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Abstract 

     Stroke is one of the leading causes of death and long-term disability throughout developed 

countries. A propagating wave of mass depolarization of neurons and glia, referred to as 

spreading depolarization (SD), occurs within minutes after insufficient blood supply expands 

brain territory with depleted ATP and tissue damage. By harvesting live brain slices from mice 

that underwent focal stroke via middle cerebral artery occlusion (MCAo), we were able to image 

the ignition site of post-ischemic SD, assess the precise spatiotemporal propagation of the 

accompanying wave and record brain tissue changes in response to further metabolic stress. Post-

MCAo brain slices superfused with elevated [K+]ext, [glu]ext or oxygen-and-glucose deprivation 

(OGD) display a decreased propensity to generate SD and tissue swelling in response to these 

extracellular conditions evident following stroke in vivo. Although this observation is 

counterintuitive to the high incidence of spontaneous SD observed in vivo by others two hours 

following ischemia, it is concordant with an ensuing period of decreased SD incidence. 

Furthermore, carbetapentane or dibucaine pre-treatment significantly delay SD onset in post-

ischemic cerebral slices, similar to their effects in non-stroke brain slices. The healthy tissue 

observed immediately post-MCAo in the future ischemic core rapidly deteriorates during the 

ensuing 12 hours of infarct maturation. Although dramatic evidence of infarction occurs 12 hours 

following ischemia, a small and diffuse subset of pyramidal neurons in neocortex survives within 

the core. How they are protected and if they continue to survive post-MCAo are two intriguing 

issues for future study. 

     Overall, this thesis specifically assesses the initiation, propagation and tissue changes in 

response to isolated mediators of swelling and SD in the post-ischemic brain. The observations 

of a delayed latency to SD onset and decreased susceptibility of swelling of the early post-
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ischemic brain support previous hypotheses of an adaptive mechanism of the post-ischemic brain 

to prevent or limit further depolarizations. The post-ischemic resistance to SD was over-ridden 

by chemical blockade of the Na+/K+ pump (and SD induction) by 100 µM ouabain. This finding 

resonates with an initial hypothesis of SD resistance by Na+/K+ pump hyperactivation postulated 

by early investigators of SD.   
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Chapter 1 

General Introduction 

 

1.1 Stroke and Spreading Depolarization 

     Stroke is the second leading cause of disability worldwide. Stroke claims the lives of 7 

million people each year and another 15 million suffer from long-term disability. In Canada, the 

numbers are also grim. An estimated 13 000 Canadians die each year and 49 000 patients require 

long-term assistance. The economic burden of stroke has been estimated to cost Canadians $20.9 

billion per year (Wilkins et al. 2012). Stroke prevalence in developing nations is also high with a 

trend of an increasing incidence over the last three decades (Feigin 2005). 

     Many experimental and clinical therapeutic interventions have been attempted to improve 

functional outcome following stroke. Over 1026 treatments for ischemic stroke have been tested 

without a successful demonstration of clinical benefit in human patients (O’Collins et al. 2006). 

Successful stroke treatments are difficult to achieve due to the inherent variability of cerebral 

blood flow, core body temperature, therapeutic time windows and temporospatial evolution of 

infarct maturation (Saver et al. 2009). In addition to compensating for these variables in clinical 

trials, it is important to perform experiments that investigate attenuation of stroke damage by 

minimizing inherent post-ischemic cerebral blood flow and temperature variability.   

     Stroke clinically manifests as an interruption of blood supply to the brain following arterial 

occlusion (~ 75% of patients) or rupture of blood vessels (~ 25% of patients). The most common 

form of focal cerebral ischemia is middle cerebral artery occlusion (MCAo). In rodent ischemic 

stroke models, MCAo precipitates a decline in cerebral blood flow (CBF) of < 20 % of pre-

ischemic values in striatum and overlying somatosensory and temporal cortices (Belayev et al. 
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1997) and disrupted ionic homeostasis (Hossmann 1994). This region with low residual CBF is 

known as the ischemic ‘core’. Brain areas with ~ 20-40 % residual CBF adjacent to the core are 

referred to as the ischemic ‘penumbra’(Hossmann 1994; Belayev et al. 1997). At the edge of the 

core, partial ischemia precipitates a propagating wave of neuronal depolarization that expands 

the ischemic core outwards into the penumbra during the minutes, hours and days following 

stroke onset (Busch et al. 1996; Dohmen et al. 2008).  

    This propagating wave of neuronal depolarization following ischemia was proposed by 

Aristides Leao (Leao 1947) to resemble the `spreading depression` of cortical activity (and mass 

depolarization of neurons) that he had observed following electrical stimulation of rabbit cortex 

(Leao 1944). In addition to the disruption of transmembrane gradients that causes neuronal 

depolarization, the spreading wavefront begins to induce neuronal swelling and beading of 

dendrites within several seconds. The propagating disruption of membrane potential gradients 

and neuronal morphology that occurs in response to various metabolic stressors are collectively 

referred to as spreading depolarization (SD) (Dreier 2011; Hartings et al. 2017). A similar 

propagating SD wave is also induced by [K+]ext elevation, inhibitors of the mitochondrial 

transport chain, traumatic brain injury, aneurysmal hemorrhage, or chemical inhibition of the 

Na+/K+ pump (Anderson and Andrew 2002; Tanaka et al. 1997; Hartings et al. 2011; Dreier et al. 

2009; Balestrino et al. 1995).  

      SD has been induced experimentally after ischemia by applying KCl to exposed neocortex. 

With each successive wave of potassium-triggered SD (SDK+) after the initial exposure to 

ischemia, there is a stepwise increase of brain areas with deficient energy production and 

compromised brain tissue (i.e. infarction) (Busch et al. 1996; Takano et al. 1996). Spontaneous 

post-ischemic SD is also correlated with infarct expansion and decreased ATP production (Mies 
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et al. 1994; Hartings et al. 2003). Localized ischemia using a light-sensitive dye (i.e. 

photothrombosis) partially mimics damage induced by arterial occlusion and results in dendritic 

beading, vasoconstriction and EEG suppression that can be imaged and recorded with high 

precision in vivo (Zhang et al. 2005; Brown et al. 2008). By using neocortical brain slices SD 

ignition sites are precisely identified, SD propagation is mapped with high spatial and temporal 

resolution, and acute tissue damage is easily examined following the wake of the SD wavefront 

(Obeidat and Andrew 1998).  

     Direct observation of recurring post-ischemic SD in patients has been carried out in six major 

hospital centres around the world by the COSBID research group (Cooperative Study on Brain 

Injury Depolarizations). It is not possible to demonstrate SD in patients using diagnostic imaging 

(Dreier et al. 2017). However, when electrocorticographic (ECoG) electrodes are placed on the 

brain surface in patients suffering from ischemic stroke, traumatic brain injury or aneurysmal 

subarachnoid hemorrhage, SD can be observed. It manifests as a propagating depression in 

ECoG activity as recorded with strip electrodes. They are placed radiating outwards from the 

damaged neocortical areas so that some electrodes are partially in contact with presumably 

viable brain tissue. An SD event can be observed propagating from one electrode pair to the next 

(Fabricius et al. 2006; Dohmen et al. 2008). Patients with poor outcome generally display a 

higher incidence of SD events, along with delayed recovery of synaptic communication in these 

ECoG recordings (Dohmen et al. 2008). Peri-infarct SD events after occlusive stroke also occur 

along with variable CBF hyperperfusion or hypoperfusion in human patients (Woitzik et al. 

2013). Inherent CBF variability as well as limited access to exposed cortex with scalp electrodes 

in stroke patients create difficult conditions to observe post-ischemic SD.  
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     Superfusing artificial cerebrospinal fluid (aCSF) devoid of oxygen and glucose on neocortical 

brain slices in a bath chamber experimentally simulates ‘core’ CBF loss during ischemia. Within 

minutes of oxygen-and-glucose deprivation (OGD), a propagating wave of neuronal and glial 

depolarization with swelling initiates at one or more foci (Anderson et al. 2005; Dietz et al. 

2008). During ischemia a similar disruption of ion homeostasis occurs within 1-2 minutes after a 

drop in CBF to < 10 % of baseline (Astrup et al. 1977). In ischemic stroke patients this 

disruption evokes a propagating wave of SD (Nakamura et al. 2010; Dohmen et al. 2008), similar 

to ischemic rodents (Koroleva and Bures 1996; Back et al. 1996). A potassium-triggered 

propagating SD wave can also be elicited in neocortical brain slices with [K+]ext elevation 

(Anderson and Andrew 2002). However, only dendritic depolarization occurs following SDK+ 

(Dietz et al. 2008) and neurons quickly repolarize without evidence of neuronal injury in brain 

slices or the intact animal (Anderson and Andrew 2002; Nedergaard and Hansen 1988). In 

contrast, superfusing neocortical slices with OGD results in terminal depolarization of neurons, 

dendritic beading and neuronal death (Anderson et al. 2005; Andrew et al. 2007; Risher et al. 

2009). OGD-induced SD in slices results in irreversible tissue damage (Jarvis et al. 2001; 

Anderson et al. 2005) similar to SD erupting near the ischemic core (Busch et al. 1996; Back et 

al. 1996). In contrast, neocortical slices quickly and completely recover from SDK+ (Anderson 

and Andrew 2002) similar to SD propagating through non-ischemic brain areas following arterial 

occlusion (Koroleva and Bures 1996) or non-ischemic animals (Nedergaard and Hansen 1988).   

