
SPREADING DEPOLARIZATION EVOKED BY OXYGEN-GLUCOSE DEPRIVATION 

OR BY TEMPERATURE CHANGE IN FROG AND RAT BRAIN SLICES 

 

 

by 

 

Victoria Donovan 

 

 

 

 

 

A thesis submitted to the Centre for Neuroscience Studies 

In conformity with the requirements for 

the degree of Master of Science 

 

 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(October, 2017) 

 

Copyright ©Victoria Donovan, 2017 



ii 

 

Abstract 

As a result of anoxia or abrupt change in temperature spreading depolarizations (SD) 

occur in the grey matter of the higher brain, promoting neuronal injury. SD in mammals and 

insects
 
induces a sudden shutdown of the central nervous system (CNS) gray matter, but it is 

unclear if SD is generated in the cerebral cortex (CC) of lower vertebrates. In this study, the 

effects of oxygen glucose deprivation (OGD, which simulates ischemia) or abrupt temperature 

change was studied on live coronal brain slices from Northern Leopard frog (Rana pipiens) and 

Sprague Dawley rat (Rattus norvegicus) brain slices to compare SD susceptibility. We 

hypothesized that this cold-blooded vertebrate generates SD, reflecting the need for a shutdown 

capability, but that the frog brain is less susceptible to anoxia or temperature change because of 

its variable environment. We used light transmittance imaging (LT) during exposure to various 

solutions/temperatures to examine whether frog CC can generate SD and if so, its propensity to 

initiate and propagate compared to the rat. The frog CC generated delayed OGD-SD at 12±2.6 

min (mean ± SE) at 35
o
C (n=8) compared to rat slices at 1.6±0.34 min at 35

o
C (n=4). The frog 

CC generated ouabain-SD at 5.6±0.3 min at 35
o
C (n=12) compared to 4.8 min on average in rat 

neocortex as shown previously in our lab. At 26
o
C, frog slices generated SD induced by 100 M 

ouabain (a Na
+
/K

+
 pump inhibitor) at 9.3±0.5 min (n=12) compared to rat slices at 6.6±0.2 min 

(n=10). Unlike in rat, SD was not evoked in frog CC by elevating bath [K
+
]o to 26 mM at any of 

the tested temperatures. A 35 to 40⁰C ramp generated SD at 10.8±1.1 min (n=6) in frogs and 

5.5±0.5 min (n=16) in rats. A 35 to 4.7⁰C ramp generated SD in the rat at 2.5±0.6 min (n=8) but 

did not elicit SD in the frog. Our findings show that the capacity to generate SD in the cerebral 

cortex evolved early in vertebrate evolution. However, the frog CC is less sensitive to SD 

shutdown evoked by simulated ischemia or by sudden temperature change. This appears 
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appropriate to the amphibian environment where oxygen content of the water and ambient 

temperature vary considerably.  
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Chapter 1 

Introduction 

1.1 Brain Ischemia and Stroke 

According to the World Health Organization (WHO), stroke is the leading cause 

of death and the third leading cause of disability affecting over six million people world-

wide annually (Johnson, Onuma, & Sachdev, 2016). A decrease in cerebral blood flow 

(CBF - the blood supply to the brain over a given amount of time) is referred to as 

ischemia. Following loss of CBF our higher brain enters a level of inexcitability through 

an active and propagating process termed ischemic or anoxic depolarization (AD). Stroke 

is the clinical term used to describe several cerebrovascular incidents in which the brain 

suffers ischemia. Stroke can occur in various forms, including focal ischemic caused by 

vascular occlusion (large or small artery), intracerebral or subarachnoid hemorrhagic due 

to blunt force trauma, or global ischemia caused by cardiac arrest or pulmonary failure.  

Ischemia is a lack of oxygen and glucose to a region (focal), or several regions 

(global), of the brain. This leads to changes in cellular function, including energy failure, 

metabolic stress, ionic perturbations such as increased cellular calcium levels and 

disruption of the blood brain barrier (BBB). These can ultimately lead to the formation of 

a necrotic core (Bramlett & Dietrich, 2004; Woodruff et al., 2011) in the brain region 

directly supplied by the blocked (ischemic) or ruptured (hemorrhagic) vessel. Depending 

on the severity and location of the damage incurred, different symptoms will present in a 

patient. Middle cerebral artery occlusion (MCAo) is a focal stroke that most often 

generates one-sided facial or body paralysis, slurred speech, and numbness or tingling in 
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the hand opposite to the side of the occlusion. Long-term damage can include permanent 

paralysis when the necrotic core is in a motor region of the neocortex. Permanent 

paralysis is severely debilitating and requires long-term medical assistance, resulting in 

an increased strain on the health care system (Seshadri et al., 2006). The need for 

enhanced medical intervention or post-stroke therapy is very high. Improving our 

understanding of the underlying cellular and molecular components of stroke and other 

ischemic insults from an evolutionary perspective could aid in developing improved 

therapeutics for stroke patients or allow for earlier intervention or prevention.  

1.1.1 Focal Ischemia 

Following focal ischemia, spreading depolarization initiates and propagates outwards 

from the site of damage. When all blood supply to a region of the brain is cut-off for 

several minutes, obvious neuronal damage is delayed but arises within hours, producing a 

core of dysmorphic neurons. The region surrounding this necrotic core, referred to as the 

penumbra (Figure 1), sustains some metabolic stress which is less severe due to an intact 

collateral blood supply. SD can repetitively arise (as peri-infarct depolarizations) and 

subsides in the penumbra, expanding the original injury (Bretón, César, & Rodríguez, 

2012). Early restoration of CBF is still the primary prophylaxis for minimizing the 

severity of brain injury following an ischemic attack (Woodruff et al., 2011). According 

to Kaufmann et al. (1999), reperfusion should occur within 6-8 hours of trauma in 

humans to minimize risk of long-term neuronal damage. This small window of 

opportunity is often missed, due to a delayed first response time or lack of at-home 

knowledge of signs of stroke, both of which ultimately lead to poor prognosis. In a  

modelof focal ischemia such as MCAo, increased blood  
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Figure 1. Depiction of the ischemic core and penumbra following focal stroke caused 

by middle cerebral artery occlusion. Site of initial spreading depolarization (SD) is 

within the ischemic core surrounded by peri-infarct depolarizations (PIDs) in the 

penumbra (Nettter, 2010;  image adapted from R.D. Andrew).  
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brain barrier (BBB) permeability is seen with reperfusion of the MCA region or 

following permanent ischemia (Bramlett & Dietrich, 2004; Yang & Betz, 1994) which 

can have secondary negative effects on the proper functioning of the brain.  

1.1.2 Traumatic Brain Injury 

Traumatic brain injury (TBI) is the leading cause of death and disability among 

children and young adults, with approximately 1.5 million Americans per year sustaining 

head trauma (Bramlett & Dietrich, 2004). Blunt trauma to the head can fracture the skull, 

leading to underlying vascular damage in the brain. Intracranial hemorrhage, extradural 

hematoma or subarachnoid hematoma can form, resulting in regional or global ischemia, 

depending on severity. Similar to focal stroke, spreading depolarization can recur at the 

site of blood deprivation (Hartings et al., 2011). More importantly, recurring SDs can 

arise in the peri-contusional region, which is analogous to the penumbra of stroke. 

Following a blow to the head, mild TBI can occur, more commonly referred to as a 

concussion, in which coup-contrecoup occurs. In this case, the brain repeatedly 

reverberates against the skull, hypothetically causing neuronal damage due to peri-

contusional depolarizations. Axonal shearing is the primary form of lasting neuronal 

damage in which tau plaques form following multiple concussive head traumas. 

Recurring SDs might be present in this scenario and these likely expand neuronal 

damage. There are usually lingering cognitive deficits that last hours to days, however 

there is generally no loss of consciousness (Andrew & Ayata, in preparation). 

1.1.3 Global Ischemia 

Complete brain deprivation of CBF is referred to as global ischemia (GI). This is 

usually evoked by sudden cardiac arrest or massive head trauma. GI can elicit a cascade 
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of pathological events and often causes seizures and devastating long term brain damage. 

Specifically, neurons in the hippocampus CA1 and CA4 zones and neocortical layers III 

and V are selectively vulnerable to death after injury by ischemia and reperfusion 

(Bartsch et al., 2015). Neocortical neuronal damage results in higher brain function loss 

and can lead to persistent vegetative state (PVS), a condition in which a patient is 

considered ‘awake but not aware’ where they display no sign of higher brain function, 

being kept alive only through medical intervention (Andrew & Ayata, in preparation; 

Brisson et al., 2014).  

1.2 Spreading Depolarization 

Several different types of propagating depolarizations exist, each with their own 

electrical specificities and characteristic subsequent consequences on neuronal integrity 

(Pietrobon & Moskowitz, 2014; Hartings et al., 2016). Spreading depolarization (SD) is a 

general term of CNS events characterized by abrupt, near-complete sustained neuronal 

depolarizations (Dreier et al., 2011) including anoxic (ischemic) depolarization (AD), 

spreading depression and PIDs. SD is a disruption in the regulation of sodium and 

potassium across the neuronal membrane; interruption of the proper movement of these 

ions plays a role in damaging neurons in vulnerable brain areas such as the ischemic 

penumbra (Bramlett & Dietrich, 2004). SD caused by metabolic stress, including stroke, 

TBI and GI has been recorded in vivo in the grey matter of mice and rats (Brisson et al., 

2014). SD can also be experimentally evoked by hypo-osmolality, hyperthermia, 

hypothermia, sodium pump blockers, hypoxia or ischemia in rats and locusts among other 

animals (Hossmann, 1994; Spong, Andrew, & Robertson, 2016; Somjen, 1992; Somjen, 

2001). With previous studies showing SD evoked in numerous mammals and two species 
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of insects, we attempted to replicate this phenomenon in frogs, using similar experimental 

regimes to establish a possible evolutionary conservation in the brains of vertebrates.   

