltage-dependent calcium channels with Ni2+ or Co2+ decreased ∆VO, K+ release into the 

extracellular space (ECS), [Ca2+]O influx and mitigated SD propagation but did not prevent the initiation 

(Jing et al., 1993). Even removing Ca2+ from the bathing fluid had no effect and, in some cases, 

promoted SD onset (Menna et al., 1999). Hence, although Ca2+ no doubt plays a role in SD, its small 

current is not essential.  
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•   Inhibiting K+ current flowing out of the cell using TEA+, slowed the SD propagation but actually 

increased the excitability of the neurons and evoked a faster SD onset (Aitken et al., 1991; Scheller et 

al., 1998).   

 

•   A wide spectrum gluR antagonist, kynurenic acid (KynA), NMDAR inhibitors (AP-5, MK-801, 7-CKA) 

and non-NMDAR inhibitors (CNQX, NBQX), separately or together were all ineffective in preventing 

OGD-induced SD (Yamamoto et al., 1997; Tanaka  et al.,1997; Aitken et al., 1998; Jarvis et al., 2001; 

Somjen 2001; Joshi & Andrew 2001; Anderson et al., 2005). 

 

Overall, selective antagonists are able to partially suppress or delay SD but they are unable to completely 

prevent it. With that said, a cocktail of antagonists including DNQX (AMPA/kainite receptor blocker), CCP 

(NMDAR blocker), TTX and Ni2+ was reported to prevent SD induced by hypoxia in hippocampal interface 

slices. However, the slices suffered irreversible damage in 20 minutes of “hypoxia + cocktail” condition, 

raising the viability of the tissue under the said condition into question (Muller & Somjen 1998).  

If blocking single or multiple standard ligand- and voltage gated channels cannot reliably silence 

SD, it could mean that a large-conductance channel that is normally dormant is instead responsible for 

driving SD. One such candidate was pannexin-1 (Panx1), a half gap junction, which opens after OGD-

induced SD and allows the movement of ions that are < 1 kDa (Thompson et al., 2006). However, Panx1 

antagonists, carbenoxolone (Douglas et al., 2011) and probenecid (Revah et al., 2016) were unable to inhibit 

OGD- and hypoxia-induced SD respectively. Moreover, the activation of Panx1 channels during ischemia 

are dependent on the downstream activation of NMDAR, which recruits Src family kinases (SFKs) to open 

Panx1 (Weilinger et al., 2012).  

 

[1.2.2] The loss and restoration of homeostasis 

During SD, water molecules enter cells by following the dominantly inward movement of ions 

through transporters (MacAulay et al., 2001) but not through aquaporins since these structures are not 



	  

7	  
	  

expressed in neurons (Andrew et al., 2007). As a result, the neurons swell and their membrane resistance 

collapses causing the extracellular space to shrink by 40-70%. Meanwhile, the released [K+]O  is 

concentrated even further (Ranck 1964; Kow & van Harreveld 1972; Somjen 2001). Over a longer period, 

the release of matrix matelloproteinase-9 (MMP-9) causes the opening of the blood-brain barrier (BBB) 

and an accumulation of extracellular fluid called the “vasogenic edema” (Gursoy-Ozdemir et al., 2004). 

Furthermore, the sensitization of the NMDA receptors and the increased release of neurotransmitters 

including glutamate and acetylcholine contribute to the excitability of the affected tissue (Lauritzen et al., 

1988). Overall, the prolonged depolarization and the departure from homeostatic conditions place an 

energetic stress on the neural tissue as indicated by: the increase in glucose, oxygen and ATP consumption, 

elevated production of ROS and lactate, and the intra- and extracellular decrease in tissue pH that persist 

even after the depolarization (Ayata & Lauritzen 2015). 

The SD propagation in a viable tissue (i.e. CSD; see section 1.2.2), is followed by a synaptic silence 

or “depression” of activity that lasts about 5-15 minutes before recovery (Leao 1944). Restoration of 

homeostasis depends on the Na+/K+ ATPase activity, intracellular clearance of [Ca]i and buffering of 

extracellular contents by glia and vascular reuptake, all of which require substantial energy consumption 

(Ayata & Laurtizen 2015). Therefore, depending on the level of metabolic stress, the recovery period can 

be prolonged and the neural tissue may succumb to necrosis (Kraig & Nicholson 1978; Dreier 2011).  

 

Na+/K+ ATPase (the ‘pump’) 

SD can be evoked in vertebrates (mammalians, birds, reptiles, amphibians) and invertebrates 

(locust, cockroach) (Ayata & Lauritzen 2015; Sponget al., 2016) by two general types of insults that either 

overwhelm the pump with high metabolic demands (i.e. hyperthermia, high [K+]O, hypoxia, ischemia) (Wu 

& Fisher 2000; Joshi & Andrew 2001; Anderson & Andrew 2002; Risher, Aitken et al., 1991; Aiba & 

Noebels 2015; Revah et al., 2016) or by direct pump failure (i.e. ouabain, palytoxin) (Balestrino, et al., 

1999; Jarvis et al., 2001; Brisson et al., 2013,2014). Na+/K+ ATPase is a transmembrane enzyme that is 

present in all tissues. With the consumption of a single ATP substrate, it transports three Na+ ions out for 
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two K+ pumped into a cell (Skou & Esmann 1992). The Na+/K+ ATPases in the gray matter are responsible 

for membrane repolarization and are estimated to consume three-quarters of total brain energy while the 

rest are used to satisfy the cellular “housekeeping” expenditures (Attwell & Laughlin 2001). They also 

consume the most energy after SD in both metabolically stressed and healthy tissues because they are 

responsible for restoring [K+]O to a physiological value of 3 mM from 60 – 100 mM and for supporting 

glutamate removal. In other words, it is responsible for returning the neurons to their original resting 

potential (LaManna & Rosenthal 1975).  

Na+/K+ ATPase exists in three isoforms: 𝛼1 (all cells), 𝛼2, (astrocytes of the adult brain) and 𝛼3, 

(neurons). Loss of function point mutations in the ATP1A2 gene associated with 𝛼2 isoform expression are 

implicated in familial hemiplegic migraine type 2 (FHM2) (De Fusco et al., 2003). The greater susceptibility 

to SD in these models is reflected in genetically engineered mice with a heterozygous ATP1A2+/R887 

mutation. These mice exhibited a decrease in electric threshold for SD and an elevated propagation velocity 

in vivo (Leo et al., 2011). At the molecular level, any one of 80 possible mutations in ATP1A2 structurally 

affects the transmembrane and cytoplasmic regions of the pump, causing: compromised function, reduced 

agonist affinity or insufficient ion transport, if they are successfully trafficked to the membrane at all (Morth 

et al., 2009; Spiller & Friedrich 2014; Clausen et al., 2017). Therefore, any compromise of the pump, 

whether by an energetic burden or a structural anomaly, can facilitate SD.  

 

[1.2.3] Continuum of SD subtypes as defined by mechanism and functional consequences 

The two broad subtypes of SD frequently discussed in the literature are anoxic depolarization (AD) 

and cortical spreading depression (CSD). Because some have mistakenly thought that these two subtypes 

possess unique molecular and electrical patterns and consequences for neuronal function, they have been 

regarded as two different entities for decades (Hartings et al., 2017). Now, it is increasingly recognized that 

these phenomena represent the same but opposite ends of a dynamic spectrum in space and time; CSD is 

benign and transient while AD can be noxious or in some cases, terminal (Pietrobon & Moskowitz 2014). 

In fact, the severity of the SD defined by the cumulative duration of the DC shift, propagation speed (2 – 9 
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mm/min), neurovascular response and depression pattern gradually become less harmful as it travels from 

an energy depleted to a normal tissue in focal ischemia (Dijkhuizen et al., 1999; Dreier et al., 2013) (Figure 

1). The greater available energy in a minimally compromised tissue shifts the cell death mechanism toward 

apoptosis and grants the cell better chances of recovery. On the other hand, severe energy depletion leads 

to a higher probability of necrosis, which has a faster onset and therefore greater probability of death than 

apoptotic cascades (Charriaut-Marlangue et al., 1996). Nevertheless, some of the fundamental features that 

define CSD and AD in the same continuum are: (a) the degree of depolarization or the wave form of the 

DC shift, (b) the ionic perturbation, (c) neurotransmitter release, (d) morphological changes including 

cytotoxic edema and dendritic beading, (e) sudden extracellular DC shift, (f) slow propagation speed and 

(g) alterations in intrinsic optical signals (Hartings et al., 2017).  

 

Category: Terminal or anoxic depolarization (TD, AD) 

Although they are not entirely accurate terms, “anoxic” (AD) or “terminal” depolarization (TD) 

usually refer to the type of SD that occurs at the site of the tissue affected by ischemia, leaving a permanent 

damage beyond a critical period of time called the “commitment point” (Somjen 2001, 2004). The term is 

more generally used to refer to SD caused by a severe metabolic impairment similar to ischemia as during 

the administration of chemicals such as high [K+]O, ouabain or palytoxin (Brisson 2013, 2014, Dreier et al., 

2013). Although the mechanism of action and recovery differ among these conditions, the SD 

phenomenology remains similar (Pietrobon & Moskowitz 2014). It can be inferred that different types of 

SD can be thought to lie on the same spectrum as long as they have mechanistic overlaps (Dreier & Reiffurth 

2015).  

In both global and focal ischemia, a “non-spreading depression of activity” is observed in the 

affected tissue at the onset of ischemia. It is essentially an effort to curb the energy usage and to increase 

the probability of tissue recovery (Leao 1947, Hochachka et al., 1996). However, with the maintenance of 

the regional cerebral blood flow (rCBF) below 20-25 mL/100 g/min, the ATP concentrations can only fall 

until it is below the level required to support the Na+/K+ ATPase and a slow, inward cationic current ensues 



	  

10	  
	  

until the DC-potential deflection onset (Hossmann 2008; Pietrobon & Moskowitz 2014). The creeping 

cation influx appears to consist mainly of Na+; reducing [Na+]O  in the bath medium during hypoxic 

conditions delayed the negative DC shift and suppressed its amplitude but decreasing [Ca2+]O was not 

sufficient to evoke a similar response. Also, the effects of TTX, including the DC shift delay and the 

increase in SD threshold, are stronger in AD than CSD (Muller & Somjen 2000a,b).  

It is important to note, however, that the maintenance of SD of any type is not sodium selective 

since K+ is concurrently pushed out and the depolarization remains slightly below 0 mV in whole-cell 

recordings (Somjen 2001, 2004). However, the depolarization is particularly prolonged in AD as reflected 

in the longer DC shift and the delayed return to baseline membrane potential (Dreier & Reiffurth 2015). 

Furthermore, a toxic rise in intracellular calcium of up to ~25 𝜇M travel from the soma toward the apical 

dendrites and can only be observed in AD evoked in live brain slices, although the significance of this 

directionality is not yet known (Dietz et al., 2008).  

AD becomes terminal because of the pump inactivity and inverse neurovascular coupling. Unlike 

normal hemodynamic response to neural activity, the DC shifts during AD are dangerously energy-

depleting because of the microvascular constriction instead of dilation. The restricted blood supply or 

“oligemia” lasts for the duration of the depolarizations and can lead the affected tissue toward the 

commitment point through increased oxygen-glucose demand and supply mismatch (Shin et al., 2006; 

Ayata & Lauritzen 2015) (Figure 1). The oligemia is followed by a transient hyperemia, which is an 

exaggerated cerebral blood flow (CBF) that merely lasts for a couple of minutes. In the grand scheme of 

the affected tissue, there is a gradient of both the blood flow and metabolic compromise from the ischemic 

core (~15 mL/ 100 g/ min) to the penumbra (~20-55 mL/ 100g/ min). The expansion of the poorly perfused 

regions from the persistent metabolic stress, adequately termed, “spreading ischemia” promotes the 

enlargement of the infarct core and diminishes therapeutic opportunities (See 1.2.2 PID) (Hossmann 1994) 

(Figure 2A,B). Mechanistically, spreading ischemia is perpetuated by the vicious cycle of vasoconstrictors 

released by neurons/astrocytes upon depolarization and the same vasoconstriction promoting further 

depolarizations (Dreier 2011). However, if the affected tissue is re-perfused before the commitment point, 
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the tissue health is recoverable without any cellular damage (Murphy et al., 1999, 2008). Interestingly, the 

administration of vasodilators such as the L-type Ca2+ antagonist, nimodipine or the NO-donor, S-nitroso-

N-acetyl-D-penicillamine were also able to restore hyperemia near normal levels (Dreier et al., 2001).  