     Failure of the Na+/K+ pump evoked by metabolic stressors is the common precursor to SD. 

Approximately 50% of the brain’s energy is used by the Na+/K+ pump to maintain ion 

homeostasis (Tidow et al. 2010; Astrup et al. 1981b). Furthermore, inhibition of the Na+/K+  

pump with 30-100 µM ouabain results in SD with a similar profile of [K+]ext  elevation as 
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ischemia (Balestrino et al. 1995; Hansen and Zeuthen 1981; Tanaka et al. 1997). Ouabain bath 

application in neocortical slices at 100 µM induces a 2-5 mm/min propagating wave of swelling 

neurons and glia that results in irreversible neuronal depolarization and diminished synaptic 

communication, similar to OGD superfusion (Brisson and Andrew 2012; Anderson et al. 2005; 

Jarvis et al. 2001). A similar propagating SD wave occurs if the Na+/K+ pump is overwhelmed 

with elevated [K+]ext, or indirectly inhibited with disrupted ATP production using mitochondrial 

transport inhibitors or OGD (Anderson and Andrew 2002; Dietz et al. 2008; Tanaka et al. 1997; 

Anderson et al. 2005). Thus, overwhelming or inhibiting the Na+/K+ pump leads to SD. 

 

1.2 Temperature and CBF Variability Following Ischemia 

     Core body temperature fluctuates and declines after ischemia (Connolly et al. 1996; Baker et 

al. 1992) which can affect the incidence and properties of SD. In mouse models of focal cerebral 

ischemia, hypothermia can also arise (Barber et al. 2004). Hypothermia is associated with a 

delayed latency to SD onset during in vivo KCl application (Takaoka et al. 1996) and during 

ischemia (Chen et al. 1993) as well as a decreased SD propagation speed during ischemia (Sasaki 

et al. 2009). Following hypothermia in neocortical brain slices, a decreased likelihood of SD is 

observed during OGD (Obeidat and Andrew 1998).  

     Although controlled temperature results in less variability of infarct volume following MCAo, 

CBF fluctuations and episodic hypoperfusion remain (Barber et al. 2004; Shin et al. 2006). With 

each SD event during and after ischemia, CBF declines abruptly and fails to recover to levels 

observed prior to SD (Shin et al. 2006; Bere et al. 2014; von Bornstädt et al. 2015). When 

hypoxia and hypoperfusion are induced in non-ischemic rats, the duration of SD increases 

(Sukhotinsky et al. 2010), similar to post-ischemic long-duration SD events observed in 
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neocortex under decreased CBF (Dijkhuizen et al. 1999). CBF decreases when hypoxia and 

hypoperfusion are applied to normal rats prior to SD (Sukhotinsky et al. 2008), similar to 

observations during ischemia (Shin et al. 2006). In contrast, a pronounced increase of CBF is 

observed when SD is induced by increasing [K+]ext in normal rats without hypoxia and 

hypoperfusion (Farkas et al. 2008; Ayata et al. 2004). In summary, SD lasts longer and has a 

pronounced effect on CBF when oxygen and blood flow are experimentally lowered to simulate 

post-ischemic CBF levels. Thus SD causes CBF variability which in turn can alter the properties 

of SD. By harvesting brain slices after MCAo in this thesis I was able to investigate SD in the 

absence of confounding blood flow and temperature fluctuations. 

 

1.3 Experimental Rationale  

 

  1.3.1 Light Transmittance Changes (ΔLT) 

     Some intrinsic responses of live tissue can be recorded by using only a light source and a 

detector (Aitken et al. 1999). For example, neocortical slices reversibly swell with hypo-

osmolality and shrink with hyperosmolality within a pathophysiological range (Andrew and 

MacVicar 1994). Light passes more easily through swollen neocortical slices which increases in 

light transmittance (Aitken et al. 1999; Andrew and MacVicar 1994; Fayuk et al. 2002), 

primarily the result of glial swelling (Andrew et al. 2007). Conversely, when glia shrink in a 

hypertonic bath solution they scatter light (Andrew et al. 1999; Andrew et al. 2007). These light 

transmittance changes (ΔLT) can be recorded and mapped in real time, which provides an 

advantage over electrodes that register voltages from only a limited number of points (Obeidat 

and Andrew 1998). 
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  1.3.2 ΔLT and Electrophysiology During and After SD 

     As SD initiates and propagates, a front of increased LT is observed, attributed to swelling of 

astrocytes and neurons (Andrew et al. 2007) as they depolarize (Brisson and Andrew 2012; 

White et al. 2012). After the SD front passes, decreased ΔLT develops over tens of seconds 

(Anderson et al. 2005; Jarvis et al. 2001). This decreased ΔLT was correlated with beading of 

dendrites (Andrew et al. 2007; Risher et al. 2009; Jarvis et al. 1999). Once decreased ΔLT and 

acute neuronal damage occur in the wake of SD, the associated lost synaptic communication and 

membrane depolarization are irreversible (Anderson et al. 2005; Brisson and Andrew 2012; 

White et al. 2012). Some recovery of synaptic communication along with attenuated light 

scattering is observed when OGD-induced SD is delayed by drug pre-treatment (Anderson et al. 

2005). In SD-resistant neuronal subpopulations in the lower brain there is also attenuated light 

scatter and better recovery of membrane potential (Brisson and Andrew 2012). Brain tissue ΔLT 

is a good indicator of SD initiation and propagation, as well as neuronal injury indirectly 

measured as the light scattered by beading dendrites.  

     Certain dyes bind to cellular membranes and increase fluorescence electrical potential 

decreases, thereby identifying neuronal depolarization with high temporospatial resolution. 

These ‘voltage-sensitive’ dyes can be used to indicate localized changes in membrane potential 

over short time periods (Grinvald and Hildesheim 2004). The response of the dye mimics an 

intracellular recording (Grinvald et al. 1982). When direct intracellular recordings are observed 

in vivo, along with voltage-sensitive dye imaging, it is clearly evident that the dye signal 

displays changes in membrane potential (Petersen et al. 2003). 

     Voltage-sensitive dyes have verified that KCl and ischemia-induced SD occurs along with a 

propagating membrane depolarization along with a spreading DC shift across large cortical areas 
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with depression of cortical activity (Farkas et al. 2008). Similar membrane depolarization 

occurred during SD induced by ischemia, however the depression of cortical activity was more 

prolonged (Nedergaard and Hansen 1993). These studies demonstrated that membrane 

depolarization coincides with a propagating SD wavefront in successive clusters of neurons.  

 

  1.3.3 Post-Ischemic Electrophysiology 

     There are few investigations recording the single cell electrophysiology of post-ischemic 

neurons. Using the whole-cell patch-clamp technique, the membrane potential and the action 

potential threshold, duration and amplitude can be measured. When ‘step’ current pulses are 

applied to a neuron, additional parameters can be measured including the hyperpolarization 

observed shortly after multiple action potentials, called the ‘fast afterhyperpolarization (fAHP)’. 

Another parameter is the latency of the membrane potential to decay and approach the resting 

membrane potential following a hyperpolarizing pulse, measured as the ‘time constant’ (Gao et 

al. 1999, Hille 2001). Using brain slices harvested after MCAo, we measured the threshold, 

duration and width of action potentials, the fAHP following a train of action potentials and the 

time constant after a hyperpolarizing pulse in post-ischemic neocortical pyramidal neurons. We 

also determined the whole cell input resistance derived from the membrane voltage response to a 

family of hyperpolarizing and depolarizing current pulses. There have been many investigations 

of intrinsic neuronal properties and synaptic communication during and after SD but few studies 

in the post-ischemic brain. 
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1.4 In Vivo Ischemia and Brain Slice Models 

 

  1.4.1 Global Ischemia 

     Global ischemia most often results from CBF interruption during sudden cardiac arrest. To 

simulate the profile of CBF disruption that occurs during sudden cardiac arrest, the four major 

blood vessels supplying the brain are simultaneously occluded for 30 minutes or less (Pulsinelli 

and Buchan 1988; Lipton 1999). Infarction is mainly studied in the CA1 region of the 

hippocampus beyond 12 hours following ischemia (Lipton 1999). Four vessel occlusion provides 

a convenient model with reproducible lesion volume within the CA1 of the hippocampus (Lipton 

1999) that enables reliable direct comparison between control and experimental groups. Among 

the few investigations that have examined electrophysiology in the post-ischemic brain, intact 

synaptic communication and single cell recordings were observed in the hippocampus 5 to 42 

hours following ischemia using this model (Gao et al. 1998; Gao et al.1999). 