1.2.1 Anoxic (Ischemic) Depolarization 

A complete lack of oxygen supply to an area of the body is called anoxia and is 

referred to as ‘ischemia’ when this phenomenon is caused by vascular occlusion or 

hemorrhage. When this lack of oxygen occurs in the CNS gray matter, it elicits neuronal 

depolarizations which initiate within minutes following loss of blood supply (Dreier et 

al., 2011). AD is more severe than spreading depression, as the damaging effects are 

exacerbated by lost oxygen and glucose levels, due to vascular insufficiency. Glutamate 

has accumulates extracellularly in the brain following its release after neuronal 

depolarization (such as during AD) with no subsequent re-uptake due to energy failure 

(Obrenovitch et al., 2000 as cited by Kim, 2014). There is no evidence that glutamate 

adds to damage; however, it does promote spreading depression in less metabolically 

stressed gray matter (Obrenovitch et al., 2000; Obrenovitch and Urenjak, 1997).  

1.2.2 Spreading Depression 

Spreading depression is a metabolically milder version of SD. It is also referred to 

as cortical spreading depression (CSD), which was first described by Leão in 1944 as a 

wave of electrical silence marching across the neocortex. Somjen et al. (1992) presented 

evidence that spreading depression is a severe decrease in membrane resistance and rapid 

negative shift in extracellular potential resulting from sudden cellular depolarization. It 

has been more recently described as a profound focal inactivation of neurons and glia 

which lasts one to two minutes, moving outwards (away from the original site of 

initiation) at a rate of 30-50 μm/sec (Basarsky et al., 1998) across gray matter (Church 
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and Andrew, 2005), stopping at regions of white matter (Somjen et al., 1992).  Clinically, 

spreading depression is generally accepted as the process underlying migraine aura and 

can cause visual scotomas and possibly initiate headache pain (Dreier et al., 2011; 

Andrew, Hsieh, & Brisson, 2017). The cause of spreading depression is poorly 

understood. It was originally believed to be a pathophysiological process involving 

excess glutamate release. However, despite numerous attempts at targeting the glutamate 

receptor for post ischemic therapy, it is apparent that glutamate does not play as big of a 

role as initially thought (Obrenovitch and Urenjak, 1997; Obeidat and Andrew, 1998; 

Jarvis et al., 2001).  

1.2.3 Peri-infarct Depolarization 

Peri-infarct depolarizations (PIDs) recur in the penumbra, expanding outward 

from the necrotic core (Hartings et al., 2003, Singhal et al 2011). The Cooperative Study 

on Brain Injury Depolarizations (COSBID), an international research consortium focused 

on the role of spreading depolarizations in acute neurologic injury, demonstrated direct 

electrophysiological evidence for the existence of recurring SDs, and hence, a 

‘penumbra’ in the human brain (Figure 2). The PIDs are a primary target for post-stroke 

therapeutics as they can recur in damaged human neocortex, persisting for several days 

following TBI or stroke (Nakamura et al. 2010; Dreier et al., 2011) as they expand 

damage in the brain. Finding a way to terminate them could reduce neuronal damage 

post-ischemia.  

1.3 Higher Brain Shutdown  

The mammalian brain possesses several behavioral shutdown strategies which it 

implements under high stress or life threatening situations.  



 

8 

 

 

 

 

 

 

   

 

 

 

Figure 2. Direct electrophysiological evidence in patients for the existence of 

spreading depolarization. Proof of existence of a ‘penumbra’ in the human brain 

according to the Cooperative Study on Brain Injury Depolarizations (COSBID). 

Electrodes 1-6 are on a strip that is laid on the surface of the cortex. The electrical 

recordings (A-D) show the depolarization wave moving across the cortex over time 

(Images adapted from Fabricius, 2006).  
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These behaviours can be described as ‘lie-low’ strategies. In this respect, it is helpful to 

consider SD as a ‘lie-low’ survival strategy (Andrew and Ayata, in preparation).  In a 

predator/prey situation, should the prey incur head trauma, one survival strategy is simply 

to not draw unnecessary attention to itself. This unnecessary attention includes 

epileptiform behaviour (uncontrollable flailing) and subsequent discovery by a predator 

(Andrew & Brisson, 2011). If neurons depolarize 10-30 mV, they can generate 

epileptiform activity. However, the brain bypasses this activity by more strongly 

depolarizing (approaching 0 mV), stopping all action potentials and movement. The 

animal then enters into a ‘lie-low’ state, promoted by spreading depolarizations in the 

neocortex (Andrew, Hsieh, & Brisson, 2017). In this way, the problem of epileptiform 

activity is bypassed because sodium channel inactivation means neurons are unable to 

fire. Fainting, freezing and feigning death are three ways that the brain attempts survival 

through ‘lying low’, although these likely do not involve SD.  

Fainting 

 Fainting, or syncope, results from a rapid decrease in blood flow to the brain and 

elicits a momentary loss of consciousness. During this time, the brainstem remains active 

but there is temporary shutdown of the higher brain. Syncope is similar to concussion, in 

that it demonstrates a flat-lining of an EEG (Britton, 2004). Fainting results in the animal 

resorting to a supine position on the ground. This is beneficial as it improves blood flow 

to the brain (Diehl, 2005) so the body does not have to work as hard to pump the blood to 

the head as if it were in an upright position. Evidence provided by Alboni et al. (2008) 

suggests that syncope is a non-pathological trait that has been subjected to selection 
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throughout evolution and has evolved as an advantageous response to inescapable 

predator situations.  

Freezing 

 Another response to a perceived predator by a prey is freezing, or halting of all 

movement. It is likely used by prey to adequately assess its potentially dangerous 

situation, for example a deer hearing a noise in the distance while grazing. As a basic 

sympathetic response, it includes increased heart rate and respiration, along with dilation 

of the pupils. This enables the animal to become more alert in order to assess whether it is 

in danger and requires implementation of a ‘fight or flight’ response (Darwin, 1900).  

Feigning Death 

 In contrast to the active ‘fight or flight’ response, a passive version of freezing is 

feigning death, or, tonic immobility. If an animal becomes overtaken by a predator it will 

sometimes ‘play dead’ or ‘play possum’. This is believed to lower the interest of a 

predator in an already ‘dead’ prey so that the predator may be distracted and the prey can 

recover and run off. Red deer, chipmunks, guinea pigs, reptiles and even amphibians 

demonstrate decreased heart rate and respiration pauses along with body stiffness 

(muscular rigidity) in response to a predatory stimulus (Alboni et al., 2008).  

1.3.1 Higher Brain Shutdown due to Head Trauma 

Throughout evolution, vertebrates have made their way through the world head-

first (Andrew & Ayata, in preparation). Due to this head-first lifestyle, traumatic brain 

injury (TBI) was common, particularly after water-dwelling organisms began to inhabit 

the land where falling becomes a consideration. Over time, these organisms evolved, 
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developing several defense mechanisms to protect their brains from TBI including a 

reflexive ‘duck and cover’ response (Dean et al., 1989) along with several anatomical 

structures such as a hard skull, meninges, and cushioning by cerebral spinal fluid. Despite 

these protective adaptations, TBI is still common on land.  

Brain injury following ischemic damage was thought to be the result of a major 

pathological event, termed excitotoxicity. It was previously believed that accumulation of 

extracellular glutamate, an excitatory neurotransmitter, was an important cause for 

ischemic damage to neurons. Although glutamate release does occur as a result of SD 

(Zhou et al., 2014), direct application of glutamate onto normal brain slices only produces 

slow, general swelling of brain tissue (Polischuk & Andrew, 1996; Obeidat & Andrew, 

1998). Jarvis et al. (2001) tested the role of the glutamate receptor with a blocker 

(kynurenate) through bath application on brain slices prior to OGD application and AD 

was still induced. This finding suggests that glutamate does not play the role that was 

initially proposed and is supported by many other studies (Obrenovitch et al., 2000; 

Obrenovitch & Urenjak, 1997; Obeidat & Andrew, 1998; Murphy et al.,  2008).  

Traumatic Brain Injury and Loss of Consciousness 

Rapid shutdown of the brain following blunt trauma is demonstrated by athletes 

who consistently incur head trauma, particularly boxers. Following a blow to the head, 

boxers collapse; unconscious and motionless. The immediate result of the impact 

includes torsional strain, shearing, stretching and tearing of axons, eliciting 

depolarizations (Shaw, 2002; Giza and Hovda, 2014). This general depolarization spreads 

outward to include surrounding, less traumatized, grey matter and likely prolongs the 
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unconscious state. The importance of SD in this case is that collapsing after a knock-out 

means the subject may not incur further injury.   

Differing Regional Neuronal Resiliency  

When taking into consideration possible explanations for why the higher brain 

shuts down following trauma, it is important to compare the functional roles of the 

hypothalamus and brainstem versus the neocortex. The hypothalamus produces hormones 

which govern physiological functions such as temperature regulation, thirst, hunger, 

etcetera, making it an important structure for the maintenance of a properly functioning 

organism. The neocortex, being an evolutionary ‘newer’ part of the brain, expands in 

higher species (increased folds/surface area) controlling fine motor skills, cognitive 

function and language perception and production. The brainstem functions in survival, 

controlling breathing, swallowing, heart rate, blood pressure. A proposed explanation for 

why the higher brain shuts down in the case of the boxer is due to the varying levels of 

resiliency between the gray and white matter for ischemic cell damage (Woodruff et al., 

2011; Mattson et al., 2001; Brisson et al., 2014). The resiliency of the hypothalamus and 

lower brain is partly the result of brain region being more resistant to SD during ischemia 

(Brisson et al., 2014; Andrew & Ayata, in preparation). It has been proposed by our 

laboratory that the brainstem did not develop the ‘shutdown’ mechanism that is 

supposedly required to sustain life following head trauma that is seen in the higher brain 

(Andrew & Ayata, in preparation).  