 

Category: Peri-infarct depolarization (PID) 

PID is an SD wave that propagates through the gradient of metabolically stressed regions forming 

the “penumbra” surrounding the focal ischemic infarct or traumatized cortex. It is triggered by the 

reductions in metabolic supply (i.e. hypoxia, hypoglycemia) and the increases in metabolic demand (i.e. 

depolarizations) in the region of contusion (Charles & Brennan 2009) (Figure 2B). PIDs are present in 

many if not all post-stroke patients over the course of a week and in more than 90% of cases, these 

depolarizations occur in temporal clusters (Dohmen et al., 2008). Once PIDs reach a healthy tissue in the 

path of their propagation, they continue on as a CSD. However, even the healthy tissues may not be spared 

for long as the PID-induced necrosis invades the peri-infarct rim and further expands the penumbra into the 

healthy tissues. In fact, rats subjected to left middle cerebral artery occlusion (MCAO) for 3-hrs revealed a 

significant linear relationship between the number of PIDs and the final infarct volume, with each 

depolarization accounting for the expansion of the infarct volume by about 13 mm3 (Mies et al.,1993). The 

severe but incomplete energy failure and the aggravation of neural injury with each recurrent depolarization 

was also reflected in the gradual rise in the DC shift duration and EEG amplitude recovery time (Mies et 

al.,1993).  Real time observation of the ischemic lesion volume in vivo with continuous apparent diffusion 

coefficient (ADC) of water mapping also demonstrated a significant enlargement of the necrotic core 

induced by recurrent PIDs (Takano et al., 1996). With ongoing ischemia accompanied by mixed patterns 

of CBF responses, the infarct volume quickly enlarged into the penumbra and reached the maximum 

volume (of the original penumbral volume) in 3 to 6 hours before slowing down (Hossmann 1994, Luckl 

et al., 2009). After >3 hrs, the volume of salvageable tissue declined and much of the therapeutic 

opportunity was lost. Therefore, the causative role of recurring PIDs in the exacerbation of ischemic stroke 
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injury and its implications on the therapeutic window makes it a rational target for neuroprotection 

(Hossmann 1994).  

 

Category: Cortical spreading depression (CSD) 

Although CSD is a similar phenomenon to AD, it manifests during a mild metabolic stress and so 

presents fewer consequences. CSD was first described as a “depression” by Leao because all electrical 

activities were silenced after the abrupt, near-complete depolarization. Unlike AD, CSD exhibits the 

inactivation of a local fraction of the Na+/K+ ATPase but ATP levels are generally not seriously 

compromised. Furthermore, because the DC-shift is not preceded by the slow Na+/K+ ATPase failure, it is 

reached earlier than AD, is short-lived and is accompanied by a normal hemodynamic response. The 

resulting SD favors a faster recovery of the ionic homeostasis. Therefore, CSD does not cause cell death or 

long term damage to healthy neural tissue but it can impart a metabolic burden and transform into AD under 

inverse neurovascular coupling (Dreier, 2011; Dreier et al., 2013, 2016).  

CSD can be induced by a local electrical stimulus, brief K+ pulse, prolonged application of K+ or a 

pinprick. Pharmacological inhibition of CSDs showed that there are different degrees of influence by 

NMDAR, voltage-gated Ca2+ channels and voltage-gated Na+ channels depending on the type of insult 

causing the depolarization (Pietrobon & Moskowitz 2014). Furthermore, CSD demonstrates a minimal rise 

in free intracellular calcium in the soma (~8 𝜇M) and the apical dendrites (25 𝜇M), followed by a wave of 

calcium travelling from the distal dendrites towards the soma (Dietz et al., 2008).  

The typical hemodynamic response to CSD proceeds in four stages: (1) initial subtle reduction in 

CBF coincident with the DC shift, (2) maximum hyperemia during repolarization and return to DC baseline, 

(3) late hyperemia at 3-5 min post SD and (4) late, moderate oligemia persisting for an hour or more (Ayata 

& Lauritzen 2015). The magnitude of the CBF increase during hyperemic stages was observed in a range 

between 30 – 250% due to differences in species, experimental conditions (i.e. awake vs. anesthetized) and 

methods of measurement (Lauritzen 1987, Mraovitch et al., 1992, Shimizu et al., 2000, 2002). The 

exaggerated blood supply is able to compensate for and avoid histological damages associated with 
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significant increases in cerebral metabolic rate of oxygen (CMRO2) and the mild, early reductions in CBF 

during SD (Nedergaard & Hansen 1988; Piilgaard & Lauritzen 2009) (Figure 1). From the close association 

between cell energy level and CBF, hyperemia was assumed to be a reactive event to energy expenditure. 

However, it was unaffected by the surplus or the inadequate levels of glucose and O2 provided during SD 

(Wolf et al., 1997; Lindauer et al., 2010; Sukhotinsky et al., 2010). SD actually causes a decoupling of the 

neurovascular unit, suggesting that the hemodynamic response is directly triggered by a form of cell to cell 

communication and/or a mediating molecule instead (Piilgaard & Lauritzen 2009; Chang et al., 2010).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	  

14	  
	  

 
 

 

 
 
 
 

Figure 1. Perfusion during cortical spreading depression (CSD) compared to during AD. 
 
A) Unlike the stroke model where ischemia persists at the core and is surrounded by a severe oligemia 
(right), a migraine model (i.e. CSD) is supplied with better perfusion as a whole (left) (Figure modified  
from Dreier & Reiffurth 2015) 
 
B) The change in regional cerebral blood flow (rCBF) in relation to the DC shift and increase in [K+]O 
during CSD in normal tissues (right) and AD in tissues at risk (left). DC deflection in both CSD and AD 
was accompanied by a rise of [K+]O. Brief hyperemia followed CSD but oligemia persisted for the duration 
of AD (Figure modified  from Dreier et al., 2018) 
 
 
 
 
 
 
 
 
 
 

A 
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Category: Hyperthermic SD (htSD) 

Hyperthermia (> 38 ℃) can cause SD in invertebrate and vertebrate species by compromising the 

Na+/K+ ATPase (Wu & Fisher 2000; Spong et al., 2016). In fact, the whole-cell recordings of rat neural 

tissue under hyperthermia (39.5 ℃) or ouabain (10 𝜇M) were indistinguishable and unaffected by TTX. 

However, these recordings were different from that of hypoxia induced SD, in which, the DC shift onset 

and the recovery of the membrane potential to baseline were relatively delayed (Wu & Fisher 2000) (Figure 

2). The difference may be due to the method of Na+/K+ ATPase compromise. In the case of SD evoked by 

energy failure, such as during hypoxia, [ATP] decreased as much as 50% and creatine phosphate was 

reduced by up to 80% while [ADP] and [AMP] increased (Mies & Paschen 1984; Lauritzen et al., 1990). 

On the other hand, during htSD under a bath temperature of 40 ℃, there was a doubling of [ATP]i. Moreover, 

pre-treatment with creatinine had no effect, suggesting that htSD is a product of a direct pump compromise 

much like ouabain (Wu et al., 2003). In agreement with these findings, Na+/K+-ATPase activity was reduced 

at greater than physiological temperatures in a bell-shaped curve (Shyamali et al., 1987; Kushkevych et al., 

2015). However, owing to its transient and weaker effects than AD, htSD at 40 ℃ neither changed the SD 

threshold nor its amplitude but accelerated its propagation [Wu & Fisher 2000]. Perhaps AD and permanent 

damage can be expected at higher temperatures than 47 ℃ at which point, sequential denaturation of Na+/K+ 

- ATPase subunits occur (Grinberg et al., 2001). However, this holds limited clinical relevance because 

fever raises the body temperature by only 1 to 4℃  [See section 1.1.2]. The highest recorded fever 

temperature in a human was 46 degrees. Death usually occurs at 43 degrees and certain death at 44 degrees 

(Britannica 2020). 

 htSD is increasingly recognized as a subtype of PID during post-insult fevers. Previous animal and 

clinical studies demonstrated that SD coincided with elevations in body temperature and increased the 

infarct volume by up to three-fold (Chen et al., 1993; Hartings et al., 2009). Although these findings are 

valid because body temperature (Tcore) is proportional to the brain temperature (Tbrain), only the latter is 

directly affected by SD. Tbrain and not Tcore increased significantly 25-min prior to and persisted for 35-min 
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after SD. Recurrent SDs resulting from the Tbrain rise further elevated Tbrain, yielding a greater probability 

of provoking more energy-requiring SD episodes at Tbrain > 38 ℃ (Schiefecker et al., 2018).  
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Figure 2. Whole cell recording of SD evoked by hyperthermia, ouabain and hypoxia.  
The figure was modified from the original presented in Wu et al., 2000. 
 
A) HtSD and ouabain-SD demonstrate similar electrophysiological pattern. 
 
B) Duration and amplitude of Ht-, ouabain induced and hypoxic SDs.  
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[1.2.4] Intrinsic optical signal (IOS) changes during SD 

Biological tissues transmit, reflect, scatter and absorb light. Hence, the abrupt changes to these 

intrinsic optical signals (IOS) can be used to spatiotemporally detect SD. The cells contributing to the SD 

wave front predominantly transmit light because they swell (Bahar et al., 2000; Andrew et al., 2007). On 

the other hand, the scattering of light in the wake of AD, which is caused by persistent depolarization and 

the resulting damage is partially attributed to dendritic beading (Andrew et al., 2007). In fact, time to peak 

changes in IOS and the formation of dendritic beads are almost identical (Muller & Somjen 1999). Light 

may also be scattered from the Cl- dependent swelling of the organelles (i.e. mitochondria) within the soma 

(Bahar et al., 2000). Therefore, measuring changes in LT reveals cell swelling at the SD front (increased 

LT) as well as later changes (decreased LT) caused by dendritic beading, thereby demonstrating acute 

neuronal injury (Andrew & MacVicar 1994, Andrew et al., 2007).  

 

[1.2.5] Regional differences in SD thresholds  

SD can be provoked in almost all of gray matter but the level of vulnerability differs between 

regions in vivo and in vitro (Murphy et al., 1999, 2008; Brisson et al., 2013). SD is most readily evoked in 

the “higher brain” including the CA1 region of the hippocampus and the neocortex, especially in the 

primary sensory cortex (Brisson et al., 2014, Bogdanov et al., 2016). The selective survival of neurons 

below the thalamic-hypothalamic interface provides an explanation for the “awake-but-not-aware” 

characteristic of the vegetative state following global ischemia (Brisson et al., 2013, 2014). It has been 

proposed that higher brain regions like neocortex or thalamus have Na+/K+ pumps with 𝛼%  isoform 

constituents which are more susceptible to SD than those of 𝛼& and 𝛼' isoforms found in the hypothalamus 

or brainstem (Brisson et al., 2013 Hubel et al., 2016).  

 

[1.2.6] Age dependent susceptibility to SD  

SD cannot be evoked in newborn animals probably because it is evolutionarily advantageous to 

have a less susceptible higher brain during birth, which has the highest risk for hypoxia (Somjen 2004). In 
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newborn animals, the tolerance for [K+]O accumulation remains high while the quantity of its release is the 

same as in adult animals (Hansen 1977; Hansen & Zeuthen 1981; Isagai et al., 1999). It is only possible to 

generate CSD in rat neocortex after the 15th postnatal day (Bures 1957). Maximum susceptibility to SD in 

rats is reached at 16 – 30 days of age (Hablitz & Heinemann 1989, Hetelendry). The SD threshold gradually 

increases again as rats mature into adulthood and the dendritic spine density in their cortical pyramidal 

neurons increase (Maslarova et al., 2011; Hertelendry et al., 2017). The hemodynamic response to SD and 

therefore, SD severity, is also dependent on age; while the progressive decreases in CBF during ischemia 

and inverse neurovascular coupling were observed during SD in older rats (2-years), these responses were 

absent in younger rats (8 – 9 weeks), only to be observed after 30 weeks of age (Menyhart et al., 2015; 

Hertelendry et al., 2017).  

 

[1.2.7] Sexual dimorphism in SD 

 Human epidemiological studies have demonstrated a sexual dimorphism in SD related disorders 

such as stroke, suggesting that SD is affected by humoral activities and by other molecular cascades unique 

to each sex (Manwani & McCullough 2011). In reflection of these findings, animal studies have shown 

better stroke outcomes with decreased edema, reduced blood-brain barrier breakdown and smaller infarct 

size in young, ovary-intact rats when compared to aged females or age-matched males (DiNapoli et al., 

2008; Liu et al., 2009). The most obvious neuroprotective agent at play is estrogen, specifically 17𝛽-

estradiol. However, its genomic and non-genomic cascades in brain cells and moreover, their effects in an 

aged brain are poorly understood and require further study (Liu et al., 2009; Dubal et al., 2001). Perhaps 

less obviously and in conjunction with the effects of sex hormone levels, gender-specific cell death 

pathways and cell responses to ischemia also mediate the sex differences in stroke outcomes (Hurn et al., 

2005; Lang & McCullough 2008). These effects may be due to the intrinsic organizational differences 

shaped by prenatal and early postnatal hormones or by the different combinations of sex chromosomes (i.e. 