 

  1.4.2 Focal Cerebral Ischemia  

     Focal stroke most commonly results from middle cerebral artery occlusion (MCAo). Rodent 

models of MCAo attempt to mimic this focal ischemia that occurs in humans. This technique 

originally devised by Koziumi (1986) and adapted by Longa (1989) has variable infarct volume 

caused by interstrain differences in neurovascular architecture, animal to animal variation in 

collateral blood supply and discrepancies in core body temperature during/after ischemia (Maeda 

et al. 1999; McColl et al. 2004; Barber et al. 2004). Barber and colleagues (2004) refined the 

MCAo technique further by implementing non-invasive core body temperature regulation. They 

also used the C57BL6 mouse strain that has less collateral circulation and larger infarct volumes 
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than other strains (Maeda et al. 1999; Fujii et al. 1997) and more closely resembles human blood 

vessel distribution. Infarct volume is less variable in C57BL6 mice subjected to MCAo when 

temperature is controlled. However, CBF fluctuations remain after reperfusion (Barber et al. 

2004). 

 

  1.4.3 Brain Slice Model 

     Neocortical brain slices allow for experimentation upon brain tissue in a stable and controlled 

ionic medium in the absence of CBF and respiratory fluctuations. Imaging light transmittance 

responses of the entire brain slice as well as recording single-cell electrophysiology and synaptic 

communication are possible using the brain slice preparation (Lipton 1999). By replacing 

oxygenated aCSF with saline lacking glucose and oxygen (i.e. OGD), physiological effects of 

lost CBF are simulated and SD is evoked (Anderson et al. 2005; Douglas et al. 2011; Obeidat 

and Andrew 1998). But with the brain slice technique, single cell electrophysiology, synaptic 

communication as well as tissue swelling and damage can be more easily observed in real time 

before, during and after metabolic challenge. An additional caveat to brain slices is that SD 

cannot be visualized in three dimensions. However, the latency to SD onset, propagation rate and 

initiation site can be quantified and localized as well as the expanding sequence of regions 

involved and resultant damage or recovery of areas affected by SD can be imaged and recorded 

(Obeidat and Andrew 1998). By harvesting brain slices after MCAo, we can observe 

electrophysiology and tissue changes of the post-ischemic brain in response to further metabolic 

stress. We can also assess the efficacy of drugs that delay SD onset and promote recovery of 

synaptic communication after OGD in the post-ischemic brain. 
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1.5 Overview of Manuscripts 

 
1.5.1 Reduced propensity for spreading depolarization in the mouse neocortex 
immediately following focal cerebral ischemia.  

 
      Recurring SD spontaneously erupts in the first 1-2 hours following arterial occlusion. The 

duration of SD is prolonged near the ischemic core and is shorter in non-ischemic cortex 

(Dijkhuizen et al. 1999; Nedergaard and Hansen 1993). With repeated post-ischemic SD, brain 

areas with irreversible reductions in ATP and tissue damage expand (Busch et al. 1996; Takano 

et al. 1996). The territory of irreversibly compromised tissue expands in a stepwise fashion 

following each SD event (Busch et al. 1996; Takano et al. 1996). Although SD incidence is high 

in the initial 1-2 hours following ischemia, it declines thereafter (Back et al. 1994; Back et al. 

1996; Koroleva and Bures 1996; Dijkhuizen et al. 1999; Hartings et al. 2003). Regardless of 

whether reperfusion or continued ischemia occurs, a quiescent phase of decreased SD incidence 

is evident 2-6 hours after ischemia (Hartings et al. 2003). Although many studies have 

investigated the post-ischemic brain in the initial 1-2 hours and beyond 24 hours after ischemia, 

few studies have examined the post-ischemic brain between 2-24 hours after ischemia.  

     In Part I of this thesis, I investigate the initiation and propagation of SD during the 1-5 hour 

post-ischemic epoch in coronal neocortical slices harvested immediately after 30 min MCAo. 

Observations of SD in the coronal plane in the post-ischemic brain were only possible previously 

using digitally-reconstructed images with low resolution (Busch et al. 1996). With our technique 

we can observe SD as it traverses through ischemic ‘core’ brain areas with residual CBF of < 

20% of baseline (e.g. striatum, temporal and lateral parietal neocortex) as well as ‘penumbra’ 

neocortex with CBF declines between 20-40% of baseline CBF (e.g. medial parietal neocortex) 

(Belayev et al. 1997). By observing SD in neocortical brain slices, we can directly observe the 
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latency to SD onset and the propagating SD wavefront speed in the coronal plane. We also can 

observe and quantify the ΔLT caused by increased swelling as the SD wavefront propagates and 

the decreased ΔLT in the wake of SD induced by dendritic beading (Andrew et al. 2007; 

Anderson et al. 2005; Brisson and Andrew 2012). 

      SD incidence and damage can be decreased by drug treatment. Spontaneous and KCl-

induced post-ischemic SD incidence are reduced along with decreased infarct volume by 

glutamate receptor antagonists. The glutamatergic NMDA receptor antagonist MK-801 decreases 

infarct volume and SD incidence (Iijima et al. 1992; Park et al. 1988; Hatfield et al. 1992). 

However MK-801 induces mild hypothermia (Corbett et al. 1990; Buchan and Pulsinelli 1990) 

and hypothermia by itself can decrease SD incidence and infarct volume (Zhang et al. 1993; 

Chen et al. 1993). When temperature is tightly controlled, MK-801 does not decrease infarct 

volume (Corbett et al. 1990; Buchan and Pulsinelli 1990). In addition, when neocortical brain 

slices are superfused with OGD saline in a temperature-controlled bath SD onset is not altered by 

NMDA antagonists and synaptic communication does not recover after SD (Jarvis et al. 2001; 

Anderson et al. 2005). The drugs carbetapentane (CP) and dibucaine (DB) delay the latency to 

SD onset and promote recovery of synaptic communication and membrane potential following 

OGD superfusion of neocortical brain slices (Anderson et al. 2005; Douglas et al. 2011; White et 

al. 2012). Dibucaine increases the action potential threshold and carbetapentane increases the 

magnitude and duration of the slow afterhyperpolarization resulting in decreased action potential 

frequency with both drugs (White et al. 2012). These subtle alterations of neuronal 

electrophysiology by CP and DB likely contribute to the delayed onset of SD and increased 

likelihood of recovery of synaptic communication thereafter. In experiments within Part I of the 
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thesis, we examine the effectiveness of CP and DB to delay the latency to OGD-induced SD 

onset in neocortical slices harvested immediately following 30 min MCAo. 

     There are few investigations examining synaptic communication and single cell 

electrophysiology in the post-ischemic brain. Most of the experimental models used to examine 

post-ischemic single-cell electrophysiology used global ischemia induced by 4-vessel occlusion 

which approximates clinical global ischemia following cardiac arrest. Gao and colleagues (1998 

and 1999) applied global cerebral ischemia for 60 minutes and observed intact single cell 

electrophysiology and synaptic communication at 5 hours post-ischemia in regions known to be 

most adversely affected by the injury. These observations following global ischemia warrant 

further investigation within a MCAo model that produces focal cerebral ischemia (Barber et al. 

2004), which models the most prevalent form of human embolic stroke in the clinic. In Part I of 

this thesis, we examine single cell electrophysiology and synaptic communication in post-

ischemic neocortical slices. 

 
1.5.2 Spreading depolarization in the mouse neocortical brain slices immediately after 
middle cerebral artery occlusion compared to 12 hours later. 

 
     External potassium ([K+]ext) rises within minutes after ischemia onset (Nedergaard and 

Hansen 1993). Just prior to SD initiation [K+]ext slowly approaches ~10 mM (Heinemann and 

Lux 1977) then abruptly spikes to > 60 mM during SD (Nedergaard and Hansen 1993). After 

ischemia, SD has a slower profile of [K+]ext elevation in comparison to non-ischemic neocortex 

(Nedergaard and Hansen 1993). When SD is triggered in the post-ischemic brain by KCl, 

expansion of lesion volume occurs (Busch et al. 1996; Takano et al. 1996; Back et al. 1996). In 

contrast, when KCl is topically applied to non-ischemic neocortex SD is abrupt and non-

damaging (Nedergaard and Hansen 1988). SD initiates when 9.7mM [K+]ext saline is superfused 



 
 

14 
 

upon neocortical brain slices (Tanaka et al. 1997). Direct comparison of SDK+ in non-ischemic 

and ischemic neocortex is enabled by superfusing post-ischemic brain slices with 9.7mM [K+]ext.  

      During ischemia, extracellular glutamate elevates ~ 4-7-fold above baseline (Morimoto et al. 

1996; Sciotti et al. 1992; Globus et al. 1988; Hagberg et al. 1985). An increase of [glu]ext during 

anoxia and ischemia-induced SD has also been observed (Satoh et al. 1999; Iijima et al. 1998) 

which is not surprising given the degree of neuronal depolarization. Furthermore, during OGD in 

neocortical brain slices, application of 10 mM [K+]ext. or 3 mM [glu]ext accelerates SD onset 

(Tanaka et al. 1997). Although glutamate release occurs along with the propagating SD 

wavefront (Zhou et al. 2013), directly applying glutamate in normal brain slices only produces 

slow general swelling of brain tissue (Polischuk and Andrew 1996; Obeidat and Andrew 1998). 

This swelling is not the characteristic SD wave of tissue swelling propagating 2-5 mm/min SD 

wave of tissue swelling that traverses through the entire cortex induced by ischemia, OGD, 

[K+]ext or ouabain (Tanaka et al. 1997; Anderson and Andrew 2002; Dietz et al. 2008; Anderson 

et al. 2005; Dohmen et al. 2008). It is generally accepted that glutamate release promotes 

normoxic SD but is not required for acute damage to develop following ischemic SD both in 

vivo (Murphy et al. 2008) or in brain slices (Anderson et al. 2005). The effect of elevated [glu]ext 

upon the post-ischemic brain can be examined by superfusing brain slices harvested after MCAo 

with experimental saline. 