1.3.2 Higher Brain Shutdown as a Conserved Survival Tactic  

While mammalian SD underlies a range of human pathologies from migraine to 

stroke damage, insect SD is believed to be a protective mechanism against severe 
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environmental stressors used to conserve energy whereby the animal enters a reversible 

coma (Spong et al., 2016). In insects, this is characterized by immobility and lack of 

response to any sensory stimulation following anoxia, hyperthermia, hypothermia and 

ATP depletion (Spong et al., 2016). Nevertheless, the general cellular mechanism of this 

shutdown appears to be evolutionarily conserved (Spong et al., 2016). Invertebrates have 

been used as model systems to study several human disorders as they offer many benefits 

including easily manipulated genetic material, short reproductive cycle and are usually 

low cost. For example, the common fruit fly (Drosophila melanogaster) and the 

nematode (Caenorhabiditis elegans) have both been widely used in genetic and 

molecular biology research.  

1.3.3 Higher Brain Shutdown in Lower Vertebrates 

While many studies have examined SD in mammals and insects, it is unclear if SD is 

generated in lower vertebrates. Frogs were selected as a study species for several reasons 

including the fact that they phylogenetically predate mammals but are contemporary with 

insects offering insight into an ‘evolutionary old’ brain. Secondly, following extensive 

attempts of producing brain slices from goldfish, we determined they were not firm 

enough to slice (likely due to low myelination) and did not remain intact during 

dissection; whereas the frog cerebral cortex (CC) proved to be myelinated enough to 

allow for intact removal and slicing. Thirdly, some literature already existed on the frog 

brain including a stereotaxic atlas and aCSF composition (Wada et al., 1980). Another 

study provided evidence for SD in lower vertebrates, as shown by Guedes’ in vivo 

electrophysiological recordings in the optic tectum of frogs (Guedes, 2005), solidifying 

our decision to use frogs as a species to study SD.  
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1.3.4 Environmental Anoxia  

Many organisms can withstand a hypoxic environment. Some aquatic animals 

living in tropical waters consistently endure hypoxia as the incoming and outgoing tide 

only replenishes tide pools every few hours (Schmidt-Nielsen, 1997). Some fish, 

specifically carp, and turtles can survive prolonged hypoxia in water. The Painted Turtle 

(Chrysemys picta) can tolerate an environment of 100% N2 for several hours without 

apparent negative effect (Hopkins and Powell, 2001). These animals can also survive 

during winter hibernation for several months because of a drastic reduction in metabolism 

upwards of ninety-percent, along with cutaneous breathing (Feder & Burggren, 1985), 

and burying themselves in the mud (Jackson, Herbert & Ultsch, 1984; Ultsch, 1985; Shin 

& Buck, 2003; Staples & Buck, 2009). Some studies have shown that following anoxia 

there is a decrease in NMDA receptor activity (Buck & Bickler, 1995) and an increase in 

the number of GABAA receptors in the turtle brain (Lutz & Leone-Kabler, 1995). This 

decrease in NMDA receptor activity plays a key role in the mammalian brain during 

similar conditions to facilitate metabolic reduction, and likely serves a similar purpose in 

the turtle brain (Lutz & Leone-Kabler, 1995; Lutz & Nilsson, 2004). Lower order 

organisms, such as the marine worm (Sipunculus nudus) have been shown to have 

increased levels of adenosine during anoxia (Reipschlager, Nilsson & Portner, 1997), 

supporting the theory of a depression of ion leakage following anoxic exposure (Guppy 

& Withers, 1999). With several studies presenting evidence for successful anoxic 

survival in the wild in certain lower order organisms, we chose to examine the possibility 

of SD occurrence in the frog brain following anoxic conditions, to establish a possible 

mechanism for anoxic survival.  
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1.4 Structure and Function of Na
+
/K

+
 Pump 

The Na
+
/K

+
 - ATPase, (“the pump”), is a ubiquitous and critically important 

protein complex. The Na
+
/K

+
 pump consists of a heterodimeric core of α and β subunits 

assembled in the endoplasmic reticulum before transport to other parts of the cell. The 

α1, 2 and 3 isoforms of the pump are expressed in the brain (Gottron & Lo, 2009). The 

brain accounts for twenty percent of the total body energy consumption in young adults, 

and closer to fifty percent in children (Clarke & Sokoloff, 1994; as cited by Lennie, 

2003). Ionic balance is maintained through the active transport and exchange of cytosolic 

sodium for extracellular potassium in a 3:2 ratio in the brain. Regulation of the pump 

requires three major substrates: sodium, potassium and ATP. The pump works to 

hyperpolarize the cell; so it plays a major role in neuronal signaling through action 

potentials and synaptic transmission. In mammals, the pump is vulnerable to failure when 

ATP is not readily available as following ischemic stroke (Gottron & Lo, 2009). Failure 

of the pump elicits several intracellular changes including decreased intracellular 

potassium, as well as depolarization of the membrane as a result of increased intracellular 

sodium. Pump failure in ischemic gray matter leads to SD in higher gray matter within 

two minutes of lost blood flow (Andrew & Brisson, 2011).  

1.5 Experimental Regimes  

Ischemia can be simulated in several ways. By inhibiting the pump through 

oxygen glucose deprivation, ouabain as a Na
+
/K

+
  pump blocker, elevated extracellular 

potassium, hyperthermia (Robertson, 2004) and hypothermia, we can induce SD, similar 

to post ischemia. These regimes used in this study are further explained below.  
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1.5.1 Oxygen Glucose Deprivation 

Oxygen glucose deprivation (OGD) has been used in many in vitro studies to 

simulate stroke. A solution lacking oxygen (bubbled with N2) and glucose (ionically 

balanced with substituted salts) is superfused over brain slices to induce SD. SD alone 

(evoked briefly with elevated KCl) is not metabolically stressful enough to elicit damage 

in neocortical tissue in vivo (Nedergaard & Hansen, 1988) or in live slices (Anderson & 

Andrew, 2002; Anderson et al., 2005). However, AD evoked by OGD in slices generates 

dendritic beading and results in loss of evoked field potentials within five minutes 

(Obeidat & Andrew, 1998) 

1.5.2 Ouabain 

Ouabain, a Na
+
/K

+
  pump blocker, closely mimics the effects of OGD on brain 

slices as it binds and inhibits the Na
+
/K

+
  ATP-ase (Artigas & Gadsby, 2006). Previous 

studies have shown that following five to eight minutes of OGD, or four minutes of 100 

μM ouabain superfusion, induces focal increase in light transmittance (LT) that expands 

outward from the point of initiation forming a wave which moves through the neocortex 

(Joshi & Andrew, 2001). This wave front represents a mass depolarization of neurons 

that propagates along gray matter, inducing a negative shift in the DC potential as the 

neurons depolarize (Balestrino, 1995; Jarvis, Anderson, & Andrew, 2002; Brisson, 

Lukewich, & Andrew, 2013).  

1.5.3 Elevated Extracellular Potassium  

Experimental induction of spreading depression in normally metabolizing brain 

tissue requires a depolarizing stimulus that increases the extracellular concentration of 

[K
+
]o above a critical threshold (Pietrobon and Moskowitz 2014; Somjen, 2001). As 
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mentioned earlier, it has been shown that TBI induces spreading depolarization in 

addition to a release of K
+
 from cells. Further evidence for this comes from Andrew & 

Macvicar (1994), who demonstrated that neuronal discharge caused by elevated K
+
 leads 

to distinct regions in light transmittance increase – believed to be caused by cellular 

swelling. Additionally, SD has been shown to be caused in mouse brain slices with bath 

application of 26 mM elevated K
+
 (Andrew, Hsieh & Brisson, 2017). We use bath 

application of a 26 mM K
+
 solution for two minutes to mimic this phenomenon.  

1.5.4 Hyperthermia  

Heat stroke in humans is characterized by an increased in core body temperature 

above 40⁰C (Bouchama & Knochel 2002). This increase in temperature has negative 

effects on the central nervous system including delirium, convulsions or coma 

(Bouchama & Knochel 2002). Robertson (2004) executed experiments on locusts to 

establish the effects of hyperthermia and demonstrated that there is failure and 

subsequent recovery of the central pattern generator that supports ventilation and 

provided evidence that SD is elicited in insects following elevated temperatures . We 

used these previous studies’ findings as the basis for an experimental regime in this study 

to see if we could evoke SD in rat and frog brain slices following increased bath 

temperature (40⁰C).  

1.5.5 Hypothermia 

Hypothermia can have various adverse effects on organisms. Some organisms are 

able to recover all normal bodily functions after being frozen solid, whereas even a slight 

decrease in temperature can be fatal to others. Locusts for example, when exposed to  
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cold temperature lose neuromuscular coordination but recover from this exposure 

(Robertson, Spong, & Srithiphaphirom, 2017). SD has been recorded in the CNS of 

locusts, and is proposed to be the underlying mechanism for the minimum temperature 

for motor control which ultimately results in them ‘lying low’ following hypothermic 

exposure (Robertson, Spong, & Srithiphaphirom, 2017). Suppression of neural activity is 

one of several survival tactics that animals take on during hibernation or periods of torpor 

(Dirnagl, Simon & Hallenbeck, 2003). Aquatic turtles, such as the Painted Turtle 

(Chrysemys picta) hibernate on the surface of the mud in shallow water (St. Clair & 

Gregory, 2017). The Northern Leopard frog is aquatic and survives the winter by entering 

a state of torpor (Cunjak, 1986). Typical behaviours of these frogs over the winter include 

partial burying in the mud and occasional bouts of activity (Cunjak, 1986). Cujak’s study 

looked at wintering habits of northern leopard frogs in southern Ontario (1985). This 

study showed that this species of frog was able to survive in water temperatures of 0.5⁰C-

2.1⁰C as long as the water was a certain depth (>85cm) and velocity (22.5cm/s). Frogs 

were found partially buried beneath loose rubble remaining still, however when probed, 

did retreat (Cunjak, 1986). Schmid (1982) presented findings comparing terrestrial frogs 

to aquatic frogs (specifically Rana pipiens) in below freezing laboratory conditions 

confirming that aquatic frogs die following exposure to such cold temperature (-

2.55⁰C±0.35). High performance liquid chromatography of the urinary bladder contents 

of these frogs post-freezing exposure showed terrestrial frogs had 0.3M glycol in their 

system, whereas aquatic frogs did not have any (Schmid, 1982). In this experiment, the 

frogs did not have the ability to avoid the cold environment by burying themselves in the 

mud, hence they died. The lack of glycol in the aquatic frogs begs the question: could 
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cold-induced SD underlie the lethargy of lower vertebrates in cold weather as described 

by Cunjak (1986)?  