XX vs. XY) (Manwani & McCullough 2011).  
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[1.2.8] Neurons lead, glia follow during SD 

Glial cells, mainly astrocytes, are able to act as a buffer to neuronal activity due to their stable 

resting intracellular potential and low input resistance from high resting K+ conductance and electrical 

coupling through gap junctions. Since glial depolarizations play a dominant role in sustaining the 

extracellular potential shifts (∆𝑉* ) during prolonged neuronal excitations, the pronounced negative 

potential shift during SD was also assumed to be driven by glia (Somjen 1975). However, several studies 

suggested that glial cells instead play a passive role in the SD process, in which, they simply depolarize 

from the rise of [K+]O and swell from KCl reuptake (Walz 1997). First, the depolarization of neuroglia 

during SD was found to be weaker than neurons (Higashida 1971). Second, the treatment of glial cells with 

metabolic poisons, fluoroacetate and fluorocitrate incapacitated the glial cells hours earlier than the neurons 

and yet, SD onset time was abbreviated. This suggested that glial cells supply a passive resistance to SD 

rather than initiating it (Largo et al., 1996). In fact, glial cells take up K+ during SD and so cannot be the 

source of [K+]o accumulation (Mori et al., 1976), at least before their pump fails. Third, although a wave 

of [Ca2+]i propagates through glia gap junctions upon local stimulus, SD could occur without the Ca2+ influx 

in both neurons and glia (Cornell-Bell et al., 1990; Basarsky et al., 1998). As well, the glial [Ca2+]i surge 

fell behind that of neurons (Chuquet et al., 2007).  

 

1.3. Prevalent hypotheses on SD initiation and propagation 

[1.3.1.] Grafstein’s potassium hypothesis 

According to this hypothesis, the accumulation of K+ in the limited interstitial space beyond a 

critical threshold of ~12 mM during intense neuronal activity depolarizes the cells that released it and then 

the neighboring cells via diffusion (Graftstein 1956; Heinemann & Lux 1977; Strong 2005). The sequential 

cycle of firing and inactivation of neurons was hypothesized to generate the slowly propagating wave of 

SD (Grafstein 1956; Strong 2005).  

However, SD initiation entails a slow, inward conductance of mainly Na+ but also Ca2+ as an 

ancillary current (Kager et al., 2002). The slow Na+ influx initiates SD while the concurrent Ca2+ entry open 
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various K+ channels. The release of K+ results in additional depolarizations until a nearly total neural 

depolarization is achieved. In this way, the build-up of extracellular K+ is an essential but a downstream 

event to whatever that triggers the Na+ influx (Herreras et al., 2005). In fact, [K+]O increases slightly after 

the DC shift onset, unless SD is induced by an artificial application of [K+]O, severe hypoxia or ischemia 

(Hansen & Zeuthen 1981; Herreras & Somejen 1993; Canals et al., 2005; Dreier et al., 2013). Secondly, 

the [K+]O (> ~12 mM) required to initiate SD (Grafstein 1956; Matsuura & Bures 1971; Lothman, et la., 

1975; Heinemann & Lux 1977; Hansen & Zeuthen 1981) suggests that K+ diffusion may not be sufficient 

to re-initiate SD as the wave front progresses. Third, the constantly elevated [K+]O cannot be the mediator 

for the regular and dynamic SD events observed in vivo (Dreier et al., 2001, Petzold et al., 2005) and brain 

slices (Anderson & Andrew 2002).  

 

[1.3.2.] van Harreveld’s glutamate hypothesis 

Van Harreveld first argued that glutamate is the sole trigger of SD based on three observations: a) 

the omnipresence of glutamate in a normal brain, b) the contraction of crustacean muscle by extracts 

collected from neural tissue undergoing SD and c) the generation of glutamate induced-SD in the neural 

tissue (Van Harreveld 1959). Further circumstantial evidence that supported glutamate over the K+ included: 

a) the failure of TTX to antagonize the effects of glutamate, b) the influx of NaCl and water into cells in 

the presence of glutamate (Ames 1958), c) the increase in [glutamate]O during SD (Fabricius et al., 1993) 

and d) a reverse potential of 0 mV exhibited by glutamate-controlled currents (Langmoen & Hablitz 1981). 

However, van Harreveld himself had to adjust his proposal to include the role of potassium because the 

arguments supporting glutamate as an agent of SD could also be applied to other excitatory transmitters 

(Lauritzen et al., 1988) and glutamate’s ability to induce SD with or without its reuptake inhibitors has been 

inconsistent (Obrenovitch & Zikha 1995, Hinzman et al., 2012). Moreover, in subsequent studies, a 

pharmacological blockade of NMDA and AMPA receptors alone or in combination failed to affect AD and 

recurrent PIDs close to the infarct core (Marrannes et al., 1988; Lauritzen & Hansen 1992; Joshi & Andrew 
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2001). Inhibition of quisqualate and kainate receptors had no effect in all types of SDs (Lauritzen et al., 

1988; Lauritzen & Hansen 1992).  

 Due to the complex molecular interplay that governs SD, a better temporal resolution of events 

leading to the SD initiation was needed. Enger et al. (2015) utilized extracellular DC recording, K+ - 

sensitive electrodes and 2-photon imaging with ultrasensitive Ca2+ and glutamate fluorescent probes to 

demonstrate the ionic changes during SD in vivo mice. Upon topical application of 1 M KCl, a glutamate 

surge in the extracellular space was observed after a DC shift and [Ca2+]i rise in neurons. From there, the 

glutamate surge travelled at a different rate from the calcium wave in neurons and glia. Therefore, as with 

K+ release, glutamate release is the result and not a trigger of SD (Enger et al., 2015).  

 

[1.3.3] An elusive SDa triggering SD 

The existence of an extracellular SD activating molecule (SDa) causing the direct cortical excitation 

was first described by van Harreveld in 1959. Ten rabbit pallia were flash frozen and ground up ~5 minutes 

after decapitation (i.e. ischemia) before being re-suspended in 1 mL distilled water. SD was evoked when 

the pallia extract was applied on a naïve cerebral cortex, revealing a humoral instigation of an SD (van 

Herreveld 1959). Moreover, SD propagation was suppressed when the extracellular fluid of tissue under 

SD was buffered using intracerebral microdialysis (Obrenovitch & Zikha 1995) and SD was less readily 

evoked in organotypic slices, suggesting that extracellular, SD activating biomolecules are required to 

initiate SD (Kunkler & Kraig 1998). As for the identity of the SDa evoking an explosive ionic conductance, 

it remains ever elusive. The most prominent hypotheses so far have been high [K+]O and/or glutamate.  

 

[1.4] Objective and hypothesis – Opening of a normally closed channel that drives SD generation 

As briefly described in section [1.2.1], standard voltage- and ligand-gated channels cannot trigger 

mass depolarizations of neurons that comprises SD. In agreement with the literature, our lab has 

demonstrated that a cocktail of blockers, “Mix 1” failed to prevent OGD-induced SD when observed under 

whole-cell current clamp. Therefore, it can be hypothesized that SD initiation is triggered by a pathway that 
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is normally absent or inactive in healthy brain tissue. One such pathway could involve the conversion of 

Na+/K+ ATPase into an open channel. Although organisms with deleterious mutations in ATP1A1 would be 

unviable, a single non-functional copy of the gene in Xenopus oocytes exhibited functions of a wide ion 

channel (>7.5 Å) instead of a pump (Azizan et al., 2013). In a similar manner, palytoxin (PLTX) (2680 

g/mol) converts the Na+/K+ ATPase into a non-selective, open ion channel, allowing the passage of millions 

of Na+/K+ and evoking AD at miniscule doses of 1-10 nM (Ramos & Vasconcelos 2010; Brisson et al., 

2014). PLTX is considered the 2nd most lethal non-peptide molecule; a single molecule can dissipate a red 

blood cell membrane potential upon binding (Rossini & Bigiani 2011). Hence, the abrupt structural changes 

to Na+/K+ ATPase into a channel during pathologic conditions may herald the loss of ionic homeostasis 

characteristic of SD. So the question becomes: might metabolically stressed brain tissue release PLTX-like 

molecules that would act as an SD activator (SDa)? 

 There are several lines of evidence to support that Na+/K+ ATPase compromise initiates SD. First, 

there is a high Na+/K+ pump density on mammalian neuronal membranes that exceed the quantity of Na+ 

channels. The Na+/K+ ATPase channel density is estimated to be about 10-100/𝜇m2 in regions with steady 

Na+ influx and 100-1000/𝜇m2 in regions with high influx (Alle & Geiger 2009), all of which would create 

a formidable conductance as a permanently open channel. Secondly, an outside-out patch of Na+/K+ ATPase 

showed that the pump was converted into a channel when brought near a neural tissue undergoing OGD-

induced SD in the presence of Mix 1 (Andrew et al., 2013, Ollen-Bittle et al., 2019). In other words, SD 

initiation may entail a palytoxin-like, SD activating biomolecule (SDa) released from metabolically stressed 

tissue and thus allow an outside-out patch of Na+/K+ ATPase to act as a biosensor of the unknown SDa.  

 

Based on this line of thought, the objectives of this project were five-fold: 

1)   To determine if a biomolecule released from metabolic stress (SDa) mediates SD initiation and to 

confirm that this is not high [K+]. 

2)   To confirm that the SDa is also not glutamate 
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3)   To investigate the role of endogenous ouabain (EO) in SD initiation 

4)   To begin to isolate and characterize the SDa 

5)   To determine if the biomolecules released during SD are insult-specific 
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2. Materials and Methods 

2.1 Animals 

 All procedures were performed according to the protocols submitted by Dr. R.D. Andrew and 

approved by the Queen’s University Animal Care Committee. Male Sprague-Dawley rats (21-35 days old; 

Charles River, St. Constant, PQ) were housed in a controlled environment (25℃, 12h light/dark cycle) and 

fed Purina lab chow and water ad libitum. Only males were tested given the nature of the project, which 

sought to investigate the immediate mechanism of SD and not its downstream effects [See section 1.2.7]. 

The cages had plastic tubes for hiding/shelter and wooden toys for enrichment.  

 

2.2 Rat dissection procedure  

 Rats were held in a plastic rodent restrainer (DecapiCone; Braintree Sceintific, Braintree MA) and 

decapitated by a guillotine. The head was immediately immersed in cold aCSF for a few seconds. An 

incision was made at the cranial notch to expose the skull and at the middle of the head to pull back the 

skin over the eyes. Rongers were used to make 1 medial incision and two lateral incisions at the foramen 

magnum to remove the skull cap. The nasal ridge, along the nasofrontal suture was cracked with the rongers, 

which freed the olfactory bulb. The ventral cranial nerves attached to the base of the brain were severed 

using a small scoop and gently dropped into cold aCSF. The brain was carefully cut along the longitudinal 

fissure, supported upright against an agar block on the slicing plate and submerged in the ice-cold aCSF 

bath in the Leica 1200-T vibratome (0.70 amp; 0.09 mm/s; 400 𝜇M). The brain was cut into half-coronal 

slices and were collected in a beaker of aCSF. They were incubated in 35℃ for at least an hour to allow 

recovery from slicing.  

 

2.3 Experimental solutions 

 Regular rat aCSF consisted of (in mM): 120 NaCl, 3.3 KCl, 26 NaHCO3, 1.3 MgSO4∙7H2O, 1.23 

NaH2PO4, 11 D-glucose and 1.8 CaCl2. The oxygen-glucose deficient (OGD) aCSF was made with the 
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same reagents but without glucose. Both aCSF and OGD-aCSF were thoroughly gassed with either 

carbogen (95% O2/5% CO2) or nitrogen gas (95% N2/5% CO2) respectively. ACSFPre-SD was made by 

placing 18 or 36 hemisected, coronal slices that were previously incubated in 35℃ waterbath for an hour, 

in 40 or 10 mL aCSF at 35℃ for about 10 minutes. aCSFPost-SD was composed of aCSF and biomolecules 

released from the 18 or 36 slices upon a sudden increase in temperature from 35℃ to 40, 42 or 44℃ within 

1 minute and maintained for 10 minutes. Alternatively, the aCSFPost-SD was also made by submerging the 

slices in 10 mL aCSF with 26 mM K+ for about 10 minutes, which also evoked SD (Figure 3). ACSFPost-SD 

was perfused with 95% N2/ 5% CO2 until just before imaging because the SD-initiating biomolecule, or 

“SD activator” (SDa) was hypothesized to lose its potency from oxidation.  

 Pharmacological antagonists of voltage- and ligand-gated channels were utilized to help isolate the 

channel involved in SD initiation. A cocktail of inhibitors (Mix 1) consisted of 1 𝜇M TTX, 10 mM TEA, 1 

mM kyneurenic acid (KynA), 10 𝜇M nifedipine, 100 𝜇M carbenoxolone, 500 𝜇M probenicide and 100 𝜇M 

picrotoxin. TTX, TEA, kynurenate, nifedipine and picrotoxin inhibited voltage dependent Na+ channels, 

voltage dependent K+ channels, gluRs, L-type CaV channels and GABAA chloride channels respectively. 

Carbenoxolone and probenicide blocked pannexins. These channels have been implicated in SD generation 

but in fact these inhibitors do not prevent SD. Mix 1 was included in the aCSFPre-SD and aCSFPost-SD. Other 

experiments exposed slices to 1 𝜇M TTX or 2 mM kynurenate alone.  

 The role of the Na+/K+ ATPase (the `pump)`in SD was also investigated. To induce SD, slices were 

exposed to either OGD or 10	  𝜇M ouabain, a Na+/K+ ATPase antagonist. Ouabain simulated the effects of 

endogenous ouabain (EO) possibly released by the neural tissue under metabolic stress. Both ouabain and 

OGD conditions either did or did not include rostafuroxin, a ouabain antagonist. Since calcium influx 

induced by nano-molar concentrations of ouabain can be inhibited by 6 𝜇M rostafuroxin (Song et al., 2014), 

the first set of experiments tested the efficacy of 10 𝜇M rostafuroxin in suppressing OGD-SD. When this 

did not show any significant effects, the validity of the rostafuroxin dosage used in our particular condition 
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was suspected. Hence, an overcompensating amount of rostafuroxin at 100 𝜇M was tested against ouabain-

induced SD in order to confirm that rostafuroxin could influence SD. 