     OGD causes irreversible damage in normal neocortical brain slices (Obeidat and Andrew 

1998; Anderson and Andrew 2002; Anderson et al. 2005). Persistent, terminal depolarization as 

well as morphological damage is evident in neocortical brain slices after OGD-induced SD 

(Anderson et al. 2005; Andrew et al. 2007; White et al. 2012) which imitates the prolonged 

depolarization after ischemia-induced SD (Dijkhuizen et al. 1999). Superfusion of post-ischemic 
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neocortical brain slices with OGD saline simulates the pronounced hypoperfusion within the 

ischemic core. 

     The post-ischemic brain undergoes periods of spontaneous SD eruption interspersed among 

epochs of quiescence. Immediately following ischemia, frequent spontaneous SD events occur 

for 1-2 hours. After this initial phase of recurrent SD, a period of diminished SD activity is 

observed (Dijkhuizen et al. 1999; Koroleva and Bures 1996; Back et al. 1996). Following 4-6 

hours of few, if any SD events, a late secondary phase of spontaneous SD events ensues 

regardless of reperfusion (Hartings et al. 2003).  

     The frequency of SD events in the late secondary phase of SD eruption is correlated with 

infarct expansion (Hartings et al. 2003). Infarct maturation and SD initiation vary after ischemia. 

Therefore, we examined the morphology, synaptic communication and single cell 

electrophysiology of layer II/III neocortical pyramidal neurons both immediately and 12 hours 

following MCAo. We also superfused elevated [K+]ext, elevated [glu]ext and OGD saline 

solutions upon brain slices harvested immediately, and 12 hours after, 30 min MCAo. With this 

technique the baseline electrophysiology, morphology and response of the post-ischemic brain to 

further metabolic stress can be observed as infarct maturation ensues without confounding CBF 

fluctuations.  

 

  1.5.3 Post-ischemic resistance to spreading depolarization. 

     For 1-2 hours following ischemia, SD recurs but declines in frequency shortly thereafter for 

3-6 hours (Back et al. 1996; Dijkhuizen et al. 1999; Nallet et al. 1999; Koroleva and Bures 

1996). Then there is another phase of increased SD incidence 12-18 hours after ischemia with or 
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without reperfusion (Hartings et al. 2003), indicating suppressed excitability during this period 

(Nallet et al. 1999).  

    Our experiments specifically address the suppression of post-ischemic excitability. During 

global ischemia post-ischemic suppression of synaptic communication was observed to reverse 

by adenosine A1 receptor antagonism using dipropylcyclopentylylxanthine (DPCPX) (Ilie et al. 

2006). The involvement of adenosine in suppression of excitability following ischemia seems 

plausible considering that adenosine concentration increases relative to other metabolites (Phillis 

et al. 1991). Longer duration SD has been correlated with a) greater adenosine release following 

ischemia (Lindquist and Shuttleworth 2014); and b) closer proximity to ischemic territory with 

reduced CBF (Dijkhuizen et al. 1999; Mies 1997). Thus changes in post-ischemic SD mediated 

by adenosine might be reversed with adenosine A1 receptor antagonism. In part III of this thesis, 

we examine the effects of DPCPX upon post-ischemic OGD-SD.  

     Post-ischemic synaptic failure is more sensitive to reduced CBF than is disruption of ion 

homeostasis (Hossmann 1994) leading to SD. Considering that the Na+/K+ pump is involved 

with resting membrane potential equilibrium and SD (Dreier et al. 2013), any post-ischemic 

modification of the pump could affect SD. At low concentrations (0.1-1.0 µM), ouabain 

increases Na+/K+ pump activity (Gao et al. 2002) and decreases damage of cultured neurons 

deprived of oxygen and glucose (Oselkin et al. 2010). In contrast, high (30-100 µM) doses of 

ouabain induce a large inward depolarizing current (Gao et al. 2002) and SD (Anderson et al. 

2005; Tanaka et al. 1997). The effect of ouabain at high and low doses upon SD in post-ischemic 

brain slices was examined in part III of this thesis. 
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1.6 Overall Objectives 

 

I) Demonstrate that the post-ischemic neocortex has an altered swelling response to further 

metabolic stress that varies considerably 12 hours following a 30 minute MCAo, as compared to 

shortly after MCAo. 

II) Show that the post-ischemic MCAo core displays essentially intact neuronal morphology and 

electrophysiology immediately following reperfusion, whereas 12 hours later the core is 

devastated. Despite this we search for and find some pyramidal neurons that appear only 

minimally injured. 

 III) Demonstrate that some aspects of ischemic stress to the post-ischemic mouse neocortex can 

be reversed.    
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Chapter 2 

Reduced propensity for spreading depolarization in the mouse neocortex immediately 

following focal cerebral ischemia 

 

2.1 Summary  

     A spreading depolarization (SD) wave of ionic disruption occurs after ischemia and evokes 

swelling of neurons and glia that can lead to neuronal death. SD also elicits beading of dendrites, 

loss of synaptic function and, if recurrent, expands the brain territory compromised by ischemia. 

By harvesting neocortical slices immediately after a 30 minute middle cerebral artery occlusion 

(MCAo), we were able to quantify and compare differences in latency to SD onset, the speed of 

the propagating SD wavefront. We also measured tissue light transmittance changes (LT) 

during and after SD in non-ischemic and ischemic neocortex. The brain slice technique provides 

an isolated experimental environment to test the effect of drugs (such as dibucaine and 

carbetapentane) upon SD in the post-stroke brain in the absence of inherent cerebral blood flow 

and temperature fluctuations. It also allowed examination of synaptically-evoked excitability of 

the neurons in layers II-III of the cerebral cortex as well as the intrinsic neurophysiology of 

single neocortical pyramidal cells in the immediate post-stroke brain. In this investigation we 

found delayed SD onset and a slower SD propagation rate induced by OGD in the ischemic 

hemisphere compared to the non-ischemic hemisphere. The ischemic hemisphere also displayed 

viable synaptic communication together with intact pyramidal cell electrophysiology and 

morphology. Carbetapentane and dibucaine effectively delay SD onset in the immediately post-

ischemic brain, similar to neuroprotection demonstrated during OGD superfusion of non-

ischemic rat neocortical brain slices. These results demonstrate not only evidence of viability of 
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the post-ischemic brain, but a possible resistance to damaging events such as SD that can be 

augmented by carbetapentane and dibucaine. 

 

2.2 Introduction 

     Stroke is the second leading cause of disability in the world. According to the World Health 

Organization, 15 million people worldwide suffer a stroke every year and nearly six million die. 

For the five million people that are left permanently disabled, the quality of life after the disease 

is severely impaired. Unfortunately attempts to salvage brain areas compromised by stroke have 

resulted in many failed clinical trials (O’Collins et al. 2006). One mechanism of stroke injury 

that was overlooked in these trials was the onset of a spreading wave of depressed neural activity 

that includes swelling of brain tissue and ensuing neuronal damage called ‘spreading 

depolarization’ (SD) (Dreier 2011; Pietrobon and Moskowitz 2014). Recurring SD following 

ischemia is associated with increased metabolic compromise and brain tissue damage (i.e. 

infarction) over the hours following ischemia onset (Busch et al. 1996; Hartings et al. 2003; 

Takano et al. 1996; Dijkhuizen et al. 1999; Mies et al. 1994). 

     Infarct expansion in vivo is correlated with increased spontaneous SD incidence (Hartings et 

al. 2003; Mies et al. 1994; Takano et al. 1996; Dijkhuizen et al. 1999) along with a stepwise 

decrease in CBF (Shin et al. 2006). Recurring post-ischemic SD waves induced with KCl or 

electrical stimulation travel across ischemic neocortex and expand the territory of metabolic 

compromise and infarction in neocortex and striatum (Busch et al. 1996; Takano et al. 1996; 

Back et al. 1996). Post-ischemic SD incidence tends to erupt in phases interspersed with 

quiescence (Dijkhuizen et al. 1999; Hartings et al. 2003), further adding to the inherent 

variability of SD in the post-stroke brain. Post-ischemic SD also induces a sequential stepwise 
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decrease of residual CBF (Shin et al. 2006; Bere et al. 2014). Furthermore, the properties of SD 

are altered when CBF perfusion pressure is manipulated in control animals (Sukhotinsky et al. 

2010). Thus, SD incidence is variable and confounded by CBF fluctuations during in vivo 

ischemia. 

     During SD induced by oxygen-and-glucose deprivation (OGD) in neocortical slices, increased 

light transmittance (LT) (Douglas et al. 2011; Jarvis, Anderson and Andrew 2001) correlates 

with glial and neuronal swelling (Andrew et al. 2007), whereas reduced LT following the initial 

spread of swelling/depolarization represents dendritic beading which scatters light. In neocortical 

slices dibucaine (DB) and carbetapentane (CP) delay the latency to OGD-induced SD onset, 

reduce light scatter by dendritic beading and promote recovery of synaptic communication after 

reperfusion with normoxic aCSF (Douglas et al. 2011; Anderson et al. 2005). In this 

investigation, we examine the effect of CP and DB upon SD in the post-ischemic brain 

independent of CBF fluctuations.  