Knowing that cold evokes SD in locusts at 6⁰C (Robertson, Spong & 

Srithiphaphirom, 2017), in our study we cooled brain slices in the bath to 4.7⁰C to 

attempt to generate SD in rats (an endotherm, defined as an animal that is dependent on 

or capable of the internal generation of heat; a warm-blooded animal) and in frogs (an 

ectotherm, defined as an animal that is dependent on external sources of body heat).  

1.6 Experimental Techniques 

1.6.1 Coronal Brain Slicing 

The use of the brain slice preparation in the field of neuroscience for 

electrophysiological and light transmittance recordings has grown since its first use in 

1966 when Yamamoto and McIlwain recorded electrical activity from cortical slices 

(Teyler, 1980). It is an effective method compared to the intact brain (Teyler, 1980; 

Davies, Kirov, & Andrew, 2007) for several reasons: 1. Preservation of neuron-glia 

association. 2. Well documented rat and frog brain atlases allow for simultaneous 

examination of multiple regions of the brain during imaging.  3. Drugs and other 

solutions are easily washed on and off or temperature changes can be evoked. 4. Removal 

of some compensatory mechanisms associated with a live animal, such as changes in 

CBF, heart rate, panting, or other behavioral changes (moving in or out of water/sun). 

This is particularly beneficial in the current research where we compare the frog and rat 

brain, essentially ‘levelling the playing field’ in terms of temperature. 5. Multiple slices 

can be collected and used (increasing sample size) from a single animal. 6. Anesthesia is 
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not required in this method as animals are decapitated, removing any potential drug 

interactions which may affect findings.  

While rat brain slices have been used in neuroscience research for decades, frog 

brain slicing is novel to our laboratory and not well documented in the literature. Intact 

frog preparations have been used for in vivo electrophysiological recordings (Guedes et 

al., 2005), specifically targeting the optic tectum. However, development of the coronal 

frog brain slicing technique took a significant amount of time before quality slices were 

produced that could be used for LT imaging (see Materials and Methods for more detail) 

1.6.2 Light Transmittance Imaging 

Light transmittance (LT) imaging is an effective way of visualizing a 

representation of cellular changes over time in a slice of tissue. It has been used in many 

studies to look at cellular swelling in brain slices (Andrew et al., 2017; Jarvis, Anderson, 

& Andrew, 2001). When light interacts with tissue it can be scattered, absorbed or 

transmitted. This technique measures the change in the amount of light that passes (is 

transmitted) through a brain slice. Cellular swelling and/or dendritic beading due to 

alterations in cellular integrity results in an increasingly planar membrane surface which 

ultimately causes a reduction in scattered light (Lipton, 1999). The reduction in scattered 

light means that there is an increase in transmitted light through the brain slice which is 

detected as a change over time and pseudocoloured by Imaging Workbench software (see 

Materials and Methods for more detail).  
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1.7 Objectives/Hypothesis 

SD can be generated in response to global ischemia, focal stroke and TBI and is 

considered pathological by clinicians, even though it probably arose in evolution to 

promote survival from head injury (Andrew & Brisson, 2011). In contrast, SD in the 

lower brain is more difficult to evoke and is less damaging (Andrew et al., 2016). SD is 

not simply a byproduct of gray matter – so can lower vertebrates generate SD? With the 

prevalence of stroke- and TBI-related brain injuries in humans, elucidating the underlying 

cellular mechanisms and better understanding the possible evolutionary development of 

them could ultimately provide insight for improved post ischemic prophylaxis and or 

prevention. We hypothesized that while SD can be deadly to warm-blooded animals 

under brief metabolic stress, it originally arose in cold-blooded animals as a temporary 

shutdown mechanism that supported survival. To better understand the possible 

evolutionary connection, we studied Northern Leopard frog (Rana pipiens) and Sprague 

Dawley rat (Rattus norvegicus) brains to test if the frog brain also exhibits SD following 

similar experimental stressors.  In the present study we had the following goals:  

1. Confirm if, where, and at what temperature OGD-SD arises in the frog brain.  

2. Establish if 100 μM ouabain evokes SD at 35⁰C or at 26⁰C in frog brain as previously 

demonstrated in the rat brain. 

3. Establish if elevated extracellular [K
+
]o evokes SD in the frog brain at 35⁰C, 32⁰C or 

26⁰C (as previously shown in rats in our lab).  

4. Establish if the frog and rat brain undergo SD with ramp elevated temperature 

(ramped up from 35⁰C to 40⁰C).  
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5. Establish if the frog and rat brain undergo “chill induced SD” (ramped down from 

35⁰C to 4.7⁰C).  

6. Explore the possibility of an endogenous depolarizing factor released by rat slices 

following exposure to OGD.  
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Chapter 2 

Materials and Methods 

2.1 Live Brain Slice Preparation 

All procedures follow protocol (2014-1491) submitted by Dr. R.D Andrew which 

undergo yearly review by the Animal Care and Use Committees at Queen’s University.  

2.2 Housing of Frogs and Rats 

Adult
 

 (fully metamorphosed animal lacking a tail and having four fully 

developed legs) male Rana pipiens were obtained from Boreal Science (St. Catharines, 

Ontario). They were housed in a controlled environment, with a maximum of five frogs 

in each tank. Each tank was 57 L. Oral deworming took place upon arrival to facility. The 

frogs were free fed mealworms three times weekly. Eco-Earth coconut fibre bedding and 

Forest Floor natural cypress mulch were used for bedding in the tanks. The frogs were on 

a 12h light/dark cycle and the tanks were kept at a room temperature of 26⁰C.  

Twenty-one day old male Sprague Dawley rats were obtained from Charles River 

(St. Constant, PQ) housed in a controlled environment (25⁰C, 12h light/dark cycle) fed 

Purina laboratory chow and water ad libitum. Animals were provided with amber or red 

plastic tubes for hiding/shelter and wooden toys for enrichment.  

2.2.1 Frog Dissection Procedure 

The cranial notch on the top of the animals head was a landmark for the base of 

the brainstem. The front legs of the frog were pulled back by hand and the head was 

placed through the guillotine. The head was placed immediately into ice cold aCSF 

solution and transferred to dissection table (note: ice cold aCSF does induce SD in the 
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brain however the one hour incubation period following slicing at an increased 

temperature allows for slice recovery). An incision was made just at the cranial notch to 

expose the skull. A cut was made along the middle of the head with a scalpel to pull back 

skin over the eyes. One of the tips of the rongers was placed inside the foramen magnum 

and three cuts were made, two lateral and one medial to remove the top of the skull. Cuts 

were executed such that the brain itself was not contacted to ensure it remained intact. 

Using a pipette, the brain was occasionally soaked with the ice-cold aCSF to lower 

metabolism and increase cellular survival. Once the entire brain was exposed, meninges 

were carefully removed with thin forceps and a small scoop was gently wedged beneath 

brain to lever it up and to cut the ventral cranial nerves. The brainstem (in rats and frogs) 

and optic tectum (in frogs only) were removed with a simple downward cut with a sharp 

blade, and the brain was placed on slicing plate with agar. The brain was supported 

upright against the agar, dorsal side facing the slicing blade. Lateral stabilization was 

found to be beneficial in mounting the frog brain to maintain its position during slicing. 

Coronal slices were prepared using a Leica 1200-T vibratome (0.40 amp, 0.10 mm/s and 

400 μm for frogs and 0.8 amp, 0.10 mm/s and 400 μm for rat) in ice cold aCSF with 

O2/CO2 bubble (frog) and sucrose aCSF (rat). Reduction of the blade amplitude was also 

found to be beneficial in avoiding shearing of the very gelatinous frog brain. Slices were 

taken at the same thickness as the rat brain slices. The cerebral cortex of frog brain was 

sliced from +6.6 to +3.8 (Ward, 1980) and rat brain is sliced from Bregma +1.5 to -3.0 

(Figure 3). Frog slices were incubated in aCSF at room temperature and rat slices at 35⁰C 

with a O2/CO2 bubble for one hour before imaging.  
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Figure 3. Diagram of a rat brain (right) and a frog brain (left) with region of slicing 

depicted by red box (Dorsal view). Rat brain approximately half the magnification of the frog 

brain. Approximately four coronal slices were obtained from each frog brain and eight to ten were 

taken from each rat brain. Note: diagrams are not to scale. Images by VD.  
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2.2.2 Rat Dissection Procedure 

Rats were used for experiments between 21-35 days old. Dissection procedure 

was identical to that of the frog except sucrose aCSF solution was used during slicing to 

slow metabolism of the slices and preserve slice health and a plastic rodent restrainer 

(DecapiCone; Braintree Scientific, Braintree, MA) is used for decapitation.  