 

[2.3.1] Measuring [K+] in aCSF and aCSFPost-SD 

 To measure the potassium concentration in the experimental solutions, 3 mL samples were 

delivered to KGH and analyzed by K+ assays on the ARCHITECT cSystems. The reference and measuring 

ion-selective electrodes were membrane selective to K+ and they recorded the electrical potential (voltage) 

in accordance with the Nernst equation. The measured values were compared to the standard calibrator 

voltages to calculate [K+]. Samples were refrigerated for a maximum of 30 days prior to measurement.  

 

[2.3.2] Bicinchoninic acid (BCA) protein assay  

 The BCA assay (ThermoFisher, catalog number: 23225) is a protein quantification technique that 

relies on the Biuret reaction, in which peptide bonds and amino acid residues such as cysteine, tyrosine or 

tryptophan reduce Cu+2 in an alkaline medium. The increasing absorbance at 562 nm from the formation of 

bicinchoninic acids is linearly proportional to the rising protein concentration within the range of 20-2000 

𝜇g/mL. The sample protein concentration was determined in comparison to the BSA standard curve after 

the blank values were subtracted.  

 25 𝜇L of the aCSFPre-SD and aCSFPost-SD samples and 200 𝜇L of the working reagent were pipetted 

into the microplate in duplicates. The plate was placed in a 37℃ water bath for 30 minutes and then 

thoroughly cooled. Wavelengths near 562 nm were measured on a plate reader.  
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Figure 3. Schematics of the SD experiments.   
 
A) A naïve slice was either superfused with normal aCSF (35℃) or directly exposed to an abrupt rise in bath 
temperature (35→40℃). SD evoked by hyperthermia (htSD) was detected using LT imaging.  
 
B) Slices were exposed to abrupt hyperthermia at 40℃ for 10 minutes. The slices were removed and the aCSFPost-

SD cooled to 35℃. It was then superfused over a naïve slice during LT imaging to observe if SD can be generated.  
 
The procedures, A) and B) were repeated with 1.1 and 5.0 mM K+ aCSF to determine if small changes in [K+]O 
affected SD onset.  
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2.4 Imaging Changes in Light Transmittance (∆LT) 

 At least one-hour post-slicing, a naïve, coronal slice was transferred to LT imaging chamber by a 

wide-mouth pipette and was placed in a bath of flowing aCSF (3 mL/min) with small metal weights. The 

imaging setup measured and displayed changes in the level of LT through the slice. It consisted of an upright 

microscope (Examiner, Carl ZEISS) with a broadband halogen light source (Carl Zeiss SNT 12V 100W) 

and a 2.5X objective lens. Images were captured with a 12-bit charge-coupled-device (CCD, Hamamatsu 

C4742-52), and a video frame grabber. The averaged LT of the tissue was digitized by the video frame 

grabber board at 30 Hz (INDEC Biosystems, Santa Clara, CA) to create an averaged image of 1,125 x 1,125 

pixels (Figure 4).  

 Using the data sent from the frame grabber, the Imaging Workbench 7.0 Software calculated the 

change in light transmittance according to the equation: 

 

∆	  𝐿𝑇 =
(𝑇234 − 𝑇6789)

𝑇6789
×100 =

∆𝑇
𝑇

% 

 

The control transmittance or the first image of the series (Tcont) was subtracted from subsequent images 

(Texp) to obtain changes in light transmittance (∆LT). ∆LT was normalized by dividing by Tcont and was 

expressed as a percentage because Tcont varied depending on the zone sampled. This value was presented 

as a digital intensity under the Workbench 7.0 software. Blue-green-yellow-orange-red pseudo-coloration 

indicated a range of increased LT caused by tissue swelling. In contrast, a purple pseudo-color indicated 

scattered light (decreased LT) caused by dendritic beading or neuronal damage (Brisson et al., 2014; Jarvis 

et al., 2001). This allowed for a semi-quantifiable analysis of somatic swelling and/or dendritic beadings 

along areas of propagating SD by taking the average of the maximum change in LT based on the equation 

across selected regions of interest (ROI) (7000 pixels) (Figure 5). The calculated values were then plotted 

using a line graph in Prism 7.0, which is a statistical analysis program.  
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Figure 4. Diagram of Light Transmittance (LT) Imaging apparatus.   
 
A broadband halogen light is either absorbed, reflected or transmitted through the slice placed in the bath. The 
charge-coupled-device averaged the transmittance and the frame grabber board digitized the images. 
Transmittance was calculated and normalized as a percentage of the digital intensity of the control image by 
Imaging Workbench. Image adapted from Anderson and Andrew (2002). 
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Figure 5. Semi-quantifying SD intensity by measuring the maximum ∆LT as the SD front (the LT 
peak) sequentially propagates across each ROI.  
 
(A) An example of a series of ∆LT images of rat neocortex (NS) and striatum (S). ROIs in the path of SD, are 
marked on the third frame (pink, blue, green circles) and three random ROIs (grey) are marked on the neocortex. 
  
(B) Plot of ∆LT of ROIs in (A). Somatic swelling at the SD wave front and dendritic light scattering (denoting 
neuronal injury) evoked by SD were quantified by taking the average maximum ∆LT (%) of selected ROIs. The 
decrease in ∆LT (%) before the maximum value in both the SD front and control traces represent an artefact. 	  
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[2.4.1] SD evoked by hyperthermia or by aCSFPost-SD 

 Before inducing abrupt hyperthermia or superfusing aCSFPost-SD, all trials included a two minute 

“baseline” period, during which a slice was placed in the imaging bath with flowing aCSF at 35℃, to ensure 

that the slice was healthy (i.e. no spontaneous depolarization or swelling). Once a stable baseline was 

established, the bath temperature was raised from 35℃ to 40℃ or the aCSF flow was switched to that of 

aCSFPost-SD (Figure 1). The first two minutes of “baseline” was subtracted from the time at which the SD 

was evoked to obtain the accurate SD onset value from the insult onset.  

 

[2.4.2] Assessment of slice health under the light microscope 

 For experiments where the SD spread could not be directly observed, the slice health before and 

after the insult was assessed using the captured grey image of the hippocampus. If SD has occurred, swelling 

of the stratum pyramidale (cell bodies) region was indicated by the increase in LT (brightness) and dendritic 

beading in the stratum radiatum was represented by the decrease in LT (Figure 6).  
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Figure 6. LT greyscale image of rat hippocampus before and after htSD.  
CA1, CA3 and dentage gyrus (DG) of the hippocampus surrounded by the neocortex (NC) and thalamus (Th) 
are indicated on the grey image.  
 
A) Pre-htSD. The translucent dendritic region (stratum radiatum, SR) transmits more light than the less 
translucent pyramidal cell body layer (stratum pyramidale, SP).  
 
B) Post-htSD. The LT values increase in the cell body layer as neuronal somata swell as a result of SD. LT 
values decrease in the dendritic region as dendrites become beaded (not shown). 
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2.5. Size exclusion high pressure liquid chromatography (HPLC)  

 Thirty-six hemisected, coronal rat brain slices under varying pharmacological and ionic conditions 

were incubated in 10 mL of aCSF. Slices were removed and aCSF samples were taken either before 

(aCSFPre-SD) or after (aCSFPost-SD) SD was induced by abrupt hyperthermia for 10 minutes. One hundred uL 

of aCSFPre-SD or aCSFPost-SD was then sampled and introduced into the solvent stream of the HPLC 

(Shimadzu LC-10AD) using an auto injector (SIL-10A). The solvent stream consisted of 1×PBS (Fisher 

bioreagents BP399-4; 11.9 mM phosphate, 137 mM NaCl, 2.7 mM KCl) as the mobile phase and was 

maintained at a pressure of about 70 kgf by the pump (FCV-10AL). Then, the solvent stream passed through 

either a GPC-100 or a GPC-PEP size-exclusion column at a flow rate of 0.5 mL/ min. Both columns 

consisted of a glycerol-bonded support on spherical silica and were designed to resolve proteins, 

carbohydrates, nucleic acids and other water soluble molecules. The size of the silica was 100A in GPC-

100 and 50A in GPC-PEP so GPC-100 was most appropriate for eluting globular proteins with MW ranges 

from 5 – 160 kD and linear molecules with MW ranges from 0.5-25 kD. GPC-PEP was ideal for small 

peptides with MW ranges from 0.8 – 30 kD. The molecules in the sample were detected based on 

fluorescence (RF-10AXL) as they exited from the columns. The sample was excited at 280 nm and the 

resultant emitted light was separated with a fluorescence monochromator. The wavelengths and the 

intensity of fluorescence (AU) were measured with a photomultiplier. The system controller (SCL-10A) 

received signals from the detector and determined each sample components’ time of elution and the total 

volume of the sample. The normalized fluorescence (arbitrary units, AU) was plotted against the time of 

elution using the Class-VP 7.2.1. SP1 software.  

 The columns were calibrated using globular protein markers (Sigma MWGF200) and peptide 

markers (Sigma HPLC Peptide Standard Mixture No. H 2016). The standards were dissolved in distilled 

water at their recommended concentrations and 100 𝜇L of each solution was injected into the auto–sampler. 

The globular standards included cytochrome c (2 mg/mL), BSA (10 mg/mL) and carbonic anhydrase (3 

mg/mL). The peptide standard mixture (2 mg/mL) consisted of angiotensin II, Met enkephalin, Leu 

enkephalin, Val-Tyr-Val, Gly-Tyr.  
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2.6 Matrix-assisted laser desorption/ionization– Imaging mass spectrometry (MALDI-IMS)  

 MALDI is a soft ionization technique that utilizes laser pulses to irradiate the sample molecules 

without fragmenting them. Coupled with IMS, it can provide a spatial chemical map of molecules across a 

tissue. For this study, a Bruker Autoflex MALDI-IMS with 2kHz Nd:YAG UV laser (355 nm) was used. 

The laser was shot in order to energetically ablate the matrix molecules and in turn, ionize the analyte 

molecules in a gaseous phase. The charged particles were accelerated into the mass spectrometer, which 

reflects ions using an electric field. The longer flight path increased the distance between ions with different 

m/z, thereby, improving resolution. The detected ions and their relative concentrations were heat-mapped 

onto an image of the original tissue sample. For our matrix coating, 𝛼-Cyano-4-hydroxycinnamic acid 

(HCCA) was used and it allowed the detection of a wide range of compounds including, peptides, small 

proteins and triacylglycerols.  

 

[2.6.1] Brain slice preparation for MALDI-IMS analysis 

 As soon as htSD was observed on a coronal brain slice under the LT imaging microscope, the tissue 

in mid-SD was transferred onto a fiberglass mesh submerged in aCSF (35℃), using a transfer pipette. The 

tissue on the mesh was quickly removed using forceps and gently dried of excess aCSF from the tissue-less 

side of the mesh before it was flash-frozen on dry ice.  

 The flash-frozen neural tissue was sectioned to 10 – 15 𝜇m thickness using a Leica CM1950 

cryostat for an accurate MALDI analysis. Partially frozen optimal cutting temperature compound (OCT) 

embedding material was used to affix the mesh base of the frozen brain slice onto the cryostat chuck. Then 

the sample-chuck system was left in the cryostat for 20 minutes and was acclimated to -17 ℃. Successful 

slices were gently isolated by brush and thaw-mounted onto an indium tin oxide (ITO)-coated slide with a 

surface resistance of 50-100 Ohms/sq. All sample slides were stored in -80℃ until MALDI analysis from 

Dr. Oleschuck’s lab of Queen’s Chemistry Department.  
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2.7 Statistical analysis  

 For all experiments comparing SD onset times, max ∆LT and peak fluorescence values of HPLC 

fractions, an unpaired student’s t-test with Welch’s correction was used to determine the significance of the 

data assuming uneven variances and unequal sample sizes. When comparing multiple groups, one-way 

ANOVA tests were utilized. Significance was defined by: *p<0.05, **p<0.01, ***p<0.001. All quantified 

values are presented as mean ± standard error. Lower case ‘n’ depicts the number of slices used.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  

37	  
	  

3. Results 

3.1 Objective 1: To determine if a biomolecule released as a result of metabolic stress mediates SD 

initiation. 

 Our lab has sought to determine if an extracellular biomolecule that is not elevated K+ or elevated 

glutamate can trigger SD. To do this, SD was induced in slices submerged in ~40 mL aCSF, which was 

later filtered and named aCSFPost-SD. This aCSFPost-SD presumably consisting of an SD activating molecule 

(SDa) was washed over a naïve slice at different [K+]O or with a glutamate blocker, kynurenic acid (KynA) 

under LT imaging to monitor for SD activation.  

 

[3.1.1] ∆LT Imaging of SD induced by abrupt hyperthermia (ht) & aCSFPost-SD at different [K+]O. 