    Few studies have characterized the properties of ischemic neocortex immediately following 

ischemia. Here we remove the brain immediately after a 30 minute middle cerebral artery 

occlusion (MCAo) (Longa et al. 1989; Barber et al. 2005). We then incubated the coronal brain 

slices in aCSF. We examine synaptically-evoked excitability of neocortical layers II-III, the 

intrinsic neurophysiology of single pyramidal cells and their morphology of neurons in the 

immediate post-ischemic brain. We also quantify and compare differences in latency to SD 

onset, the speed of the propagating SD wavefront and light transmittance changes (LT) during 

and after SD between non-ischemic and ischemic neocortex. 
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2.3 Materials and Methods 

 

Middle Cerebral Artery Occlusion and Brain Slice Preparation 

     Male C57/BL6 mice (20-25g) were anaesthetized using isoflurane (3% initial, 1% to 1.5% 

maintenance) in O2 and air (80%:20%). The animal remained under general anesthesia for the 

duration of the surgical procedure, with time under anesthesia approximately 80-90 minutes. 

Focal cerebral ischemia was then induced by intraluminal occlusion of the left middle cerebral 

artery (MCAo). After 30 min MCAo, the anaesthetized mice were decapitated with a guillotine. 

Following craniotomy, the brain was quickly removed and immersed in ice-cold and oxygenated 

(95 % O2, 5 % CO2) artificial cerebral spinal fluid (aCSF) 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. The aCSF 

osmolality was adjusted to 310 mOsm using mannitol and pH was 7.4. Using a Leica 1200-T 

vibratome, 350 μm coronal brain slices were cut in the sucrose aCSF through the coronal plane 

between Bregma levels 1.2 to -1.34 and then incubated in regular aCSF (equimolar NaCl 

replacing sucrose above) at 34°C for at least 1 hour and up to 5 hours prior to experimentation. 

Slices were then transferred to a recording/imaging chamber where they were submerged in 

flowing aCSF (3.5 ml/min.) at 34°C ± 0.5°C.  

Imaging Changes in Light Transmittance (ΔLT) During OGD 

     Slices were transferred to a recording/imaging chamber on an inverted microscope (Axoscope 

2FS, Zeiss) with a 10x objective lens and an additional zoom lens that can adjust magnification 

by  0.5-1.6 X to fit the coronal section to entirely fit within the field of view. The brain slices 

were submerged in flowing aCSF (3.5 ml/min.) at 34°C ± 0.5°C. Video frames were acquired 

using a cooled charge-coupled device (CCD) that was set at maximum gain and medium black 
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level (Hamamatsu C4742) controlled by Imaging Workbench 6 software (Indec Biosystems 

Inc.). The CCD gamma level was set to 1.0 so that the CCD output was linear with respect to 

changes in light intensity. Frames acquired at 30 Hz were averaged and digitized using a frame 

grabber (DT 3155, Data Translation). The first image of the series was the control transmittance 

(Tcont) which was subtracted from each of the subsequent images (Texp) in the series. The 

difference signal was normalized by dividing by Tcont, which varies across the slice depending 

on the zone sampled. For example, Tcont was lower in white matter than gray matter. This value 

was then presented as a percentage of the digital intensity of the control image of that series. 

That is, ΔLT = [(Texp - Tcont)/ Tcont ] x 100 = [ΔT/T] %. The change in LT was displayed 

using a pseudocolour intensity scale. The slice image in bright field was displayed using a gray 

intensity scale. OGD solution was superfused onto the brain slices in the bath chamber. The 

OGD aCSF was of similar composition to control aCSF, except for substituting of 95 % O2/5 % 

CO2 bubbling of aCSF with 95 % N2/5 % CO2. In addition, 11 mM glucose was reduced to 1 

mM glucose with osmotic adjustment using NaCl. Peak ΔLT during OGD has previously been 

associated with maximal tissue swelling, while the ensuing nadir indicates dendritic beading 

(neuronal damage) causing light scattering in the wake of SD. This beading is generally not 

reversible in acute brain slices. ΔLT was imaged and quantified in the ipsi- and contralateral 

hemispheres in post-ischemic brain slices pre-incubated with oxygenated aCSF for at least one 

hour or with 20 min pre-incubation of 10 µM dibucaine (DB) or 30 µM carbetapentane (CP). 

 

Electrophysiology  

Whole Cell Patch Clamp: Visually guided whole-cell patch recordings were obtained using 

micropipettes pulled from borosilicate glass (outside diameter 1.2 mm, inside diameter 0.68 mm; 
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World Precision Instruments) to a resistance of 4-6 MΩ. The internal pipette solution contained 

(in mM) 125 K- gluconate, 10 KCl, 2 MgCl2, 5.5 EGTA, 10 HEPES, 2 Na-ATP and 0.1 CaCl2 

(pH was adjusted to 7.3 with KOH). Neurons were visualized using near-infrared illumination 

and Dodt gradient contrast optics (Luigs and Neumann, Ratingen, Germany) through an upright 

microscope (Axoscope 2FS, Zeiss) with a 10x immersion objective lens. All recordings were 

acquired in whole cell current clamp mode of an Axoclamp 2A amplifier and a Digidata 1322 

A/D converter. Clampex 10.2 software was used for data acquisition with subsequent analysis 

using Clampfit 10.2 software. Resting membrane potential was measured by patch clamping 

neocortical pyramidal neurons with whole cell configuration in neocortical LII/III in the 

ischemic and non-ischemic hemispheres. Action potential width, amplitude and threshold were 

measured from the second action potential elicited during current pulses increased stepwise by 

0.1 nA (200 ms, -0.4 to 0.4 nA). The action potential threshold was measured as the beginning of 

the upstroke of the action potential. Action potential width was measured (in milliseconds) as the 

time between the beginning of the action potential upstroke and the point at which the 

‘downstroke’ reached the same membrane potential as the initial action potential threshold. 

Action potential amplitude was measured from the beginning of the upstroke to the 

corresponding peak membrane depolarization. The whole cell time constant of ischemic and 

non-ischemic neocortical pyramidal neurons were derived from a ‘curve-of-best-fit’ of 

exponential decay of the membrane potential following a hyperpolarizing pulse of the stepped 

current pulses (200 ms, -0.1 nA) using data analysis program Clampfit 10.2 (Molecular Devices, 

Inc.). Fast afterhyperpolarizations (fAHP) were measured as the deviation from the beginning of 

the upstroke of an action potential within 5 ms after the peak of a single spike that follows 

individual action potentials in neocortical pyramidal neurons. Input resistance (Rin) was derived 
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from the linear portion of the current-voltage plot 170 ms from the beginning of constant current 

pulses increased stepwise by 0.1 nA from -0.4 to ~ 0.1 nA. 

Evoked Synaptic Responses:  To record field potentials of evoked EPSPs, a micropipette (2–4 

MΩ) was pulled from thin-walled capillary glass, filled with 200 mM NaCl, and mounted on a 

three dimensional (3-D) micromanipulator. It was connected by a chloride-coated silver wire to 

an amplifier probe, and output was monitored on an on-line oscilloscope. The tip was placed in 

layers II/III of the neocortex and a concentric bipolar electrode (Rhodes Electronics) placed in 

layer VI to stimulate the immediate overlying layers. A current pulse (0.1-ms duration; 0.1 Hz) 

was applied at 50mV to produce an evoked response. The amplified signals were digitized, 

displayed, and plotted using pCLAMP software. 

 

Statistical Analysis 

    A multiple comparisons ANOVA was used to assess the effect of drug treatment upon the 

latency to SD onset. Field EPSPs, baseline electrophysiological properties, latency to SD onset, 

speed of SD propagation and ΔLT during and after SD were compared in the ischemic vs. non-

ischemic hemispheres of post-stroke brain slices using Student’s t-tests. These parameters were 

expressed as mean ± S.E.M. 

 

Golgi-Cox Staining      

     Following 30 min MCAo, the mouse brains were extracted and immersed in freshly prepared 

impregnation solution.  Brains were processed according to the protocol provided by FD 

Neurosciences using the FD Rapid GolgiStain kit (FD NeuroTechnologies 2012). Coronal brain 

sections cut at 50 microns thick were processed. The ischemic and non-ischemic hemispheres 
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were imaged with a 10 X objective to observe gross tissue morphology and with a 60 X objective 

higher magnification to observe individual neuronal morphology. 

 

Neocortical Pyramidal Neurons Expressing Yellow Fluorescent Protein  

     The MCAo procedure was also applied to 30+ day-old C57 black mice of the B6.Cg-Tg 

(Thy1-YFP) 16Jrs/J strain. These mice have a proportion of pyramidal neurons that express 

yellow fluorescent protein (YFP) (Feng et al. 2000). The mouse was decapitated immediately 

after the 30 min MCAo while under anaesthetic and perfused with 30 mL of 0.9% saline 

followed by 30 mL of 4% paraformaldehyde in phosphate buffer solution. The head was then left 

under immersion fixation for 3 days. The brain was isolated and cut on a Leica VT1000S 

vibratome in the ice cold sucrose saline 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. Sections were cut at 

100 µm and mounted on superfrost slides, air dried and stored at 4 degrees.  All slices were cut 

in coronal section and mounted on slides using glycerol/PBS or Fluoro-Gel with TES buffer. 