2.3 Experimental Solutions 

Sucrose aCSF for rat dissection and slicing was composed of (in mM) 240 

sucrose, 3.3 KCl, 26 NaHCO3, 1.3 MgSO4.7H2O, 1.23 NaH2PO4, 11 D-glucose and 1.8 

CaCl2. Regular rat aCSF was composed of 120 NaCl, 3.3 KCl, 26 NaHCO3, 1.3 

MgSO4.7H2O, 1.23 NaH2PO4, 11 D-glucose and 1.8 CaCl2. Oxygen/glucose deprivation 

(OGD) aCSF which simulates ischemia in vitro was made by decreasing aCSF glucose 

from 11 to 1 mM and gassing the aCSF with 95% N2/5% CO2. Ouabain (Sigma Aldrich) 

was added to aCSF as required. Frog aCSF had a slightly different composition (mM): 

112 NaCl, 2 KCl, 17 NaHCO3, 3 CaCl2, 3 MgCl2 and 24.2 D-glucose. All solutions were 

made using distilled water supplied by Botterell Hall, Queen’s University. 

2.4 Imaging Changes in Light Transmittance (LT) 

Light transmittance (LT) imaging detects changes in the amount of light that 

passes through the live tissue slice and is not absorbed or scattered during real time. A 

frog or rat brain slice was transferred into the imaging chamber with a pipette and 

weighed down using a nylon and metal harp (frog) or small metal weights (rat) and 

submerged in flowing oxygenated aCSF (3mL/min). At the start of the recording, the 

slice was maintained for two minutes in aCSF at 34⁰C (rat) or 26⁰C (frog) to ensure slice 

health (visual inspection for any tears or spontaneous depolarizations) and that the bath 



 

27 

 

level was even (no artifacts). Following this, the solution was switched to OGD, ouabain, 

elevated [K
+
], or a temperature change with aCSF was induced.  

The slice was illuminated using a broadband halogen light source (Carl Zeiss SNT 

12V 100W) on an upright microscope (Axioscope 2FS plus, ZEISS, Examiner D1 

ZEISS). Images were magnified using a 2.5X objective and video frames were captured 

using a 12-bit camera (Hamamatsu C4742-52) at 30Hz using Imaging Workbench 7.0 

Software (INDEC Biosystems, Santa Clara, CA).  

Images (1,125 x 1,125 pixels) were acquired using a charged-coupled-device, 

averaged and then digitized using a frame grabber board (Figure 4). A series of averaged 

images monitored the change in light transmittance of the slice in the bath over time. 

Acquisition intervals were changed by the experimenter accordingly to have maximal 

images during a depolarization wave and save hard drive space during ‘quiet’ periods 

Rapid sampling took place at one image every two seconds, and could be slowed to one 

image every forty seconds. The first image of the data set served as a ‘baseline’ to which 

all subsequent images were compared. Time zero pseudocolured images are not included 

in the diagrams as the would be completely black (any signal taking place at time zero 

resulted in rejection/restarting of the trial as it was due to artifact or poor slice health – 

See ‘Statistical Analysis’ section for more information).  

Each of the subtracted images of the series was divided by the gain of the intrinsic 

signal. Transmittance (T) is calculated as a change in light transmittance according to the 

equation (Note that ‘gain’ here is represented by a value of one as set by the GraphPad 

Prism 7.0 software and remains constant throughout all experiments):                             
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Equation 1:             LT =
(Texp− Tcont )/  gain  

Tcont
  x 100 = [

ΔT

T
] % 

The value for transmittance was then normalized and presented as a percentage of the 

digital intensity of the control image of the series. Control images are presented 

throughout in grayscale for comparison to the pseudocoloured image series. When the 

Na
+
/K

+
 pump becomes affected, neurons depolarize as water follows the influx of ions, 

resulting in an increase in transmitted light (imaged as a blue-green-yellow-orange-red 

pseudocolouration). A decrease in LT can be caused by dendritic beading (seen in 

purple), resulting in a scattering of light; this indicated neuronal damage (Brisson et al., 

2014; Jarvis et al., 2001; Obeidat & Andrew, 1998). The amount of change over time was 

detected when images were acquired and compared to a baseline image which was 

captured before the experiment begins. A charged coupling device (CCD) captured the 

image and Imaging Workbench software processed and pseudocoloured the images 

(Figure 4). This allowed for a semi-quantifiable degree of somatic swelling and/or 

dendritic beading.  

Circular regions of interest (ROI) were selected in Imaging Workbench to quantify 

experimental data. ROI’s had an approximate area of 6500 – 8000 pixels (rats) and 3500-

4200 (frogs), respectably (per circle – see Figure 5). Frog slices had smaller ROI’s due to 

the fact that they are much smaller slices. Three regions of interest were selected by the 

experimenter based off of the first wave of SD appearing on the slice. Within these 

regions, Imaging Workbench took an average of the change in light transmittance and 

generated numerical values based on Equation 1 above. These values were saved and 

plotted as a line graph using Prism 7.0 where statistical analysis also took place. Figure 5 

shows an example of the line graph generated that was used for selection of the SD onset  
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Figure 4. Diagram of the equipment used to image light transmittance changes 

(ΔLT%). A broadband halogen light source was used to illuminate the brain slice sitting 

in the bath. Light can be absorbed, reflected or transmitted. Light that passed through the 

slice (transmitted light) was picked up by the charged coupling device (CCD). Each 

digitized image was processed by a frame grabber and controlled by Imaging Workbench 

where it is pseudocoloured according to the colour scale on the bottom. Image by V.D., 

adapted from Anderson and Andrew (2002).  
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Figure 5. Selection of regions of interest (ROI’s) for analysis of onset time and 

maximal light transmittance (ΔLT). The top panel represents an example set of frames 

depicting a spreading depolarization (SD) wave in the neocortex of a rat brain slice. The 

three circles (red,blue and white) in frame one (left) show example regions of interest 

selected to collect data. The graph shows the change in light transmittance over time in 

the three regions of interest. Arrow A points out the SD onset time and arrow B shows 

the maximum change in light transmittance (ΔLT%). These plots were created for each 

sampled brain slice and the two sets of data points were collected and the averages were 

taken for statistical analysis.  
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time and maximal change in light transmittance. This process was replicated for each 

brain slice sampled. 

2.4.1 Chill-Induced Spreading Depolarization 

A Koolance Warner Instrument cooling machine was used to cool aCSF to 4.7⁰C 

which was passed through the bath containing a brain slice. To further insulate the tubing, 

foam insulating tubes were wrapped around the Koolance tubes carrying the coolant 

solution. Initial trials generated condensation under the coverslip so a generic window 

AC unit was used to cool air around the microscope. Condensation still formed so 

foaming dish soap was applied onto glass coverslip base and was reapplied between each 

trial.  

2.5 Statistical Analysis 

A slice in the bath under the microscope was quickly inspected. If damage was 

noticed it was thrown out before recording and replaced. Recordings were terminated and 

not included in analysis if slices displayed spontaneously evoked SD before the 

experimental solution was superfused. Recordings were also terminated if there were 

fluctuations in bath level as this led to artificial LT changes. To analyze statistical 

significance, unpaired t-tests with Welch’s correction for uneven variance and unequal 

sample sizes were performed using GraphPad Prism 7.0. For one data set (rat 

hypothermia) a one sample t-test was run. Data were deemed statistically significant at 

*p<0.05, **p<0.001, ****p<0.0001. All SD onset times were presented as mean 

(minutes) ± standard error and maximal change in light transmittance is presented as a 

percent change ± standard error. Lower case ‘n’ values represent the number of slices 
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used in an experiment. The number of animals used in each experiment is listed as capital 

‘N’ in Tables 1&2.  
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Table 1. Summary of all experimental regimes showing average spreading depolarization (SD) onset time (minutes) with 

standard error and statistical output values. A paired t-test with Welch’s correction was used for statistical analysis in Imaging 

Workbench 7.0. Degrees of freedom are calculated based off of the Statterhaite-Welch adjustment used by Imaging Workbench 

7.0 with a Welch’s correction. Single sample t-test was run on hypothermia rat data, with a null value of zero. Exposure of frog 

slices to OGD at 26⁰C was not done. 
ф
no SD seen. 

Experimental Regime Species n 

(slices) 

N 

(animals) 

 SD Onset time 

(mins) 

Standard 

Error (±mins) 

Statistical Output 

(t(df)=t-value, p-value) 

OGD (35⁰C) Rat 4 1 1.6   0.3 t(7.23)=3.91, p=0.0055 

 Frog 8 5 12.1           2.7 

OGD (26⁰C) Rat 10 2 7.0 0.6  

- Frog - - - - 

OGD (26 vs 35 ⁰C) Rat (same as above) t(11.97)=7.53, p<0.0001 

100 μM Ouabain (35⁰C) Rat 9 2 2.5 0.2 t(17.18)=8.74, p<0.0001 

Frog 12 4 5.6 0.3 

100 μM Ouabain (26⁰C) Rat 10 2 6.6 0.2 t(19)=16.21,  p<0.0001 

Frog 12 3 9.3 0.5 

100 μM Ouabain (26 vs 35⁰C ) Frog (same as above) t(19.21)=6.55, p<0.0001 

Elevated Extracellular K
+ 

Frog
ф 

22 7 - - -  

Hyperthermia (40⁰C) Rat 16 6 5.5 0.5 t(7.31)=4.47, p=0.0026 

Frog 6 2 10.8 1.1 

Hypothermia 

(4.7⁰C) 

Rat 8 2 2.5 0.6 t(6)=4.326, p=0.00495 

 Frog
ф
 9 3 - - 
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Table 2. Summary of all experimental regimes showing average maximal change in light transmittance (ΔLT%) with 

standard error and statistical output values.  A paired t-test with Welch’s correction was used for statistical analysis. Degrees 

of freedom are calculated based off of the Statterhaite-Welch adjustment used by Imaging Workbench 7.0 with a Welch’s 

correction. Single sample t-test was run on hypothermia rat data, with a null value of zero. Exposure of frog slices to OGD at 26⁰C 

was not done. 
ф
no SD seen  

Experimental Regime Species n 

(slices) 

N 

(animals) 

Maximal ΔLT% Standard Error  

(±%) 