 When we superfused naïve slices with regular aCSF (35℃) consisting of 1.1, 3.3 or 5.0 mM [K+]O 

under LT imaging, SD was not detected in any of the [K+]O tested as expected from [K+]O below the SD 

threshold (~12 mM) (Figure 7). Therefore, slight changes in [K+]O from the physiological level of 3.3 mM 

do not cause SD. However, there was a significant increase in max ∆LT from 1.1 to 5.0mM K+ aCSF 

superfusion (p = 0.01) (Not Shown). These slight increases in max ∆LT corresponded to swelling likely 

evoked in a small subset of neurons as they increased their firing. These values were subtracted from the 

respective values in the hyperthermia and aCSFPost-SD conditions. 

 Hyperthermia (> 38℃) can cause SD by increasing the overall metabolic rate and placing an 

energetic burden on the pump. We investigated the effect of [K+]O on htSD (35→40 ℃) possibly evoked by 

an SDa. Finally, the SD onset and propagation strength (∆LT) during the direct induction of htSD (which 

would first require the release of SDa) and the superfusion of aCSFPost-SD (which would already consist of 

SDa) were compared to determine the role of [K+]O during SD.  

 In agreement with the previous literature, brain slices exposed to abrupt hyperthermia exhibited 

one or more focal elevations in ∆LT that spread across the neocortical gray matter as front(s) (Figure 8). 

SD was initiated away from the weights which were used to keep the slices from moving during imaging 
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but inevitably irritated the slice. Hence, the observed SDs were solely attributed to hyperthermia. The 

average htSD onset in slices superfused with aCSF at 1.1, 3.3 and 5.0 mM [K+]O were: 9.5 ± 0.8 min (n = 

4), 7.7 ± 1.5 min (n = 11) and 6.2 ± 1.7 min (n = 11). Average max ∆LT in the selected ROIs in the path 

of the htSD front in slices submerged in 1.1, 3.3 and 5.0 mM [K+]O aCSF were: 16 ± 6 % (n = 12), 20 ± 

11 % (n = 26) and 26 ± 13% (n = 28). The decrease in htSD onset time (p = 0.004) and the increase in 

average max ∆LT (p = 0.01) with the rise of [K+] were found to be significant (Figure 10). Therefore, we 

found that a rise in [K+]O can decrease SD onset and increase its propagation strength.  

 Much like in the hyperthermia conditions, naive slices superfused with aCSFPost-SD (35℃ ) 

underwent SD at 3.3 mM (7/11; 64%) and at 5.0 mM (10/12; 83%) [K+]O, confirming the existence of the 

hypothesized SDa. However, SD was not induced with 1.1 mM [K+]O aCSFPost-SD (0/4) (Figure 9, 11C).  

Average SD onset was 10.4 ± 4.0 min (n = 7) and 8.5 ± 3.2 min (n = 10) when the slices were superfused 

with aCSFPost-SD at 3.3 mM and 5.0 mM [K+]O, respectively.  Average max ∆LT in the selected ROIs in the 

path of the SD front in slices submerged in 3.3 and 5.0 mM [K+]O aCSFPost-SD were: 29 ± 12 % (n = 19), 

and 20 ± 12% (n = 23). In contrast to direct exposure to an abrupt rise in bath temperature, the changes in 

SD onset time (p = 0.31) and in ∆LT (p = 0.10) between 3.3 and 5.0 mM [K+] aCSFPost-SD were not 

statistically significant. (Figure 11AC).  

 

[3.1.2] Measuring [K+] in aCSF and aCSFPost-SD 

 To assess the validity of our observations, the [K+] of aCSF and aCSFPost-SD were measured using 

ICT (K+) assays available at KGH (Figure 12). The naïve aCSF (1.1, 3.3 or 5.0 mM) were found to have an 

accurate [K+] with at most 0.1 mM difference from the estimated values. The additional rise in [K+] in 

aCSFPost-SD solutions were within the range of 0.7 mM from their original aCSF [K+] (Table 1). Importantly, 

all values remained under the SD threshold of ~12 mM, so it was apparent that SD was not evoked by the 

minor changes in [K+]O. 
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Figure 7. Baseline ∆LT imaging of naïve slices superfused with sub-SD threshold [K+]O  
 
Slightly elevating [K+]O from physiological levels (3.3 to 5.0 mM) does not evoke SD either in the neocortex 
(NC) or striatum (S). Light scattering artifact by the slice edge shown in pseudo-purple color was not considered 
for analysis.  
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Figure 8. Abrupt hyperthermia (ht) evokes SD (arrows) in naïve rat brain slices at [K+]O 
concentrations below threshold for K+ induced SD. 
 
Light scattering artifact by the slice edge shown in pseudo-purple color was not considered for analysis. Arrows 
show the direction of the SD front travelling across the neocortex (NC), indicated by the increased LT signal.  
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Figure 9. Evidence for an SDa released from hyperthermic slices.  
 
Naïve brain slices were superfused with aCSFPost-SD at 1.1, 3.3 and 5.0 mM [K+]O. SD was evoked in the 
neocortex (NC) but not in the striatum (S) of slices treated with aCSFPost-SD at 3.3 or 5.0 mM [K+]O. A slight 
reduction in physiological [K+]O to 1.1 mM could inhibit SD onset. The SD induced by proposed molecules 
(SDa) released from hyperthermic slices may be promoted by slight increases in [K+]O. Arrows show the 
direction of the SD front travelling across the cortex indicated by the increased LT signal.  
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Figure 10. HtSD onset time and propagation strength is affected by [K+]O.  
 
A)   Exposure to abrupt hyperthermia at 1.1 mM (n = 4), 3.3 mM (n =11) or 5 mM (n = 11) [K+] led to a 

significantly earlier SD onset (p = 0.004).  
B)   Exposure to abrupt hyperthermia at 1.1 mM (n = 12), 3.3 mM (n = 26) or 5.0 mM (n = 28) [K+] led to slight 

but significant increases in max ∆𝐿𝑇 (p = 0.01).  
 
The statistical significances were calculated using one-way ANOVA tests.  
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Figure 11. SD induced by aCSFPost-SD is minimally affected by [K+]O.  
A)   The percentage of SD events increased with rising [K+]O in aCSFPost-SD. The number of trials with SD 

induced by aCSFPost-SD out of total number of trials is indicated in the bars.  
B)   There were no significant differences in time to SD onset between physiological (n = 7) and 5.0 mM (n = 

10) [K+]O conditions when the slices were superfused with aCSFPost-SD (p = 0.31).  
C)   There were insignificant differences in ∆𝐿𝑇 between physiological (n = 19) and 5.0 mM (n = 23) [K+]O when 

the slices were superfused with aCSFPost-SD (p = 0.10).  
The statistical significances were determined using an unpaired student’s t-test with Welch’s correction.  
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Figure 12. [K+] in aCSF and aCSFPost-SD are below SD threshold. 
 
To determine if K+ released by incubated slices undergoing SD was significant enough to induce SD, estimated 
[K+] was compared to measured [K+] in normal aCSF and aCSFPost-SD. The increased [K+]O in aCSF bathing 
slices generating htSD was minor compared to normal aCSF. The aCSF K+ concentration deviated at most ± 
0.1 mM. Thus SD induced by aCSFPostSD was not caused by elevated K+.  
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Table 1. Summary of measured [K+] values of aCSF and aCSFPost-SD.  
 
[K+] of aCSF and aCSFPost-SD estimated to be 1.1, 3.3 or 5.0 mM K+ were determined using an ICT (K+) assay. 
Increases in [K+]O caused by htSD were minor and could not have evoked SD without some other factor in the 
aCSFPost-SD. 
 

Estimated [K+] Measured [K+] 
 aCSF aCSFPost-SD 

n Mean  
(mM) 

n Mean ± Std Deviation 
(±mM) 

1.1 1 1.18 3 1.80±0.17 
3.3 1 3.38 6 3.46±0.21 
5 1 5.10 5 5.36±0.28 
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3.2 Objective 2: To confirm that the released SDa is not glutamate 

            To address glutamate’s assumed role in promoting SD initiation and propagation, naïve slices were 

exposed to abrupt hyperthermia or to aCSFPost-SD in the presence of a non-selective glutamate receptor 

blocker, kynurenic acid (KynA) (2 mM). Given that post SD aCSFPost-SD contained at most a 0.7 mM 

increase in [K+]O, all conditions were tested at 7 mM [K+]O to promote SD onset when aCSFPost-SD was 

applied to the slices.  

             Under LT imaging of naïve slices, SD was observed in both hyperthermia and aCSFPost-SD 

conditions with KynA. SD onset times under hyperthermia (8.4±1.5 min; n = 8) and aCSFPost-SD (11.7±0.8 

min; n = 8) conditions were not significantly different (p = 0.13) (Figure 13). Therefore, a theoretical 

increase in [glutamate]O that would bind to glutamate receptors causing depolarizations, is not a factor in 

SD initiation. 
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Figure 13. GluR antagonist, kynurenic acid (KynA) does not inhibit SD induced either by A) 
hyperthermia or B) aCSFPost-SD.  
Live brain slices were superfused with aCSF that consisted of 7 mM [K+]O and 2 mM KynA. SD was induced 
either by abrupt hyperthermia (40℃) or by aCSF which bathed slices that generated htSD (aCSFPost-SD).  
A) Naïve slices exposed to aCSFPost-SD had an average SD onset time of 11.7±0.8min, n = 8 
B) Naïve slices exposed to hyperthermia had an average SD onset time of 8.4±1.5min, n = 8 
The SD onset times between hyperthermia and aCSFPost-SD were not significant.  
An unpaired student’s t-test with Welch’s correction was used to determine the statistical significance  
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3.3 Objective 3: The role of endogenous ouabain (EO) in SD initiation 

Ouabain is a Na+/K+ ATPase inhibitor that induces an SD event in live brain slices. If ouabain is released 

during metabolic stress and thus inhibits the Na+/K+ ATPase, it would play the role of an SDa.  

 

[3.3.1] ∆LT imaging of rostafuroxin (RTF) treated slice during OGD-induced SD 

           Since RTF has never been tested on SD, dosage was based on a previous study by Song et al. (2014) 

which demonstrated a reduction in glutamate-induced Ca2+ influx in neurons during nano-molar ouabain 

administration combined with RTF pretreatment (EC50 = 1.4 𝜇M). To investigate whether EO release leads 

to SD initiation, naïve or 10 𝜇M RTF treated slices were exposed to OGD. Specifically, slices were either 

incubated in regular aCSF (35℃) for an hour and superfused with regular OGD (35℃) during LT imaging 

or incubated in 10 𝜇M RTF – aCSF (35℃) and superfused with 10 𝜇M RTF– OGD aCSF (35℃) during 

LT imaging. The OGD control and the RTF experimental conditions were performed in an alternating order 

to keep the slice health in each set relatively constant. 

             Under LT imaging, focal SD onset was observed in three regions of the neural slice usually in the 

order of: the thalamus, neocortex and hippocampus. OGD-SD was evoked at 4.1 ± 0.7 min (n = 8), 4.8 ± 

0.9 min (n = 9) and 6.1 ± 1.2 min (n = 4). SDs induced by OGD + 10 𝜇M RTF superfusion were observed 

at 3.8 ± 1.2 min (n = 9), 5.0 ± 0.6 min (n = 9) and 6.9 ± 0.7 min (n = 5). There was no significant difference 

in time to SD onset between OGD and OGD + 10	  𝜇M Rostafuroxin in the thalamus (p = 0.48), cortex (p = 

0.55) or hippocampus (p = 0.35) (Figure 14). Therefore, 10 𝜇M rostafuroxin treatment does not inhibit SD 

initiated by OGD.  
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Figure 14. Rostafuroxin (RTF) does not affect OGD-SD onset.  
 
Slices were either exposed to OGD-aCSF or were pretreated with 10 𝜇M RTF (during a 1 hr incubation at 35℃) 
and superfused with OGD aCSF containing 10 𝜇M RTF. Using an unpaired student’s t-test with Welch’s 
correction, we found no significant differences in time to SD onset between OGD and OGD + 10	  𝜇M RTF in 
the thalamus (p = 0.48), neocortex (p = 0.55) or hippocampus (p = 0.35). The number of trials for each condition 
is indicated at the bottom of each bar. 
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[3.3.2] Naïve slices pretreated with rostafuroxin (RTF) did not undergo ouabain-induced SD 

 Since 10 𝜇M failed to influence OGD-SD, the efficacy of rostafuroxin in suppressing the massive, 

acute ionic imbalance characteristic of SD was confirmed by comparing slices that were either submerged 

in 10 𝜇M ouabain – aCSF or 10 𝜇M ouabain + 100 𝜇M RTF – aCSF for about 17 minutes at 35℃. The SD 

associated damages were evaluated by the LT changes in the CA1 region as outlined in the methods section 

[2.4.2].  

 The slices that were treated with ouabain alone demonstrated cell swelling (increased LT) and 

dendrite beading (decreased LT), while those treated with ouabain and rostafuroxin exhibited no signs of 

those SD-related disruptions (Figure 15). Hence, rostafuroxin appear to effectively block ouabain-induced 

SD at 100 𝜇M.  
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Figure 15. Rostafuroxin (RTF) protects brain slices from ouabain-induced SD.  
 