They were dried overnight in the dark. Images were taken with a Zeiss fluorescent microscope 

(Imager A1) with AxioVision software using excitation and emission filters appropriate for YFP.  

 

2.4 Results 

     The viability of synaptic communication in the non-ischemic vs. ischemic hemispheres of 

brain slices harvested after MCAo was assessed. Stimulation of neocortical layer VI resulted in 

field EPSPs evoked in cortical layers II/III in the ischemic (0.4 ± 0.1 mV, n=11) and non-

ischemic hemispheres (0.7 ± 0.1 mV, n=6) that were not significantly different (p = 0.07) as 
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shown in Figures 1C and 2. This provided support for intact synaptic communication in the 

ischemic hemisphere of brain slices harvested after 30 minute MCAo. 

     We then patch clamped pyramidal neurons of neocortical layer II/III pyramidal neurons in the 

ischemic or non-ischemic hemispheres. As seen at 40X magnification there were abundant 

pyramidal neurons in the ischemic hemisphere with normal morphology under contrast optics. 

Action potential width, amplitude and threshold were compared in ischemic and non-ischemic 

neocortical pyramidal neurons. As well, the fast afterhyperpolarization (fAHP) which followed a 

depolarizing pulse evoking a spike train was measured. None of these properties were 

significantly different between the two hemispheres as shown in Table 1 and representative 

electrophysiological traces (Figs. 1A, B). Resting membrane potential, whole cell input 

resistance and the time constant of membrane potential decay following a hyperpolarizing pulse 

were not significantly different between neurons in the ischemic hemisphere (n=21) and 

neocortical neurons in the non-ischemic hemisphere (n=16) as shown in Table 1 and Figure 1A.  

     Intact neocortical pyramidal neurons were evident in the ischemic hemisphere of YFP-

expressing mouse brains harvested immediately post-MCAo. Pyramidal neurons expressing 

yellow-fluorescent protein (YFP) in neocortex within brain areas in the ischemic hemisphere 

known to be supplied by the occluded middle cerebral artery appeared similar to neurons within 

same areas in the non-ischemic hemisphere (Figure 1D). 
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Figure 1. Baseline electrophysiological properties of whole-cell patched pyramidal cells and 
neuronal morphology were similar in the ischemic and non-ischemic hemispheres.  (A) The 
input resistance (Rin), fast afterhyperpolarization (fAHP) and time constant (tau) obtained from a 
series of hyperpolarizing and depolarizing current steps were similar in the ischemic and non-
ischemic hemispheres (see Table 1). (B) The action potential threshold, amplitude and width 
were similar in the ischemic and non-ischemic hemisphere. (C) The evoked synaptic responses 
were also similar in the two hemispheres. (D) Neuronal morphology was similar in both 
hemispheres in YFP expressing pyramidal neurons of the neocortex.   
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Figure 2. Evoked response in ischemic hemisphere after 50 mV stimulation was not 
significantly different between the ischemic and non-ischemic hemispheres. Field EPSPs 
evoked by 50 mV stimulation in the non-ischemic hemisphere (0.7 ± 0.1 mV, n = 11) and 
ischemic hemisphere (0.4 ± 0.1 mV, n = 6) of brain slices harvested immediately after 30 min 
MCAo were not significantly different (p = 0.10). 

 

   OGD resulted in SD initiation and propagation within both the ischemic and non-ischemic 

hemispheres of brain slices harvested immediately after 30 min MCAo. At SD onset, a focal 

increase in ΔLT appeared in neocortical gray and propagated outward from each focus. SD 

appeared to initiate at random stereotaxic locations within the neocortex of the previously 

ischemic hemisphere, similar to the non-ischemic hemisphere (Figure 3). SD waves initiated 

both peripherally or within neocortex associated with core CBF declines during MCAo. SD onset 

was significantly delayed in the ischemic hemisphere, occurring after 417 ± 19 seconds 

following OGD bath application compared to 297 ± 13 seconds in the non-ischemic hemisphere 

(p < 0.001, n=31) as shown in Figure 4.    
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Ischemic Hemisphere                            Non-Ischemic Hemisphere 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  OGD-induced SD initiates with a similar incidence at various stereotaxic 
locations both within the ischemic and non-ischemic hemisphere of neocortical brain slices 
harvested immediately after 30 min MCAo. Image modified from Bregma level -0.10 mm 
(Franklin and Paxinos 2007).  

 



 
 

30 
 

       

 

Figure 4. Latency to SD onset in the ischemic hemisphere (417 ± 19 sec) was significantly 
delayed compared to the non-ischemic hemisphere (297 ± 13 sec) (p < 0.001, n=31 slices 
each).  

 

     The SD wavefront propagated at an average of 2.6 ± 0.6 mm/min in the non-ischemic 

hemisphere but was significantly slower at 1.7 ± 0.5 mm/min in the ischemic hemisphere (p < 

0.01, n=5) as shown in Figure 5. There was no significant difference between the mean peak 

ΔLT increase in neocortical layers II/III of the ischemic hemisphere and non-ischemic 

hemisphere (4.2 ± 0.7% vs 5.3 ± 0.7% respectively, p = n.s., n=31). However, the nadir in ΔLT 

(decreased LT associated with light scattering) in layers II/III of the ischemic hemisphere was 

significantly less than within the non-ischemic hemisphere (-7 ± 0.7% vs -10 ± 0.8% 

respectively, p < 0.05, n=31) as shown in Figure 6. 

 

 

 

p <  0.001 
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Figure 5. The SD wavefront speed in the ischemic hemisphere vs. the non-ischemic 
hemisphere was significantly slower (1.7 ± 0.5 mm/min vs. 2.6 ± 0.6 mm/min, p < 0.01, n=5). 

 

 

Figure 6. There is no difference between hemispheres in cell swelling during SD in regions 
where it is generated. There is significantly less light scatter in the ischemic hemisphere 
after OGD-induced SD. Percentage change of light scatter relative to baseline in two regions-
of-interest in the ischemic hemisphere (-7 ± 0.8 %), vs. the non-ischemic hemisphere (-10 ± 0.8 
%) were significantly less (p < 0.05, n = 31).   

 

p <  0.05 

p < 0.01 
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     A multiple comparisons ANOVA was performed to test differences in SD onset as a function 

of hemisphere (within-subject factor) and drug (between-subject factor). The analysis revealed a 

significant main effect for drug pre-treatment upon latency to SD onset (F = 15.03, p < 0.001, 

partial eta2 = .39).  Post-hoc one-way analysis of variances indicated that CP or DB significantly 

delayed the latency to SD onset in both hemispheres. Latency to SD onset in slices of the 

ischemic hemisphere pre-incubated with CP or DB prior to bath superfusion of OGD solution 

was 511 ± 32 and 527 ± 25 seconds, respectively (n=9 for each) as shown in Figure 7. A 

Student’s t test revealed latency to SD onset was significantly delayed in comparison to the 417 

± 19 seconds latency to OGD-induced SD onset with post-MCAo brain slices incubated in aCSF 

alone (p < 0.05 and p < 0.01, respectively). The latency to SD onset in the non-ischemic 

hemisphere of post-ischemic brain was as follows: 410 ± 12 sec with CP pretreatment (n = 9); 

405 ± 23 sec with DB pretreatment (n = 9); and 297 ± 13 sec with control aCSF pretreatment 

(n=31). Both CP and DB pretreatment induced significant delay relative to aCSF control (p < 

0.001 and p < 0.01, respectively). 

     To search for morphological evidence of neuronal deterioration immediately following 

MCAo, three brains were sectioned following Golgi-Cox treatment. A qualitative comparison of 

both neocortical and striatal regions between hemispheres showed no obvious swelling, dendritic 

beading or necrosis of stained neurons throughout the ischemic hemisphere (Figures 8-10).    
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Figure 7. Carbetapentane (CP) and dibucaine (DB) significantly delay mean latency to SD 
onset in both the ischemic and non-ischemic hemispheres relative to control aCSF.  
Latency to SD onset in the ischemic hemisphere of post-ischemic brain slices pre-incubated with 
CP (511 ± 32 sec, n = 9) and DB (527 ± 25 sec, n = 9) were significantly delayed (p < 0.05 and 
p<0.01, respectively) relative to the ischemic hemisphere of control acsf incubated post-ischemic 
brain slices (417 ± 19 sec, n = 31). Similarly, SD onset in the non-ischemic hemisphere of post-
ischemic brain slices pre-incubated with CP (410 ± 12 sec, n = 9) and DB (405 ± 23 sec, n = 9) 
were significantly delayed (p < 0.001 and p < 0.01, respectively) relative to SD onset in the non-
ischemic hemisphere of control acsf incubated post-ischemic brain slices (297 ± 13 sec, n = 31).  
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Figure 8. Neuronal morphology in the early post-stroke brain. A) Golgi-Cox stained coronal 
section of a brain that underwent a 30 minute left MCAo immediately followed by sacrifice and 
fixation. Staining reveals no apparent irregularities to neuronal structure as examined in the 
predicted MCAo lesion outlined by the dotted line. The future lesion involves the left striatum 
(Str) and variable parts of the overlying neocortex (NC), but not hippocampus (Hipp), thalamus 
(Thal) or hypothalamus (Hyp). B) Higher magnification view of medium spiny neurons in the 
ischemic (left) and non-ischemic striatum (Str). These neurons appear qualitatively similar and 
bear no signs of structural damage. 
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Figure 9. Neuronal morphology early post-stroke at intermediate magnification. A 
comparison of neuronal staining at intermediate magnification shows no obvious morphological 
differences between A) the ischemic neocortex (NC) and striatum (Str) and B) the non-ischemic 
contralateral regions. 
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Figure 10. Neuronal morphology early post-stroke at high magnification. The neocortex of 
the ischemic (left) hemisphere within the prospective MCAo core (see Figure 8) contains 
normal-appearing pyramidal neurons and interneurons that are qualitatively indistinguishable 
from cells in the neocortex of the non-ischemic (right) side. None of the neuronal somata are 
swollen or dysmorphic nor are their dendrites beaded which would indicate injury. Instead, the 
pyramidal neurons have an extensive number of dendritic spines (*) and are intact. 
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2.5 Discussion 