Statistical Output 

OGD (35⁰C) Rat 4 1 19.0 3.9 t(9.365)=3.61, p=0.0053 

Frog 8 5 52.0 8.3 

OGD (26⁰C) Rat 10 2 15.4 1.8 - 

Frog - - - - 

100 μM Ouabain (35⁰C) Rat 9 2 16.6 2.1 t(18)=3.66, p=0.0017 

Frog 12 4 27.6 2.0 

100 μM Ouabain (26⁰C) Rat 10 2 11.6 1.2 t(12.52)=1.36, p=0.199 

Frog 12 3 27.8 3.2 

Elevated Extracellular K
+ 

Frog
ф 

22 7 - - -  

Hyperthermia 

(40⁰C) 

Rat 16 6 42.6 4.1 t(19.72)=1.33, p=0.198 

Frog 6 2 36.4 2.1 

Hypothermia 

(4.7⁰C) 

Rat 8 2 21.0 4.0 t(6)=6.336, p<0.001 

 Frog
ф
 9 3 - - 
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Chapter 3 

Results 

3.1 Light Transmittance (LT) Imaging of OGD induced SD 

Initial experiments were carried out by exposing cerebral brain slices to OGD. This 

was done to confirm that slices were healthy (generated predictable SD) and to have 

comparable data to previous studies executed in our laboratory. This was also done to allow 

for a baseline comparison following exposure to other experimental solutions (done in both 

rats and frogs). All trials were executed with a two minute ‘baseline’ period, during which 

time the slice sat in flowing aCSF at 35⁰C (rat) or 26⁰C (frog) before exposure began  to 

ensure slice health (no spontaneous depolarizations caused by a damaged slice) and no 

fluctuations in the bath  level (which would result in artifact during the recording). The aCSF 

was then switched to the experimental solution. All onset times of SD are measured from the 

start of the experimental aCSF application or when the desired temperature change was met 

(not including the two minute period of aCSF). An exact propagation rate was not calculated 

in the frog slices, as previously done in rat slices, as the wave front sometimes moved at very 

differing speeds through any given slice. Generally, from a qualitative perspective, the 

propagation rate of SD in frogs was slower compared to in rats in all experimental regimes 

that SD was evoked. Note that all data are summarized in Tables 1&2.  

Light transmittance (LT) imaging revealed that OGD (35⁰C) produced an AD onset 

time of 1.6±0.3 min (n=4) in the rat neocortex and 12.1±2.7 min (n=8) in the frog CC (Figure 

6).  These experiments showed a significant difference between the onset time of SD in the 

two species with frogs having a delayed time compared to rats (t(7.23)=3.91, p=0.0055). The  
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Figure 6. SD onset time induced by OGD at 35⁰C in the rat and frog brain. A comparison 

of the average onset time (minutes) of spreading depolarization in the frog (n=8) and rat (n=4) 

neocortex at 35⁰C induced by OGD. These data show a significant difference between the 

average SD onset time in the two species (t(7.23)=3.91, p=0.0055). 
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maximum ΔLT% induced by OGD was significantly higher in frogs than in rats 

(t(9.365)=3.61, p=0.0053) (Figure 7). SD is imaged in the CC of the frog (Figure 8) and the 

neocortex of the rat (Figure 9) as marked by the arrows. OGD (26⁰C) in the rat (n=10) 

generated a significantly delayed SD onset time relative to OGD at 35⁰C in the rat (n=4) 

(t(11.97)=7.53, p<0.0001).  Figure 10 shows an optical signal of the SD propagation in the rat 

neocortex evoked by OGD at 26⁰C.  

3.2 100 μM Ouabain 

Ouabain was superfused over frog or rat brain slices at two different temperatures, 

35⁰C and 26⁰C. At 35⁰C, SD onset time rat (n=9) was 2.5±0.18 min and was significantly 

different in the frog (n=12) 5.6±0.3 min (t(17.18)=8.74, p<0.0001) (Figure 11). The 

maximum ΔLT% was significantly different between the rat and frog (t(18)=3.66, p=0.0017) 

(Figure 12). The SDs can be imaged in the CC of the frog (Figure 13) and the neocortex of 

the rat (Figure 14) as marked by the arrows. At 26⁰C, SD onset time in the rat neocortex 

(n=10) was 6.6±0.15 min compared to the frog CC (n=12) which was 9.3±0.5 min, with 

significant difference (t(19)=16.21,  p<0.0001) between the average onset time of the two 

species (Figure 15). The maximal ΔLT% at 26⁰C between the rat neocortex (n=10) and frog 

CC (n=12) slices was similar (t(12.52)=1.36, p=0.199) (Figure 16). The SDs can be 

visualized in the CC of the frog (Figure 17) and the neocortex of the rat (Figure 18) as 

marked by the arrows. Comparing the frog data (from the ouabain experiments) at the two 

different temperatures, there is a significant delay in the onset time of SD at the cooler 

temperature (t(19.21)=6.55, p<0.0001).  
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Figure 7. Maximal change in light transmittance induced by OGD at 35⁰C. A comparison 

of the maximal changes in light transmittance in the frog (n=8) and rat (n=4) neocortex at 

35⁰C with OGD. These data show a significant difference between the maximal ΔLT reached 

in the two species (t(9.365)=3.61, p=0.0053). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8 

Δ
L

T
 (

%
) 

Frog 

4 

Rat 



 

39 

 

OGD 35⁰C - Frog 

 

Figure 8. OGD (35⁰C) superfusion induces spreading depolarization in the frog cerebral 

cortex. The arrows show the fronts of elevated LT arising focally and travelling across the 

cortex resulting in cellular damage shown in purple.  Here, an onset time of approximately 27 

minutes was observed. Mild changes in LT were seen under the sites of contact between the 

slice and the weight but were not considered for analysis. The bright red region at the bottom 

of the image series is an air bubble forming (artifact). In this and all of the subsequent image 

series, the images are essentially black or show no propagation (no ΔLT) until the first image 

shown.  
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OGD 35⁰C  - Rat 

 

Figure 9. OGD (35⁰C) superfusion induces spreading depolarization in the rat neocortex. 
The front of elevated LT (caused by cellular swelling) arises in the upper neocortical layers 

after three minutes of exposure to OGD and travels down through the neocortex shown by the 

arrows, leaving damaged neurons in its wake shown by the purple pseudocolouring.  
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OGD 26⁰C  - Rat 

 

Figure 10. OGD (26⁰C) superfusion induces spreading depolarization in the rat 

neocortex. The front of elevated LT (caused by cellular swelling) arises focally at nine 

minutes of exposure to OGD and travels across the neocortex shown by the arrows, leaving 

damaged neurons in its wake, shown by the purple pseudocolouring.  
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Figure 11. SD onset time induced by 100 μM ouabain at 35⁰C. Comparison of the average 

onset time (minutes) of spreading depolarization in the cerebral cortex of the frog (n=9) and 

rat neocortex (n=12) at 35⁰C following superfusion of 100 μM ouabain. These data show a 

significant delay between the average SD onset time in the two species (t(17.18)=8.74, 

p<0.0001).  
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Figure 12. Maximal change in light transmittance induced by 100 μM ouabain at 35⁰C. 

Comparison of the maximal changes in light transmittance in the frog cerebral cortex (n=9) 

and rat (n=12) neocortex. These data show a significant difference between the maximal ΔLT 

reached in the two species (t(18)=3.66, p=0.0017).  
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100 μM Ouabain 35⁰C – Frog 

 

Figure 13. 100 μM Ouabain superfusion induces spreading depolarization in the frog 

cerebral cortex at 35⁰C.  The front of elevated LT (caused by cellular swelling during SD) 

arises focally shortly after seven minutes of exposure to 100 μM ouabain and travels across 

the cortex (arrows), leaving damaged neurons in its wake shown by the purple 

pseudocolouring. 
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100 μM Ouabain 35⁰C – Rat  

 

Figure 14. 100 μM ouabain superfusion induces spreading depolarization in the rat 

neocortex at 35⁰C. The front of elevated LT (caused by cellular swelling during SD) arises 

outside the frame after four minutes of exposure to 100 μM ouabain and travels across the 

neocortex shown by the arrows, leaving damaged neurons in its wake shown by the purple 

pseudocolouring.  
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Figure 15. SD onset time induced by 100 μM ouabain at 26⁰C. Comparison of the average 

onset time (minutes) of spreading depolarization in the frog (n=11) and rat (n=10) neocortex 

at 26⁰C following superfusion of 100 μM ouabain. These data show a significant delay in the 

average SD onset time in the frog (t(19)=16.21,  p<0.0001). 
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Figure 16. Maximal change in light transmittance induced by 100 μM ouabain at 26⁰C. 

Comparison of the maximal changes in light transmittance in the frog cerebral cortex (n=10) 

and rat (n=12) neocortex. These data showed no significant difference between the maximal 

ΔLT reached in the two species (t(12.52)=1.36, p=0.199). 
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100 μM Ouabain 26⁰C  -  Frog 

 

Figure 17. 100 μM Ouabain superfusion induces spreading depolarization in the frog 

cerebral cortex at 26⁰C. The front of elevated LT (caused by cellular swelling during SD) 

arises focally shortly after 13 minutes of exposure to 100 μM ouabain and travels across the 

cortex shown by the arrows. Mild purple pseudocolouration does appear at the bottom of the 

depicted image, indicative of some damage.  
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100 μM Ouabain 26⁰C  -  Rat 

 

 

Figure 18. 100 μM Ouabain superfusion induces spreading depolarization in the rat 

neocortex at 26⁰C. The front of elevated LT arises focally shortly before nine minutes of 

exposure to 100 μM ouabain and travels across the neocortex shown by the arrows, leaving 

damaged neurons in its wake shown by the purple pseudocolouring.NC=Neocortex, 

WM=White Matter, Str=Striatum.  
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3.3 Elevated Extracellular Potassium  

Bath application of 26 mM K
+
 onto a frog brain slice at 26⁰C (n=8), 32⁰C (n=6) and 

35⁰C (n=8) elicited no SD; instead, we observed increased a general increase in LT likely 

which has previously been shown to indicate cellular swelling (Andrew, Hsieh & Brisson, 

2017) (Figure 19). Due to an abundance of data previously collected in our laboratory on the 

effects of elevated potassium on rat brain slices (Anderson & Andrew, 2002) we did not 

repeat these experiments. Instead, we will qualitatively compare and contrast our findings 

with that of the previous work in the discussion. 