LT grey image of rat neocortex (NC) and hippocampus after exposure to 10 𝜇M ouabain only or ouabain + 
rostafuroxin for 17 minutes. Stratum pyramidale (SP) is comprised of CA1 cell bodies and stratum radiatum 
(SR), of the apical dendritic of the CA1 neurons. 
 
A)   Slices were either submerged in a beaker filled with aCSF with 10 𝜇M ouabain alone (n = 6) or 
B)   with aCSF containing 10 𝜇M ouabain + 100 𝜇M rostafuroxin (n = 3) for about 17 minutes at 35℃.  
 
The ouabain-induced swelling of the somata and the beading of the dendrites are prevented in the presence 
RTF.  
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3.4 Objective 4: To begin characterizing the SDa 

To begin to isolate the SDa, biomolecules released into aCSF and in slices frozen during an SD wave 

were analyzed. SD was induced by a sudden increase in temperature from 35℃ to 40℃ under a minute. 

 

[3.4.1] HPLC analysis of aCSFPre-SD and aCSFPost-SD  

           To distinguish the biomolecules released during slice preparation from those released during SD 

generation, 9 coronal slices were placed in 10 mL of aCSF for 10 minutes immediately after being sliced 

on the vibratome and the aCSF was collected for size-exclusion HPLC (GPC-100) analysis (n = 5). The 9 

coronal slices were then placed in aCSF at 35 ℃ for 1 hr to allow for the restoration of slice health (n = 5). 

The rested slices were again placed in fresh 10 mL aCSF for 10 minutes to sample biomolecules released. 

The previous step was repeated once more (n = 4) before the slices were placed in 10 mL of 40℃ aCSF for 

10 minutes and sampled as aCSFPost-SD (n = 5). The HPLC traces corresponding to each procedural stage 

was named, “Post Slicing”, “Post 1hr Incubation”, “Pre HtSD” and “Post HtSD”, respectively. The health 

of the slices at each step was monitored using LT imaging of the hippocampus as outlined in section 2.3.2. 

This ensured that SD did not occur until hyperthermia was applied.  

            All HPLC traces displayed a similar peak pattern but different peak amplitudes. The first cluster of 

peaks from elution volume 1.0 – 3 mL (~1.05 kDa to ~574 Da) were designated as “Peak 1 cluster”, while 

the peak from elution volume 3 – 3.8 mL (~556 Da) was named “Peak 2” and the small peak from elution 

volume 3.8 – 4.2 mL (~380 Da < x), “Peak 3” (Figure 16). The peaks were roughly characterized by the 

MW of linear peptide standards because the peak patterns were identical between GPC-100, a HPLC 

column appropriate for globular proteins and peptides and a narrower ranged GPC-PEP column, ideal only 

for small peptides (methods section 2.5.1). Accurate estimates of MW are not available because the void 

volume of the columns are unknown.  

            For statistical analysis, the average maximum amplitudes of the two peaks at 1.9 mL and 2.1 mL of 

the “Peak 1 cluster” were compared with those of “Peak 2” and “3”. First, from “Post Slicing” to “Post 1hr 

incubation” conditions, a significant decrease in “Peak cluster 1” was found (p < 0.001), while the 
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differences in peak 2 (p = 0.58) and 3 (p = 0.996) were insignificant (Figure 17B). Hence, the peak 1 cluster 

was concluded to represent biomolecules released as a result of cell damage during slice preparation. “Peak 

2” and “3” were contrasted between the “Pre-HtSD” and “Post-HtSD” conditions and they were found 

significantly elevated in “Post HtSD” (p < 0.0001) (Figure 17A). Therefore, “Peak 2” and “3” represented 

biomolecules whose release was greatly elevated by the process of SD.  
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Figure 16. Standards run through our HPLC columns.  
The constituents of the protein mixtures and their MW are displayed on the figure.  
A)   Globular protein standards run on a GPC-100 column.  
B)   Peptide standards run on a GPC-PEP column.  
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Figure 17. Evoking htSD increases the release of biomolecules into the aCSF over a period of ~1- min. 
HPLC (GPC-100) analysis of aCSFPre-SD and aCSFPost-SD. “n” repreaents the number of release experiments, 
each with their own average trace.  Unpaired student’s t-test with Welch’s correction was used to determine 
the statistical significance.  
A) The fluorescence of “Post-HtSD” Peak 2 and 3 (n = 5) were significantly greater than those of “Pre-HtSD” 
(n = 4) (p = 4.6×10DE). B) Although Peak 2 and 3 of “Post 1hr incubation” and “Post slicing” had a similar 
intensity of fluorescence (p = 0.5), the Peak 1 cluster was significantly different (p = 5.0×10DG). C) The state 
of a representative slice before and after htSD was confirmed by its grey LT image under the microscope. The 
cell bodies in the stratum pyrimidale (SP) became brighter as they swell post-SD. In contrast, the dendrites in 
stratum radiatum (SR) became darker as the beaded processes scattered light post-SD.  
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[3.4.3] HPLC analysis and comparison of aCSFPre-SD and aCSFPost-SD in the presence of Mix 1 

            To demonstrate that “Peak 2” and “3” are associated specifically with SD and not general CNS 

excitation, Mix 1 blockers were included in aCSFPre-SD and aCSFPost-SD. The HPLC analysis exhibited a 1.5 

±0.5 and 1.48 ± 0.81 – fold rise in the Peak 1 cluster (n = 2), 3.4±0.8 – fold in Peak 2 (n =2) and 4.7 ± 

0.5 – fold in Peak 3 (n = 2) from Pre- to Post SD (Figure 18A). Using unpaired student’s t-test with Welch’s 

correction, it was found that these increases in peak amplitudes from Pre-SD to Post-SD were not 

significantly different from similar traces without the Mix 1 blockers: 2.5 ± 0.4 (p = 0.13) and 2.51 ± 0.4 

– fold rise (p = 0.34) in Peak cluster 1 (n = 4), 3.3 ± 0.6 – fold (p = 0.92) in Peak 2 (n = 4) and 3.4 ± 0.8 – 

fold (p = 0.09) in Peak 3. (Figure 17). The downward deflection of the trace from 4.2 to 4.7 mL of elution 

volume indicates light absorbance by 1 mM kynurenic acid in Mix 1 (Figure 18B).  

 

[3.4.4] Ouabain and palytoxin (PLTX) as HPLC standards 

            Ouabain and PLTX inhibit Na+/K+ ATPase function leading to SD. Both compounds were run on 

the HPLC (GPC-100) and their traces were compared to that of aCSFPost-SD. The rationale was to test if an 

EO or PLTX could be among the biomolecules released from slices. PLTX was not detected and exhibited 

a flat trace. On the other hand, ouabain could barely be detected (< 10 AU) in a dose-dependent manner 

(100 𝜇M, 1 mM & 2 mM) at the elution volume of Peak 2 (3 – 3.8 mL) (Figure 19). Therefore, aCSFPost-SD 

peaks under our experimental parameters do not indicate the release of endogenous ouabain (EO) or PLTX. 
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Figure 18. HPLC (GPC-100) analysis of aCSFPre-SD and aCSFPost-SD with Mix 1 inhibitors. Despite the 
numerous blockers in Mix 1, SD still proceeds.  
 
A)   The “Pre HtSD + Mix 1” include biomolecules released from nine rested coronal slices and “Post HtSD + 

Mix 1” include those released during HtSD in the presence of Mix 1. The peak amplitude increases from 
Pre-SD to Post-SD were similar to drug-free HPLC traces.  
 

B)   Mix 1 run on HPLC. The negative deflection of the trace from 4.2 to 4.7 mL of elution volume indicate 
Kynurenic acid (KynA) in Mix 1. 
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Figure 19. Ouabain is barely detectable with our HPLC.  
 
Ouabain (100 𝜇M in blue, 1 mM in pink, 2 mM in grey) run through a GPC-100 column. Small but proportional 
increases of fluorescence (AU) were present 3 – 3.8 mL elution volume, coinciding with Peak 2. The peak at  3 
– 3.8 mL elution volume was higher than the aCSF trace in black.  
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[3.4.5] Measuring protein released by SD.  

           Total protein in the aCSFPreSD + TTX and aCSFPost-SD + TTX were quantified using the BCA assay. 

aCSFPre-SD had a protein concentration of 0.11 ± 0.05 𝜇g/𝜇L (n = 7). Protein levels in aCSFPost-SD conditions 

were significantly elevated from aCSFPre-SD (p < 0.05). Hence, proteins are released specifically in response 

to SD. On the other hand, the protein concentrations measured in Post-htSD (0.18 ± 0.04 𝜇g/𝜇L; n =4) and 

K+ induced SD (0.21 ± 0.04 𝜇g/𝜇L; n = 4) aCSFPost-SD were not significantly different (p = 0.45) (Figure 

20). Therefore, the amount of protein released during SD induced by different insults is indistinguishable 

and may point to a similar cascade of events.  
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Figure 20. SD induces a release of proteins from brain slices. 
 
Each dot represents the protein concentrations of samples assayed and the bar graphs indicate their average 
concentration. BCA protein assay of aCSFPre-SD and aCSFPost-SD samples showed that the protein concentrations 
in aCSFPost-SD from both conditions were significantly elevated from aCSFPre-SD (n = 7) (p < 0.05). Post-htSD (n 
= 4) and [K+] induced SD (n = 4) aCSFPost-SD were not significantly different (p = 0.45). Statistical significance 
was determined using an unpaired student’s t-test with Welch’s correction. Therefore, SD increases the release 
of assayable protein into the aCSF independent of how SD was evoked.  
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[2.4.6] Preliminary Data: MALDI-IMS analysis of coronal slices midway through SD  

            As outlined in [2.6.1], coronal slices were flash-frozen during htSD to preserve the biomolecules 

released and analyzed with MALDI-TOF. This allowed for a greater temporal and spatial resolution of 

biomolecules released at the SD front. A metal weight was placed diagonally on each slice during LT 

imaging to fix the slices in a consistent position within the flowing bath and to limit the SD initiation site 

to one near the weight (Figure 21A). In comparison to control slices which were flash frozen after being 

superfused with regular aCSF for 10 minutes, mid-SD slices (n = 3) showed a higher concentration of 

biomolecules with molecular weights of 593 ± 4, 610 ± 2 and 620 ± 5 Da proximal to the SD initiation 

site (Figure 21B,C).  
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Figure 21. MALDI-IMS analysis of flash-frozen rat coronal slices in mid-SD revealed release of 
biomolecule(s) from SD initiation site.  
 
A)   Upon HtSD, the rat coronal slice was flash frozen to preserve the biomolecules released at the SD front. The 

weight placed on each slice prevented slice movement and controlled the SD initiation site.  
 

B)   Mid-SD slices (n = 3) revealed three compounds (m/z 593, 610 and 620) closely concentrated around the 
SD initiation site and path of front. The highest relative intensity heat maps of each m/z were plotted on a 
grey image of the slice of interest.  

 
C)   A naïve slice was superfused with aCSF at 35℃ while a weight rested on it for 10 minutes. No SD events 

were observed under LT imaging in this condition. The three m/z signals were found in lower intensities. 
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3.5. Objective 5: To determine if the biomolecules released during SD are insult-specific 

           SD can be induced by different forms of metabolic stresses that deviate from the physiological norm, 

including hyperthermia utilized in the majority of this project, OGD as during stroke, or high potassium as 

typically observed during migraine aura. To determine if the pattern of biomolecules released during SD 

has common attributes, SD evoked by elevated K+ (26 mM) was compared to htSD under HPLC analysis.  

 

 [3.5.1] HPLC analysis of SD related biomolecules released by high [K+]O  

To further characterize SD related biomolecules from those simply released from resting slices, 

aCSFPre-SD samples were first collected by incubating 16-18 coronal brain slices in 10 mL aCSF with 1 𝜇M 

TTX at 35 ℃ for 10 minutes. The TTX blocks actions potentials and the related release of neurotransmitters. 

The same preparatory procedures were performed for both HtSD and high [K+] SD experiments and 

therefore, the Pre-SD data was pooled for both paradigms. The average maximum peaks in the Pre SD were: 

44 ± 12 AU, 420 ± 93 AU and 16 ± 5 AU, in the order of peak 1 to 3.        

SD was initiated in 16-18 coronal brain slices submerged in 10mL aCSF with 1 𝜇M TTX and 26 

mM K+ so that an aCSFPost-SD sample could be collected and run through the HPLC. The average maximum 

values of peaks were: 82 ± 43, 760 ± 143 and 31 ± 11 AU in the order of peak 1 to 3. The [K+] SD sample 

peak amplitudes were significantly lower than those from the htSD trace (p < 0.01) and were significantly 

greater than the Pre-SD peaks (p < 0.05) except for Peak 1 cluster (p = 0.28) (Figure 22). 
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Figure 22. Similar elevated biomolecular release common to two modes of initiating SD.  
 