     SD is commonly evoked in brain slices by OGD and in vivo by focal cerebral ischemia. The 

current study is the first to characterize SD in the early post-ischemic brain without the 

confounding influence of CBF fluctuations. SD propagation speed and latency to SD onset were 

measured in brain slices taken from mice that had undergone acute MCAo, extending previous 

work examining SD in slices taken from non-stroked rats. This distinction is important because 

of the altered biochemical and physiological milieu of post-stroke brain tissue which includes: 

increased extracellular glutamate and other metabolites (Morimoto et al. 1996; Hillered et al. 

1989), the initiation of necrotic and apoptotic processes (Katsman et al. 2003), the initiation of 

neuroinflammatory processes (Tóth et al. 2016), and a gradient of tissue damage extending from 

the infarct core, to the ischemic penumbra to non-ischemic tissue (Maeda et al. 1999). Previous 

in vivo studies of SD during ischemia show SD originating in tissue regions already 

compromised by altered CBF and so it has not been clear how the tissue’s propensity to SD is 

altered by the initial onset of cerebral ischemia. Contrary to our expectations, we found that 

neocortical gray matter immediately post-stroke is more resistant to SD onset and propagation 

than normal brain tissue, despite our findings of functioning synaptic communication, normal 

neuronal morphology, normal resting membrane potential, and normal action potential threshold. 

Furthermore, we found that the latency to SD onset is delayed in post-ischemic brain slices pre-

incubated with CP and DB, as observed previously in normal brain slices (Anderson et al. 2005; 

Douglas et al. 2011).         

      Variability in CBF occurs during reperfusion following ischemia (Dreier 2011). By 

mimicking the hypoxia and hypotension after ischemia, hypoperfusion is observed (Sukhotinsky 

et al. 2008), similar to the post-SD hypoperfusion measured during ischemia (Shin et al. 2006; 
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von Bornstädt et al. 2015). In addition to episodic hypoperfusion following SD, perfusion 

incrementally decreases stepwise after each post-ischemic SD event (Shin et al. 2006; von 

Bornstädt et al. 2015). Increased SD duration is observed in close proximity to the infarct core 

(Koroleva and Bures 1996), is associated with infarct expansion (Back et al. 1996; Dijkhuizen et 

al. 1999) and also occurs during hypoperfusion (Sukhotinsky et al. 2010). In contrast, 

vasodilation and increased CBF occurs in non-ischemic neocortex after SD (Shibata et al. 1990; 

Piper et al. 1991; Sukhotinsky et al. 2008). By using brain slices harvested 30 min post-MCAo in 

our experiments, we were able to observe the effects of MCAo on neocortical brain tissue as well 

as ensuing SD initiation and propagation without confounding blood flow fluctuations. 

     We performed intracellular recordings on pyramidal neurons from within and around 

neocortical regions supplied by the occluded middle cerebral artery. This region was identified 

based on dramatic neuronal necrosis in mice undergoing the identical MCAo but fixed 12 hours 

post-stroke (not shown). Our measurements of resting membrane potential, whole-cell input 

resistance, whole-cell time constant, action potential width, amplitude and threshold as well as 

the fast afterhyperpolarization were not significantly different between the ischemic and non-

ischemic hemisphere. Similarly, Gao and colleagues (1999) found that these same 

electrophysiological measurements were unchanged from pre-ischemic controls in hippocampal 

CA1 pyramidal neurons as observed 5 hours after global cerebral ischemia. In another study, 

afferent stimulation of the CA1 hippocampal field after global ischemia during 5 hours of 

reperfusion evoked responses that were intact following ischemia (Gao et al. 1998). The 

threshold, amplitude, and width of action potentials as well as the time constant decay following 

a spike train in post-ischemic brain slices were also similar to regular-spiking neocortical 

pyramidal neurons in control animals from other studies (McCormick et al. 1985; Silva et al. 
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1991). Global ischemia models in rodents mimic brain ischemia that occurs after cardiac arrest 

(Lipton 1999), whereas cerebral ischemia induced by MCAo mimics embolic focal stroke 

(Carmichael 2005). We likewise observed evoked responses that were not significantly different 

throughout the MCA territory in the ischemic hemisphere and contralateral areas in the non-

ischemic hemisphere in brain slices harvested immediately after MCAo. The intact synaptic 

communication and single cell electrophysiology observed by others at 5 hours following global 

cerebral ischemia are also evident for the 1-5 hours that we record in brain slices harvested 

immediately following MCAo.    

     When we applied OGD for 10 minutes to post-ischemic brain slices, the latency to SD onset 

in the ischemic hemisphere was significantly delayed compared to the non-ischemic hemisphere. 

This decreased propensity for SD differs from previous observations of neocortex in the 

immediate 1-2 hours following in vivo ischemia. SD in vivo was more readily induced in the 

border of the penumbra (Busch et al. 1996) with more spontaneous SD events (Takano et al. 

1996) correlated with infarct volume expansion (Mies et al. 1993) within 1-2 hours following 

ischemia. The post-ischemic reduced susceptibility to SD in our experiments was more like the 

quiescent episode 2-8 hours post-MCAo where very few SD events occur (Hartings et al. 2003). 

Our findings of a delayed latency to SD onset and slower SD propagation that we observed in 

post-ischemic neocortex support observations of a slower and delayed increase of [K+]ext. in the 

penumbra in comparison to non-ischemic cortex (Nedergaard and Hansen 1993), and a more 

slowly propagating SD wavefront during infarct maturation (Hartings et al. 2003) and in clinical 

ischemic stroke (Dohmen et al. 2008). 

     In neocortical brain slices a propagating SD wavefront evoked by OGD resulted in ΔLT 

increases. Swelling induced by hypo-osmotic challenge also results in ΔLT increases (Andrew 
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and MacVicar 1994; Andrew et al. 1997). But unlike hypo-osmotic swelling which is primarily 

glial, OGD swells neurons and astrocytes (Andrew et al. 2007; Risher et al. 2009; Steffensen et 

al. 2015). After SD propagates through neocortex, ΔLT decreases (Anderson et al. 2005; 

Douglas et al. 2011) as a result of dendritic beading and other cellular disruption (Andrew et al. 

2007; Obeidat et al. 2000; Douglas et al. 2011). CP or DB pre-treatment were shown to increase 

recovery of evoked synaptic activity after OGD-induced SD and decrease the amount of light 

scatter after reperfusion with oxygenated aCSF (Anderson et al. 2005; Douglas et al. 2011). The 

current study also observed less light scatter after OGD-induced SD in the ischemic hemisphere 

of brain slices harvested after MCAo, possibly indicating a potential for increased survivability 

under ischemic stress.  

     The delayed OGD-induced SD evoked by pre-treatment with DB (Douglas et al. 2011; 

Yamada et al. 2004) or CP (Anderson et al. 2005) in neocortical brain slices was also observed in 

both the ischemic and non-ischemic hemispheres in our experiments. In normal rat brain slices, 

action potential frequencies were reduced by a CP-induced increased fast afterhyperpolarization 

and a DB-induced elevated action potential threshold, respectively (White et al. 2012). CP and 

DB effectively delay the latency to SD onset in the post-ischemic brain, as in control neocortical 

slices. 

     In this investigation we found delayed SD onset and a slower SD propagation rate induced by 

OGD in the ischemic hemisphere of brain slices harvested after 30min MCAo compared to SD in 

the non-ischemic hemisphere. This was unexpected because these ischemia-exposed regions 

displayed intact synaptic communication, electrophysiology and morphology. We also showed 

that carbetapentane and dibucaine effectively delay SD onset in the post-ischemic brain, similar 

to neuroprotection demonstrated during OGD superfusion of non-ischemic rat neocortical brain 
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slices (Anderson et al. 2005). Among the many investigations performed upon the post-ischemic 

brain, very few studies have examined neuronal injury within the first several hours after 

ischemia. Further investigation is warranted into the viability of the post-ischemic brain as well 

as possible attenuation of SD by drugs such as carbetapentane and dibucaine in the absence of 

confounding CBF and temperature fluctuations. 