3.4 Hyperthermia 

Following exposure to a ramped increase bath temperature (35⁰C to 40⁰C over five 

minutes) light transmittance (LT) imaging revealed a SD onset time of 10.75±1.05 min (n=6) 

in frogs and 5.5±0.49 min (n=16) in rats (Figure 20). Here, time zero is when the bath 

temperature reaches 40⁰C. These experiments showed a significant difference between the 

onset time of SD in the two species with frogs having a delayed time compared to rats 

(t(7.31)=4.47, p=0.0026). The maximum ΔLT% induced by hyperthermia was similar in the 

two species (t(19.72)=1.33, p=0.198) (Figure 21). SD can be visualized in the CC of the frog 

(Figure 22) and the neocortex of the rat (Figure 23) as marked by the arrow.  
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Elevated Extracellular Potassium - Frog 

 

 

 

 

 

 

 

 

 

Figure 19. No propagation of a signal was observed in the frog cerebral cortex following 

bath application of elevated extracellular potassium. Global swelling of cells in frog brain 

slices is seen. The growing pink circle is an air bubble forming on the surface of the solution, 

to be disregarded.  

 

 

 

 

 

 

4:46 5:03 

6:18 8:52 14:53 



 

52 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. Onset time of SD induced by hyperthermia (40⁰C). Comparison of the average 

onset time (minutes) of spreading depolarization in the frog cerebral cortex (n=16) and rat 

neocortex (n=6). These data show a significant delay in the average onset time in the frog 

compared to the rat (t(7.31)=4.47, p=0.0026).  
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Figure 21. Maximal change in light transmittance induced by hyperthermia (40⁰C). 
Comparison of the maximal changes in light transmittance in the frog cerebral cortex (n=16) 

and rat (n=6) neocortex. These data show no significant difference between the maximal ΔLT 

reached in the two species (t(19.72)=1.33, p=0.198). This is the only regime in which rat 

ΔLT% is greater than the frog.  
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Figure 22. Hyperthermia induces spreading depolarization in the frog cerebral cortex. 
The front of elevated LT arises focally shortly before 12 minutes of exposure to elevated 

temperature and travels across the cerebral cortex (arrow).  

 

 

 

 

Hyperthermia (40⁰C) - Frog 
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Figure 23. Hyperthermia induces spreading depolarization in the rat neocortex. The front 

of elevated LT arises focally shortly before 6 minutes of exposure to a ramp elevated 

temperature (35⁰C to 40⁰C over five minutes) and travels across the neocortex (arrows), 

leaving damaged neurons in its wake shown by the purple pseudocolouring. The * shows a 

second (delayed) depolarization wave occurring in the contralateral hemisphere. 

NC=Neocortex, WM=White Matter, Str=Striatum.  

 

 

Hyperthermia (40⁰C) – Rat  
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3.5 Hypothermia 

Following exposure to a decreased bath temperature (35⁰C to 4.7⁰C over 

approximately seven minutes) light transmittance (LT) imaging revealed a SD onset time of 

2.5±0.6 min (n=8) in the rat brain slices (Figure 24). Here, time zero is when the bath 

temperature reaches 4.7⁰C. Cooling frog brain slices to this level did not to generate SD (n=9). 

Statistical analysis could not be run here due to the nature of the data. The maximum ΔLT% 

induced by hypothermia was 0.2±0.04 in rat brain slices (n=8). The image sequence of SD 

propagation wave in the rat neocortex is shown in Figure 25.  
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Figure 24. SD onset time induced by hypothermia (4.7⁰C). Comparison of the average 

onset time (minutes) of spreading depolarization in the frog cerebral cortex (n=9) and rat 

neocortex (n=8). SD was not elicited in the frog brain in these trials. Rat SD onset time was 

significant compared to a null value of zero (t(6)=4.326, p=0.00495).  
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Hypothermia (4.7⁰C) – Rat  

 

Figure 25. Hypothermia induces spreading depolarization in the rat neocortex. The front 

of elevated LT arises focally shortly after ten  minutes of exposure to a decrease in 

temperature and travels across the neocortex (arrows), leaving damaged neurons in its wake  

shown by the purple pseudocolouring. 
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Chapter 4 

Discussion 

The purpose of our study was to investigate if a lower vertebrate’s brain had the 

capability to generate spreading depolarization (SD) which temporarily shuts down the 

neuronal activity in an inhospitable environment. We compared the frog and the rat brain in 

their response to temperature change or to ischemia. We hypothesized that temporary higher 

brain shut-down, while observed in mammals following trauma or ischemia, originally arose 

in cold-blooded animals as a survival mechanism following the ischemia of brain trauma.  

Specifically, we ran several experiments using different regimes that induce SD in rat brain 

slices to see if the frog brain slices were susceptible to SD. These trials included exposing the 

brain slices to OGD, 100 μM ouabain, elevated extracellular potassium, hyperthermia or 

hypothermia. For our trials we looked at the time of SD onset as well as the peak change in 

light transmittance (LT) generated by the brain slices.  

4.1 OGD, Ouabain and Hyperthermia induce SD  

LT imaging showed that OGD at an elevated temperature of 35⁰C induced a 

discernible SD across the cerebral cortex of the frog brain. However, onset took an average 

ten minutes longer relative to the rat, suggesting greater SD resistance in the frog brain. In 

addition, peak levels in the ΔLT% between the two species was significantly different. Higher 

ΔLT% values were seen in the frog, suggesting that the frog neurons undergo greater swelling 

for a longer period of time than the rat before the depolarization threshold is reached. The 

only regime that this was not the case for was with elevated temperature, where we see rats 
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with a higher ΔLT%. This could possibly be due to low sample size, as we do still see a 

significantly delayed onset time in the frogs relative to the rats.  

Rat brain slices were also exposed to OGD at 26⁰C to establish if a cooler temperature 

would have an effect on SD onset time. This was used as our ‘cool’ temperature as it was the 

body temperature of the frogs housed in Queen’s Animal Care. We established that SD onset 

time at 26⁰C was on average five minutes later at 35⁰C (note: rat body temperature is 37⁰C). 

This is likely due to a reduction in metabolism, allowing for a greater resiliency of the brain 

slice when exposed to OGD. Lowering the brain temperature of patients who have suffered 

TBI is an effective therapeutic treatment (Holzer et al., 2002), our results showing a delayed 

and less severe depolarization in the rats at a cooler temperature is consistent with this. We 

did not repeat the OGD experiments in frogs at 26⁰C as producing a wave at 35⁰C took almost 

ten minutes longer than in rats, on average, and we suspect that SD at the cooler temperature 

would have taken even longer. Our finding that the frog cerebral cortex generates SD induced 

by OGD prompted us to test other regimes to evoke SD.  

Ouabain, a known Na
+
/K

+
 -ATPase blocker, induced SD in the frog brain earlier than 

OGD superfusion in the frog. In addition, ouabain-SD in the frog was delayed relative to the 

rat at both 26⁰C and 35⁰C. The delayed onset time mimics what we saw with OGD when 

comparing the rat and frog brain slices. This further supported our hypothesis that SD is 

generated in a lower vertebrate species. 

Finally, SD onset (using 100 μM ouabain) in the rat brain slices is significantly 

delayed by lowering temperature from 35
o
C to 26

o
C and this is also seen in the frog brain 

slices.  This change in temperature of eleven degrees could have an effect on the Q10 value of 

the Na/K-ATPase as it is a temperature-dependent enzymatic reaction. Previous studies 
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examined the effect of temperature on the Q10 value for this pump and showed in the giant 

squid axon that the Q10 value increased with decreased temperature (Kukita, 1982).  This 

finding was explained by the stabilization of the ionic channel molecules under cooler 

conditions (Kukita, 1982).  

Large Q10’s could be attributed to the molecular stability of ionic channels (Na
+
, K

+
) 

raises the question if these channels differ in their properties between species, leading to the 

delayed SD onset time in the frog brains versus in the rats. Vornanen and Paajanen (2006) 

reported that despite six weeks of exposure of crucian carp to anoxia, there was no anoxic 

suppression of the Na
+
/K

+
-ATPase. Rather, the low temperatures caused a ten-fold decrease in 

catalytic activity between summer and winter months. They also looked at glycogen levels in 

the carp relative to other species, including amphibians and mammals as it is believed that the 

elevated glycogen levels found in the carp play a key role in their resiliency to temperature 

change and anoxia. Glycogen levels in amphibians and turtles is 8-16 μmol/g, 3-12 μmol/g in 

mammals and birds and 19 μmol/g in the carp (Nornanen, 2006). These variable levels of 

glycogen may play a role in the survival abilities of these species during thermal fluctuations 

and anoxic environments and could help explain why the frog is less prone to SD onset 

compared to the rat.  

4.2 Elevated Extracellular Potassium Causes Global Swelling but not SD in the Frog 

Brain   

Frog slices were exposed to aCSF with 26 mM [K
+
] elevated from 3.2 mM at 26⁰C, 

32⁰C and 35⁰C to compare to rat slices as previously tested on rats in our lab (Anderson & 

Andrew, 2002). Elevated extracellular K
+
 induced global swelling (but not SD) across the frog 

brain slice. Our findings are different to those previously seen in mice (Andrew, Hsieh and 
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Brisson, 2017) and in rats (Anderson & Andrew, 2002) where SD in the higher brain was seen 

following bath application of elevated 26 mM K
+
.  A possible explanation for this swelling 

with no SD is that astrocytes also swell following K
+
 exposure as their surface is embedded 

with aquaporins that mediate passive water movement across their membranes.  Interestingly, 

SD was not seen in the brainstem of mice (Andrew, Hsieh and Brisson, 2017), which could 

offer an interesting comparison between the primitive brain of the frog to the brainstem of 

mice with regards to their response to elevated K
+
 exposure.  