HPLC (GPC-PEP) analysis of biomolecules released during SD triggered by high [K+]O (26 mM) and compared 
to hyperhtermia. All conditions included 1 𝜇M TTX in the aCSF. Peak 2 of the [K+] SD trace showed lower 
fluorescence than the HtSD trace. Peak 2 and 3 of [K+] SD trace were significantly different from those of HtSD 
(p < 0.01) and Pre SD samples (p < 0.05). Statistical significance was determined using an unpaired student’s t-
test with Welch’s correction.  
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[3.5.2] HPLC analysis of SD related biomolecules released at two hyperthermic temperatures 

               ACSFPost-SD samples were collected by inducing htSD in the 16-18 coronal brain slices in 10 mL 

aCSF with 1 𝜇M TTX at 40℃ (n = 5) or 42 - 44℃ (n = 5). The maximum values of 40 and > 42℃ Post 

HtSD traces were very similar. 40℃ Peak 1 cluster had an average of 227 ± 45 AU and 42 - 44℃, 210 ± 

53 AU (p = 0.86). 40℃ Peak 2 had an average of 1712 ± 23 AU and > 42℃, 1700 ± 35 AU (p = 0.89). 

40℃ Peak 3 had an average of 88 ± 12 AU and > 42℃, 97 ± 11 AU (p = 0.74). All Post SD peak amplitudes 

were significantly different from the Pre SD peaks (p < 0.01) (Figure 23). 
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Figure 23. Increased release of biomolecules during htSD is not simply the result of elevated 
metabolic rate with accompanying elevated neuronal discharge.  
 
HPLC (GPC-PEP) analysis of biomolecules released during HtSD at 40 or 42 - 44℃. All conditions were treated 
with 1 𝜇M TTX, which reduced action potential firing. The htSD peaks were not significantly different while 
they were significantly greater than Pre-SD peaks (p < 0.01). Statistical significance was determined using an 
unpaired student’s t-test with Welch’s correction.  
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4. Discussion 

       Spreading depolarization (SD) is the underlying neurological process promoting several human 

brain pathologies that arise from sudden cardiac arrest, stroke, post-injury fever and migraine aura. SD can 

be deadly because a recovery from it requires a consumption of an exorbitant amount of energy. Without a 

successful recovery, neurons die after a single event or the following recurring waves of SD (Kraig & 

Nicholson 1978; Ayata & Lauritzen 2015). Therefore, the outcome of a patient suffering from ischemia for 

instance, depends on the reperfusion treatments that mitigate the expansion of a necrotic core into the 

surrounding penumbra of energetically compromised tissue (Hacke et al., 2008; van den Berg 2009). 

However, current reperfusion treatments are limited in time-window and patient eligibility (Miller, et al., 

2011; Punal-Rioboo et al., 2015) and alternative neuroprotective treatments remain ineffective in treating 

SD-related disorders (Ayata & Lauritzen 2015; Mathew 2010). One important reason is that the molecular 

mechanism of SD, especially the channel(s) involved in its initiation is incompletely understood. Standard 

ligand- and voltage- gated inhibitors, alone or together, only delay ischemic SD onset but fail to prevent it 

[see intro section 1.2.1]. A very few early investigations have proposed the existence of an unknown SD 

activating biomolecule (SDa) released into the extracellular space upon metabolic stress (van Harreveld 

1959; Obrenovitch & Zilkha 1996). The Andrew laboratory has proposed that an SDa may open a high-

conductance channel that is usually dormant in healthy tissues. Specifically, our laboratory has proposed 

that the Na+/K+ ATPase transporter may convert into a non-selective, open channel activated by the release 

of an SDa from metabolically stressed tissues (Andrew et al., 2013; Ollen-Bittle et al., 2019). The current 

study begins to supply evidence for and characterize a proposed SDa that is released during hyperthermia, 

OGD or high [K+]O, with each condition simulating post-insult fever, stroke and migraine aura respectively. 

We found that: 
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•   Biomolecules (apparently including the SDa) are released into the aCSF from brain slices undergoing 

brief hyperthermia. The slice superfusate with slices removed can then evoke an SD event in a naïve 

slice. SDa is not elevated [glutamate]O or elevated [K+]O released from the slices.  

 

•   Endogenous ouabain (EO), a proposed natural Na+/K+ ATPase antagonist, is not the SDa. However, 

biomolecules with similar MW (~600 Da) are consistently detected in aCSF that bathes slices 

undergoing htSD, termed aCSFPost-SD and in slices frozen midway through htSD.  

 

•   The consistent pattern of biomolecules released by different SD-inducing metabolic insults detected by 

HPLC and MALDI-IMS strengthens the idea that SDs lie in a continuum.  

 

4.1 SDa released into extracellular space (ECS) by slices under hyperthermia 

There has been little speculation surrounding the initiation of SD by an unknown humoral agent 

(SDa) because it has been assumed to be caused by elevated [glutamate]O, elevated [K+]O or both for decades. 

We therefore investigated the release of an SDa from metabolically stressed slices, that can in turn, evoke 

SD in naïve slices. This was followed up by experiments that manipulated [K+]O or added a glutamate 

receptor antagonist (kynurenic acid) into the aCSF before it was superfused over a naïve slice.  

 Naïve slices were kept as close as possible to physiological conditions prior to hyperthermia or 

elevated [K+]O. Precautions included using animals that were 21 to 35 days’ old because SD susceptibility 

is age-dependent and maintaining the baseline bath temperature at 35℃ because lower temperatures can 

protect against SD (Chen et al., 1993, Takaoka et al., 1996). SD was induced by abruptly increasing the 

bath temperature from 35℃ to 40℃. We showed that this consistently evoked htSD.  
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[4.1.1] Effect of an SDa on naïve slices under otherwise physiological conditions  

After confirming that SD can be evoked in rat brain slices by abrupt hyperthermia, aCSFPost-SD was 

collected from slices that underwent htSD. When this aCSFPost-SD was superfused over a naïve slice at 35℃, 

SD could be evoked in ~64% of the slices tested. SD could likewise be evoked by a superfusate that bathed 

slices undergoing OGD-induced SD. These were parallel studies carried out by Nikita Ollen-Bittle and 

Mike Fisher in the Andrew lab. Together, these data provide the first solid support that a humoral trigger is 

responsible for SD initiation.  

 

[4.1.2] Effect of an SDa on naïve slices under variable [K+]O  

The K+ hypothesis dictates that the accumulation of [K+]O beyond the threshold level of ~12 mM 

triggers SD and that the released K+ perpetuates SD generation (Grafstein 1956; Matsuura & Bures 1971; 

Heinemann & Lux 1977; Lothman et al., 1975; Hansen & Zeuthen 1981). To challenge the proposal along 

with its inherent inconsistencies, SD onset time (min) and propagation strength monitored by changes in 

light transmittance (∆LT) were measured in slices exposed to abrupt hyperthermia or to aCSFPost-SD at 

different sub-threshold [K+]O (1.1, 3.3 & 5 mM). As a result, SD induced by direct hyperthermia (htSD), 

which presumably must first generate SDa, initiated slightly earlier with greater LT changes as the [K+]O 

increased. On the other hand, SD induced by aCSFPost-SD, which hypothetically already consists of SDa, 

exhibited no significant changes to SD onset or strength with increasing [K+]O. Moreover, SD induced by 

aCSFPost-SD showed minimal elevation of [K+]O by at most 0.7 mM from the aCSFPost-SD preparation. This 

suggests that although [K+]O can reduce the threshold to SD initiation and increase the strength of 

propagation perhaps by promoting SDa release, SD is evoked independently of the small changes in [K+]O.  

 

[4.1.3] Effect of an SDa on naïve slices in the presence of a glutamate receptor (gluR) blocker 

Since elevated [K+]O does not initiate SD below 12 mM but supports it, 2 mM kynurenic acid 

(KynA) was added to aCSFPost-SD with 7 mM [K+]O. KynA is a non-selective gluR antagonist that blocks 

NMDA, AMPA and kainate receptors at 1 to 2 mM (Aitken et al., 1991; Yamamoto et al., 1997; Tanaka et 
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al., 1997). SD was still generated in every slice exposed to KynA and aCSFPost-SD. Thus, glutamate released 

from the slices was not responsible for initiating SD in the naïve slices. Moreover, SD onset times were not 

significantly different between aCSFPost-SD superfusion and direct hyperthermia conditions, suggesting that 

the mechanism of initiating SD is similar and involves the release of an SDa. 

 

4.2 Could an endogenous ouabain (EO) be the SDa? 

The possibility that the released SDa could be an endogenous Na+/K+ ATPase inhibitor was 

investigated because compromising this pump evokes SD. Molecules structurally and functionally 

indistinguishable from ouabain, a plant-derived Na+/K+ ATPase antagonist, have been reported in human 

plasma using mass spectrometry, immunoreactivity and biological assays (Hamlyn et al., 1991, 2014). This 

was followed by studies that successfully induced hypertension in rats using prolonged ouabain 

administration (Doursout et al., 1992; Yuan et al., 1993) and by reports of patients with essential 

hypertension, mineralcorticoid hypertension (Rossi 1995) and congestive heart failure (Gottlieb et al., 1992) 

demonstrating higher circulating levels of EO. Other studies identified different isomers of EO in bovine 

adrenals (584 & 600 Da) (Schneider et al., 1998), rat plasma (591 Da) (Jacobs et al., 2012, Hamlyn 2014), 

and bovine hypothalamus (438 Da) (Tymiak et al., 1993). However, the scientific community remains 

skeptical about the existence of EO because the findings are difficult to replicate or have been reported as 

false positives by other groups (Doris et al., 1994; Nicholls et al., 2009; Baecher et al., 2014). In any case, 

we looked for evidence that an EO could be the SDa.  

 Rostafuroxin (RTF) is a digitoxigenin derivative that can antagonize ouabain and normalize 

vascular Na+/K+ ATPase alterations during hypertension (Ferrari et al., 1998, 2006). In neurons, RTF (6 

𝜇M) reduced glutamate-evoked Ca2+ influx in the chronic presence of nano-molar concentrations of ouabain 

(EC50 = 1.4 𝜇M) (Song et al., 2014). We administered 10 𝜇M RTF to naïve slices during OGD to determine 

if it can delay or block SD, thereby implying the release of EO during OGD. There was no significant 

difference in time to SD onset between slices treated with OGD only and those treated with OGD + 10	  𝜇M 

RTF. Therefore, EO does not affect OGD-SD initiation. On the other hand, slices that were treated only 
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with ouabain experienced cell swelling and dendritic beading while those treated with ouabain and RTF 

(100 𝜇M) exhibited no clear signs of SD related transformations. Therefore, it appears that RTF inhibits 

ouabain-SD but not OGD-SD. However, OGD-SD combined with higher concentrations of RTF (100 𝜇M) 

remains to be tested.     

 

4.3 Chemical Characterization of the proposed SDa 

[4.3.1] HPLC analysis of superfusates from slices pre- and post-SD 

Size exclusion HPLC analysis of aCSF with no exposure to brain slices did not show any peaks. In 

contrast, pre-SD and post-SD superfusates (that is, aCSF that bathed incubated slices) consistently showed 

three peaks, all three being generally higher in amplitude in the post-SD. The highest MW peak cluster 

(Peak 1) was at elution volume of 1 – 3 mL, followed by “peak 2” of 3.8 – 4.2 mL, and “peak 3” of 3 – 3.8 

mL. Since peak patterns were similar between GPC-100 column (larger range of MW) and GPC-PEP (small 

peptides), we assumed that the peaks are smaller molecules. Hence, the elution volumes of each peak of 

interest were compared to those of linear peptide standards in an attempt to roughly estimate their MW. 

However, it is important to note that these are not accurate estimates because the void volumes of the 

columns are unknown. Nevertheless, according to the peptide standard peaks, the “peak 1” cluster may 

consist of molecules between ~1.05 kDa and ~574 Da, “peak 2”, of ~556 Da and “peak 3”, of ~380 Da.  

 Similar peak patterns were observed in aCSF sampled over 10 minutes that bathed brain slices 

during slicing, pre-SD during resting and post-SD but they markedly differed in amplitude. Peaks “2” and 

“3” increased following SD whereas the “peak 1” cluster was specifically elevated only during slice 

preparation. Therefore, we concluded that the peak 1 cluster was associated with the unavoidable tissue 

injury during slice preparation. To confirm the correlation of Peak 2 and 3 with SD, a cocktail of standard 

ligand- and voltage-gated channels blockers (Mix 1) was added to the superfusates and collected for HPLC 

analysis. The channels inhibited by these blockers have been implicated in SD by other investigators but 

they do not prevent its initiation [See intro section 1.4]. Thus we hypothesized that the peaks would be 

unchanged. Indeed, the increase in the peak amplitudes from Pre-SD to Post-SD superfusates with Mix 1 
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were not significantly different from the inhibitor-free traces, suggesting that the biomolecules detected in 

peaks 2 and 3 are associated with SD and not with a non-specific increase in neuronal activity.  

Although the identities of the molecules in the peaks are unknown, peak 2 constituents may have a 

similar molecular size and/or MW to ouabain (585 Da). After all, one of the major assumptions made in 

size-exclusion chromatography is that molecules are spherical, while in reality, molecules in their native 

form will not elute strictly based on MW. This may also be the reason why we detected peptides outside of 

the MW range the HPLC columns were suggested to be ideal for. When ouabain was analyzed with HPLC 

(GPC-100), it was barely detected in a dose-dependent manner. Ouabain was only weakly fluorescent 

because its structure is not rich in aromatic groups, carbonyl groups or conjugated double bonds. It is likely 

that the molecules detected at peak 2 have a different structure with more conjugated double bonds but with 

a similar molecular size.  

 

[4.3.3] MALDI-IMS analysis of brain slices midway through SD 

MALDI-IMS analysis identified three compounds with MWs of m/z 593 ± 4 Da, m/z 610 ± 2 and 

m/z 620 ± 5 Da in regions that underwent hyperthermia-evoked SD. The spatio-temporal specificity of the 

three compounds to the SD front was determined by observing the SD start region under LT imaging and 

sampling the slices midway through SD. As a result, the compounds were detected with elevated intensities 

within the known SD start site beneath the weight as well as in the path of its propagation. To confirm that 

these compounds were not associated with general trauma, naïve slices were superfused with aCSF for 10 

min (no SD) before their signal intensities were compared to those of the mid-SD slices. The three 

compounds were also detected in the control slices but with lowered intensity without any specific 

localizations. Therefore, the increased production of these compounds found in the Post-SD slices is 

associated with SD. They could be SDa candidates or they could be biomolecules produced downstream of 

SD initiation.  

 The MWs of the detected compounds are separated by 8 and/or 16 Da. It is possible that the three 

compounds detected by MALDI-IMS are not all separate compounds but include the same compounds with 
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boron adducts. Other reports have also noted the “+8n” modification to their phospho- or glycopeptides by 

the incorporation of a boron atom and the loss of three hydrogen atoms from the ion of interest (M) (Gronet 

& Horiuchi 2006; Nishikaze et al., 2013).  

 

[M+H]+ + B(OCH3)3 → [M-H + BOCH3]+ → [M-2H + B]+ 

 

The common origin of boron contamination can be traced to boron silicate glass, which has been adopted 

into laboratory glassware for its thermal resistance and relative chemical stability. However, several 

solutions like the 0.1% trifluoroacetic acid (TFA) or methanol used as the matrix solvent can corrode its 

storage bottle and ultimately contaminate the analyte (Nishkaze et al., 2013; Nagasathiya et al., 2014).  

 

[4.3.4] Speculations on MALDI-IMS compounds and HPLC peak identities 

The identities of the SD related compounds isolated by our MALDI and HPLC analyses could be 

speculated upon by considering the parameters of the experiments. First, the compounds detected in 

MALDI may be intracellular and/or released into the ECS. The 10-15 𝜇m thick brain sections for MALDI 

likely exposes the intracellular content to MS analysis because the pyramidal neurons have an average 

diameter of >20 𝜇m (Romand et al., 2011). So, the compounds could be frozen in place intracellularly, 

extracellularly or bound to membranes. On the other hand, the HPLC analyzed compounds were released 

into the aCSF from the brain cells. Secondly, the matrix (“HCCA” or “CHCA”) used in MALDI-IMS and 

the mobile phase (PBS) selected for HPLC analyses were ideal for peptide or protein detection. With the 

HCCA matrix used in our MALDI-IMS analysis, peptides (> 5 kDa) could be easily detected but lipid 

classes were only detected as small signal amplitudes (Yang & Caprioli 2013). For our HPLC methods, the 

possible compounds under study can be further identified as hydrophilic peptides since the mobile phase 

utilized (PBS) was polar and the HPLC columns were ideal for water soluble peptides.  

 Because the detected compounds appear to be involved with SD initiation, we hypothesize that one 

or more might compromise the Na+/K+ ATPase function and lead to SD. Therefore, compounds that 
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compromise the pump like ouabain and are within a similar mass range were considered, namely, saturated 

phophatidylcholine, sphingomyelin and lipofuscin. Sphingolipids like phosphatidylcholine and 

sphingomyelin (MW around 500 Da) can inhibit the rate of E2(2K)ATP à E13NaATP conformational 

transition and suppress the pump activity by 70-80% depending on the level of cholesterol in the membranes 

(Habek et al., 2015). Lipofuscin or A2E (m/z 592) is a fluorescent lysosomal pigment molecule with 

lipophilic moieties. It is found in several regions of the rat brain including the neocortex and becomes highly 

toxic upon oxidation (Kaur & Singh 2001). Single oxidation of lipofuscin yields A2E with m/z 608 and 

double oxidation, m/z 624, which match the m/z of three compounds that we identified in our post-SD 

slices under the MALDI-IMS analysis (Grey et al., 2011). Another class of sphingolipid, saturated 

phophatidylserine or PE (MW 385 Da), accelerates the pump’s transition from E1 à E2P conformation 

without any effect on E2(2K)ATP à E13NaATP, stimulating the overall pump kinetics (Habek et al., 2015). 

In fact, the MW of PE approximates to that observed in the MS analysis of a significant post-SD peak 

detected by RP-HPLC (m/z 376.26) (Not shown). Perhaps the saturation of Na+/K+ ATPase with PE could 

convert the channel into a flickering, open channel and mimic the effects of palytoxin.  

 It is also possible that the detected biomolecules are associated with processes just downstream of 

SD ignition. If this is the case, we hypothesize that the peak 2 consists of glutathione disulfide (GSSG) and 

peak 3, glutathione (GSH) by considering their MW and function. Structurally, GSH (307 Da) is a 

fluorescent tripeptide with the sequence, Glu – Cys – Gly. GSSG (612 Da) is an oxidized form of GSH 

composed of two GSH molecules conjoined by a disulfide bond. The MWs roughly resemble those of peak 

2 (~500-600Da) and peak 3 (~300-400 Da). In fact, our measured protein concentration increased 

significantly from Pre-SD to Post-SD samples, suggesting that hydrophilic protein (peptide presumably) 

molecules are released upon SD. It is also worth noting that because the MWs from the HPLC standard 

peptides are only rough estimates and because our MALDI-IMS detect peptides most easily, peak 2 and 

MALDI-IMS may be indicating the same biomolecules. Functionally, GSH is a ubiquitous thiol present in 

all aerobic cells in mM concentrations, which can explain the strong HPLC signals. The sulfhydryl (-SH) 

group in GSH reduces free radicals and ROS by the thiol-exchange reaction (-SH à -S-S-) and entitles 
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GSH as one of the most abundant and potent intracellular antioxidants (Park et al., 2009). Under normal 

conditions, the molar GSH/GSSG ratio in the cell exceeds 100/1 due to the NADPH-dependent glutathione 

reductase, which converts GSSG back to GSH. However, in the face of severe metabolic insult such as 

those leading to SD, the ratio can decrease to 10/1 or even 1/1 (Chai et al., 1994). This can explain the 

increase in m/z 610 ± 2 signal from the post-SD, 15 𝜇m slices observed under MALDI-IMS. On the other 

hand, the excessive GSSG from sudden oxidative stress is eliminated from the cell by an ATP-dependent 

process, which may have allowed GSSG to be released into the aCSF before and/or after SD and to be 

detected as peak 2 in our HPLC analysis. Concurrently, GSH is released by astrocytes and in small part by 

neurons into the CSF to transfer the antioxidants to neurons (Wang & Cynader 2002). The GSH then, may 

have been observed as peak 3 under the HPLC. The larger peak 2 amplitude than peak 3 may be attributed 

to the greater number of conjugated double bonds available in GSSG and/or the higher [GSSG]O during 

metabolic stress (Srivastava & Beutler 1969; Sen et al., 1993). These are speculations that require further 

experimental support.  

 

4.4 Release of a common SDa irrespective of SD type 

HPLC analysis of aCSFPost-SD from hyperthermia (40, 42 and 44 ℃), high [K+]O (26 mM) and OGD 

(Not shown) showed a similar pattern of peaks. In fact, the HPLC traces of aCSFPost-SD collected at different 

temperatures were almost identical. On the other hand, aCSFPost-SD collected following SD induced by high 

[K+]O had the same pattern of peaks but a lower amplitude than the hyperthermia groups. This suggests that 

all SD types release the same biomolecules whose amounts are dictated by metabolic stress. The SDa 

molecule then, may govern the initiation of all types of SD including ischemic SD (OGD-SD), high [K+]O 

-evoked SD and hyperthermic SD.  
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4.5 Limitations & Future Directions 

[4.5.1] Isolation of an SDa by its chemical properties  

Some limitations of each experiment are mentioned in the corresponding sections. A general 

limitation in our attempt to characterize the SDa was the small range of molecular types targeted for the 

chemical analysis. In the majority of the HPLC and MALDI-IMS procedures followed in this project, the 

conditions were better for detecting proteins and peptides within a specific MW range. First, we are not 

detecting hydrophobic molecules with our size exclusion HPLC. The only preliminary HPLC data on 

hydrophobic molecules in aCSFPost-SD from the reverse-phase HPLC-MS (n = 1) only yielded weak signals 

and so requires further experiments. For future data collection, reverse phase HPLC analysis of aCSFPost-SD 

should be performed with a trial-and-error of different organic mixtures to optimize the mobile phase. 

Second, the HCCA matrix in MALDI-IMS is often utilized in the positive-ion mode analysis for peptides 

that are smaller than 5 kDa. HCCA is not ideal for detecting lipid classes but they may be identified as 

small signal amplitudes (Yang & Caprioli 2013). Other examples of matrices that could be tested include: 

3,5-dimethoxy-4-hydroxycinnamic acid (Sinapinic acid), 2,5-dihydroxybenzoic acid or Gentianic acid 

(DHB) and 9-aminoacridine (9-AA). Sinapinic acid can detect higher MW proteins that are larger than 5 

kDa. DHB can detect lower MW peptides, nucleotides, oligonucleotides and oligosaccharides that do not 

ionize well with HCCA. DHB is also used most frequently to analyze phospholipids but it can form 

heterogeneous crystals resulting in poor reproducibility and low resolution (Stauber et al., 2008, Wang, 

H.Y. et al., 2008; Wang, Z. et al., 2017). Moreover, certain lipid classes like, phosphatidylchlines (PCs) 

and sphingomyelin (SP) were found to reduce the signals of other lipid molecules in positive mode MS 

with DHB as the matrix (Schiller et al., 2002). Since switching between positive and negative modes 

consumes much time and reagents, 9-AA can be recommended as a separate matrix to detect small MW 

lipid molecules (Cerruti et al., 2012). In summary, future experiments should improve upon the chemical 

analysis of SDa by studying a wider range of molecular types.  
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[4.5.2] Isolation of an SDa by its functional properties 

 There may be a way to dramatically streamline our bioassay to detect the released SDa and that is 

the hemolysis bioassay, which has previously been used to measure the potency of PLTX (Azizan et al., 

2015; Brovedani et al., 2016; Zhang et al., 2016). Specifically, PLTX opens the Na+/K+ ATPase on in the 

red blood cells (RBC), converting the transporters to a channel. The depolarization and swelling lyse the 

cells and release hemoglobin. If SDa works in the same way, its potency could be assayed based on its 

hemolytic activity. There are potentially several ways to quantify the hemolytic activity of SDa. First, 

HPLC-MS can assess the degree of hemolysis by first purifying the fractions with RP-HPLC and 

determining the concentration of Hb released from ruptured RBC using a linear regression of MS signals 

(Zhang et al., 2016). Second, the the ratio of Hb signal at 405 nm and general protein signal at 540 nm 

could quantify RBC ruptured by PLTX or presumably by SDa (Brovedani et al., 2016). Third, the remaining 

viable RBC after PLTX and SDa exposure could be manually counted under the hemocytometer. The 

potency of the superfusate solutions (aCSFPost-SD) could be raised by lyophilisation and re-suspension in a 

smaller solvent volume. If there are similar effects between PLTX and aCSFPost-SD, the experiment could be 

extended to analyzing RBC ghosts (cell membrane of burst RBCs), which would involve the isolation of 

the analyte by centrifugation and the subsequent chemical characterization of the membrane-bound SDa. 
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5. Conclusion 
 

Despite the wide prevalence of SD-related disorders such as stroke, post-injury fever and migraines, 

there is little understanding of the molecular mechanisms underlying the initiation and propagation of SD. 

Therefore, this project sought to explore new ways to investigate this process. First, we demonstrated the 

existence of a SD-activating agent (SDa) released from rat gray matter during metabolic stress, specifically, 

during abrupt hyperthermia. We found that the SDa cannot be either elevated [K+]O or the accumulation of 

[glutamate]O. Second, we demonstrated that endogenous ouabain (EO) does not influence SD initiation 

induced by OGD and thus, that it is unlikely to be the SDa. With that said, we carried out a preliminary 

chemical characterization of the SDa which we proposed was released from brain slices exposed to brief 

hyperthermia or to high [K+]O artificial CSF. Through size exclusion HPLC analysis of water-soluble 

peptides released from brain slices undergoing SD, we identified peaks consisting of ~500-600 Da and 

~300-400 Da. The increase in HPLC-detectable biomolecules was observed specifically upon SD 

generation and was not an artefact of slice preparation. For better spatiotemporal resolution of the 

biomolecules involved, slices midway through SD were frozen and analyzed with MALDI-IMS. Three 

compounds with m/z 593, 610 and 620 were found in the path of SD. The detected compounds may be 

candidates of SDa or biomolecules released downstream of SD initiation. Further characterization of the 

compounds and the HPLC peak contents will provide therapeutic targets that could actively limit the neural 

injury caused by SD. This approach may also identify biomarkers to help pinpoint early SD-related 

dysfunction.  
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