An additional possibility is that K
+
 may play a role in the continued propagation of the 

SD wave (Andrew and Ayata, in preparation). Evidence presented by Busch et al. (1996) 

shows that potassium presence indicates step wise progressive injury following initial SD 

caused by MCAo in rats. The relationship between SD onset and progression of injury 

afterwards is believed to be causal due to KCl – induced PIDs in the penumbra leading to 

increased infarct volume as it mediates a feedforward depolarization (Farkas and Bari, 2014). 

However elevated extracellular K
+
 may prove to be only an effect of SD generation not a 

cause (Gaglowitz and Andrew, 2017).  

4.3 Limitations of the Study 

Some variation in our LT measurements could be attributable to quality of dissection 

(which was kept as consistent as possible with all slices being prepared by VD), modest age 

difference in the rats used (21-35 days old), modest temperature fluctuations (caused by bath 

temperature or room temperature) as well as slice age (as slice health changes over time as it 

incubates over several hours compared to the first slice used).  

Another limitation was that frogs were unavailable between late May and October 

which was their breeding season. This limited the months of the year that we were able to 



 

63 

 

collect data. Maintaining the frogs proved to be challenging as they some arrived sick or fell 

ill rapidly following delivery and died before they could be used in experiments. Following 

some workup by the Queen’s Animal Care team, we established they were arriving with 

intestinal parasites that were the cause of several fatalities. Subsequent frogs were treated with 

de-wormer.  

Finally, we were unable to collect data on the lower brain of the frogs (optic tectum 

and brainstem) as they were not suitable for slicing. The optic tectum is a spherical hollow 

structure with very thin walls and the brainstem consistently fell apart during dissection due to 

lack of myelination and overall gelatinous properties. The cerebral cortex of the frogs was 

also not very well myelinated but (just enough to slice) and was also quite small, making 

slicing challenging. Initial slices taken from frog brains for the first four months of this study 

were of poorer quality. In turn, some experiments resulted in lower n values than hoped.  

4.4 Significance of Our Findings 

This study provides evidence that an amphibian brain (Rana pipiens) undergoes 

spreading depolarization, similar to mammals. As expected for a cold-blooded animal 

consistently facing brain temperature change, the frog cerebral cortex is less susceptible than 

rat to SD at 26, 35 and 40⁰C. This is likely because they are accustomed to fluctuations in 

environmental temperature and as ectotherms, to body temperature as well. Because insect SD 

is a protective mechanism against severe environmental stressors and is used to conserve 

energy (Spong et al., 2016) it is logical to propose that the resistance of the frog cerebral 

cortex (CC) to ischemic or thermal SD (in vitro) is a survival tactic that was maintained 

throughout vertebrate evolution. Given the ability for frog CC to generate SD, SD is likely not 
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a product of complex neocortical circuity or neuronal redundancy in the mammalian brain, as 

previously proposed. 

Finally, and most importantly, the relevance of this work to human research and 

applicability to clinical work is that spreading depolarizations are a target for treatment 

following stroke or other forms of TBI. According to Kramer et al. (2016) depolarizing waves 

only halt in the brain when they reach tissue healthy enough to be able to restore homeostasis. 

If we are able to ensure that tissue in the penumbra is healthy enough to endure PIDs we could 

possibly reduce the lasting damage incurred in patients. To better understand SD it is useful to 

clarify its evolutionary origins.  

4.5 Future Directions 

This study was the first to look at the possibility of SD generation in the frog brain slices. 

Based on numerous previous studies imaging SD initiation and propagation in mammals, it is 

clear that SD is also generated in the frog cerebral cortex. It would be useful to obtain support 

by recording the extracellular SD shift, a negative slow potential of three to ten millivolts that 

represents the synchronized mass depolarization of the neurons at the SD front. Our 

laboratory is also interested in the evolution and expression of the neural Na
+
/K

+
 pump 

isoforms. In rodents, the α1 isoform predominates in the higher brain and is also susceptible to 

failure during ischemia, whereas the α3 isoform is proportionally high in the brainstem. The 

alpha3 isoform better functions during ischemia relative to the alpha1. Also, the mammalian 

brainstem better survives global ischemia. Therefore, we are interested if the frog brain 

displays a similar distribution that may have promoted brainstem survival but higher brain 

shutdown.  
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In addition, since SD was demonstrated using LT imaging, it would be interesting to 

explore what changes occur at a molecular level. Namely, whether there is a change in mRNA 

or protein expression regarding the Na
+
/K

+
-ATPase pump isoforms following an ischemic 

attack or if there is other lasting damage occurring that cannot be visualized using our 

techniques. Possible other techniques would include qPCR and Western blots for future 

analysis.  

Furthermore, age-related SD sensitivity in brain ischemia research is a confounding factor. 

Farkas and Bari (2014) raise a very important point regarding stroke predominantly being a 

problem in older humans. Much of the current research on stroke in animal models is carried 

out on young animals – which may not have a very accurate translatability to human 

medicine. They present some findings suggesting that while the aged brain has a higher 

threshold for SDs, once initiated, SDs are persistent and last longer (Farkas and Bari, 2014). 

Further research in this area on aged rats and frogs in terms of thermal susceptibility to SD 

onset would be interesting.  

Overall, this study documents several novel similarities between the frog and rat brain in 

terms of the effects of ischemia and temperature effects on spreading depolarization. Our 

study confirms that SD is generated in the higher brains of vertebrates that evolved as early as 

300 million years ago.  
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Appendix 

4.6 Endogenous Depolarizer  

A recent idea being explored in our laboratory is that there is an endogenous 

depolarizing factor that is released from slices undergoing OGD-SD. This is based on 

evidence from our laboratory that slices undergoing OGD appear to release a substance that 

opens the channel responsible for driving SD in isolated membrane from pyramidal cell 

neurons. This activation is likely a small, water-soluble molecule. However, in a study by 

Hansen ( 2016) the idea of a lipid signaling factor that resides in the plasma membrane and 

binds to the transmembrane domain of the protein eliciting conformational change that 

allosterically gates an ion channel was presented. This is one possible explanation for a 

signaling factor being released as the factor could be anything, including a lipid, but it would 

need a carrier to make it move in an aqueous environment. See additional methods below and 

Figure 26 for details on this procedure.   

4.6.1 Methods 

We tested this concept in rat brain slices by exposing fifteen slices from one animal to 

OGD for fifteen minutes. Afterwards, the solution (approximately 10mL) that contained the 

incubating slices was pipetted out and added to 50mL of OGD and glucose (0.216 g) was re-

added and subsequently bubbled with O2  (generating what we call OGD*). The remaining 

(naïve) slices were then individually exposed to this OGD* solution (Figure 26). One 

exposed slice that had the hippocampus visible was used as a marker to ensure the slices in the 

OGD bath depolarized (done by analyzing the colour of the hippocampus under the  
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Figure 26. Methodology for the endogenous depolarizer experiment.  Beaker 1: All slices 

are incubated at 35⁰C for one hour in regular aCSF. Beaker 2: ~15-18 slices incubating in 

10mL OGD for 15 minutes. Beaker 3: Glucose (0.216g) and oxygen are re-added to the 

extracted solution and is added to an additional 50mL to generate a total of 60mL of solution. 

30mL are superfused over each naïve slice in the bath to be imaged (35⁰C). Full detailed 

description found in Methods section (Figure by R.D. Andrew). 
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microscope as it appears darker following SD). In addition, one naïve slice was used as a test 

slice with OGD to ensure the slices were healthy enough to depolarize under a ‘control’ 

condition. This protocol was only executed on rats. 

 

4.6.2 Results 

  Nine trials of OGD* experiments were run, two of which had to be terminated due to 

fluid imbalance in the bath. Four of the seven good trials displayed SD following superfusion 

of the OGD* solution (only ever on the first slice of the trial, not the second). Average onset 

time for these slices was 2.56±0.57 min. Naïve slices, tested at the start of the trial were 

exposed to regular OGD in the bath to confirm slice health. The average onset time of SD in 

these slices was 2.25±0.86 min. Additionally, in each trial one slice that was incubated in 

OGD that had the hippocampus visible was placed in the bath under the microscope to 

confirm that SD had occurred. This was done by evaluating the colour of the hippocampus, as 

a darker coloured hippocampus appears following SD. Each of the four trials with SD in the 

naïve slices did have successfully depolarized incubated slices (meaning an ‘endogenous 

depolarizer’ should be present).   

4.6.3 Discussion - Possibility of an Endogenous Depolarization Factor 

An exciting new idea recently tested in our laboratory is the possibility of an 

endogenous depolarization factor that has the ability to communicate the wave of 

depolarization to neighbouring cells. If a factor exists, it likely opens the channels driving SD, 

which we believe to be the Na
+
/K

+
 pump. Our results showed four of seven successful trials 

with the first slice depolarizing. This work has already been successfully replicated by a 

second experimenter in our laboratory. An interesting phenomenon we noticed was that the 
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second slice tested in each experiment (using the remaining 30 mL of the solution) did not 

induce SD. Slice quality was tested following depletion of the 30 mL OGD* by superfusion of 

regular rat OGD across the slice and SD was always seen at a usual time (as per previous 

experiments) afterwards. This finding could be due to the sensitivity of this possible ‘factor’ 

being sensitive to oxidation over time, leading to its loss of ‘potency’. This has so far only 

been tested in rats, but we hope to pursue it further in mice and frogs.  

 