 
Table 1. Baseline electrophysiological properties of whole-cell patched pyramidal cells. 
Neurons in the ischemic and non-ischemic hemispheres of brain slices harvested immediately 
after 30 min MCAo. 

 

 

 

 

 

 

 

 

 

 

 RMP 

(mV) 

Action 
Potential 
Threshold 

(mV) 

Action 
Potential 
Amplitude 

(mV) 

Width of 
Action 
Potential 
(msec) 

fAHP 

(mv) 

Rin (MΩ) Tau  

Non-Ischemic 
Hemisphere  
(n=16) 
 

-72 ± 5 -37 ± 3 83 ± 6 0.7 ± 0.1 9 ± 3 122 ± 38 16 ± 4 

Ischemic 
Hemisphere 
(n=21) 

-71 ± 7 -34 ± 6 79 ± 14 0.7 ± 0.2 10 ± 5 113 ± 31 16 ± 6 

p values  0.60  0.11 0.16 0.64 0.54 0.43 0.73 
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Chapter 3 

 

Spreading depolarization in the mouse neocortical brain slices immediately after middle 

cerebral artery occlusion compared to 12 hours later. 

 

3.1 Summary 

     While many studies have examined the properties of the neocortex either in the first 2 hours 

or several days following ischemia, there is little information regarding the initial 12 hours post-

stroke. Here we examine mouse neocortex immediately and 12 hours after 30 minutes of middle 

cerebral artery occlusion (MCAo), comparing non-ischemic and ischemic hemispheres with 

regard to propensity to tissue swelling and spreading depolarization (SD) as well as evoked 

synaptic responses and single pyramidal neuron electrophysiological properties. We found that 

neocortical gray matter is surprisingly intact in brain slices harvested immediately post-stroke 

but by 12 hours the fields of pyramidal and striatal neurons that comprise the infarcted core are 

morphologically devastated. Surprisingly, there are a subset of diffusely distributed “healthy” 

neurons that are still present in the core at 12 hours post-MCAo, based on their relatively intact 

electrophysiology and morphology. 
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3.2 Introduction 

     During ischemia, cerebral blood flow (CBF) declines precipitously in brain areas supplied by 

an occluded artery. Within 1-2 minutes, Na+/K+ pump failure leads to gray matter depolarization 

that spreads across the neocortex (Dijkhuizen et al. 1999; Takano et al. 1996; Busch et al. 1996; 

Hossmann 1994). This ‘spreading depolarization’ (SD) manifests as neurons (and glia) 

precipitously lose their membrane potential, which drives a large negative extracellular current 

that propagates at 2-5 mm/min across gray matter (Somjen 2001; Dreier 2011). Within minutes 

ischemic neurons can lose their dendritic spines as they swell and form beaded processes, as 

observed following photothrombosis in vivo (Murphy et al. 2008) and in acute brain slices after 

oxygen-and-glucose deprivation (OGD) (Andrew et al. 2007; Jarvis et al. 2001). 

     Increased SD incidence has been correlated with infarct expansion (Mies et al. 1994; Back et 

al. 1996). Furthermore, KCl-triggered SD (SDK+) waves traverse into partially ischemic gray 

matter and increase infarct volume (Takano et al. 1996; Busch et al. 1996; Dijkhuizen et al. 

1999). SD incidence is common up to 2 hours after middle cerebral artery occlusion (MCAo)-

induced ischemia and is then followed by a 6 hour period of few, if any, SD events (Dijkhuizen 

et al. 1999; Koroleva and Bures 1996; Back et al. 1996). A later secondary phase of spontaneous 

SD follows 10-16 hours after 30 minutes of MCAo (Hartings et al. 2003). 

     There have been many investigations of post-ischemic SD, but few with observations during 

the first 24 hours after a focal stroke. In this study, we harvested brain slices both immediately 

following a 30 min MCAo and 12 hours later. We then compared the effects of elevated 

extracellular potassium ([K+]ext.), elevated extracellular glutamate ([glu]ext), as well as 10 minutes 

of oxygen- glucose deprivation (OGD) in these post-ischemic brain slices. This enabled us to 

examine gray matter responsivity in the absence of inherent CBF fluctuations that follow stroke 
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in vivo (Shin et al. 2006; von Bornstädt et al. 2015) and that can confound SD properties 

(Sukhotinsky et al. 2010). 

     Superfusion of neocortical slices with elevated [K+]ext, elevated [glu]ext and OGD simulate the 

extracellular milieu of the post-ischemic brain.  A [K+]ext. of ~10 mM arises prior to SD during 

ischemia (Heineman and Lux 1977; Hansen and Zeuthen 1981; Nedergaard and Hansen 1993) 

and induces SD in hippocampal slices (Tanaka et al. 1997). After MCAo, [glu]ext becomes 

elevated (Sciotti et al. 1992; Morimoto et al. 1996) and glutamate release during SD contributes 

to the propagation of SDK
+ (Zhou et al. 2013). OGD also initiates SD in cortical slices by 

mimicking the decrease in glucose and oxygen coincident with CBF decline. By applying 

elevated [K+]ext., elevated glutamate or OGD in slices harvested after MCAo, we observe their 

individual effects upon the post-ischemic brain in the absence of changes in CBF. 

 

3.3 Materials and Methods 

 

Middle Cerebral Artery Occlusion and Brain Slice Preparation 

     Male C57/BL6 mice (20-25g) were anaesthetized using isoflurane (3% initial, 1% to 1.5% 

maintenance) in O2 and air (80%:20%). The animal remained under general anesthesia for the 

duration of the surgical procedure. The time under anesthesia was 80-90 minutes. While 

isofluorane can inhibit SD initiation in the intact animal (Piper 1996), SD onset in our harvested 

brain slices on the non-stroked side was similar to that in non-anaesthetized mice in previous 

studies (Joshi and Andrew 2001). Focal cerebral ischemia was then induced by intraluminal 

occlusion of the left middle cerebral artery for 30 minutes. Brains were harvested either 

immediately following 30 min MCAo or following 12 hours of in vivo reperfusion. The 
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anaesthetized mouse was then decapitated with a guillotine. Following craniotomy, the brain was 

quickly removed and immersed in ice-cold and oxygenated (95 % O2, 5 % CO2) artificial 

cerebral spinal fluid (aCSF) 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. Using a Leica 1200-T vibratome, 

350 μm slices were cut in the sucrose aCSF through the coronal plane between Bregma levels 1.2 

to -1.34 and then incubated in regular aCSF (equimolar NaCl replacing sucrose above) at 35°C 

for at least 1 hour prior to experimentation. The aCSF osmolality was increased to 310 mOsm 

using mannitol and pH was 7.4. Brain slices were recorded during the following 4 hours.  

 

Imaging Changes in Light Transmittance (ΔLT) During OGD 

    Brain slices were transferred to a recording/imaging chamber mounted on an inverted 

microscope (Axoscope 2FS, Zeiss) with a 10x objective lens and zoom lens that can adjust 

magnification by 0.5-1.6 X to fit the coronal section to entirely fit within the field of view. Slices 

were submerged in flowing aCSF (3.5 ml/min.) at 34°C ± 0.5°C. Video images were captured 

with a cooled charged coupled device (Hamamatsu C4742) using Imaging Workbench 6 

software (Indec Biosystems Inc.). Each image of a video series consisted of 16 averaged frames 

acquired at 10 Hz. The first image of the series was the control transmittance (Tcont) which was 

subtracted from each of the subsequent images (Texp) in the series. The difference signal was 

normalized by dividing by Tcont, which varies across the slice depending on the zone sampled. 

For example, Tcont was lower in white matter than gray matter. This value was then presented as 

a percentage of the digital intensity of the control image of that series. That is, ΔLT = [(Texp - 

Tcont)/ Tcont ] x 100 = [ΔT/T] %. The change in LT was displayed using a pseudocolour 

intensity scale. The slice image in bright field was displayed using a gray intensity scale. ΔLT 
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was recorded in the hemisphere ipsi- and contralateral to the lesion during bath application of 

OGD, 500 µM glutamate or 9.7 mM [K+]ext acsf solutions. The OGD aCSF was of similar 

composition to control aCSF, except for substituting of carbon dioxide and oxygen (95% O2, 5% 

CO2) bubbling of aCSF with nitrogen and oxygen (95% N2, 5% CO2). In addition, 11 mM 

glucose was reduced to 1 mM glucose with osmotic adjustment using NaCl. 

 

Electrophysiology 

Whole Cell Patch Clamp: Visually guided whole-cell patch recordings were obtained using 

micropipettes pulled from borosilicate glass (outside diameter 1.2 mm, inside diameter 0.68 mm; 

World Precision Instruments) to a resistance of 4-6 MΩ. Pyramidal neurons were identified in 

neocortical gray using Dodt optics based on their size and shape. The internal pipette solution 

contained (in mM) 125 K- gluconate, 10 KCl, 2 MgCl2, 5.5 EGTA, 10 HEPES, 2 Na-ATP and 

0.1 CaCl2 (pH was adjusted to 7.3 with KOH). All recordings were acquired in current clamp 

mode of an Axoclamp 2A 23 amplifier and a Digidata 1322 A/D converter. Clampex 10.2 

software was used for data acquisition with subsequent analysis using Clampfit 10.2 software. 

Resting membrane potential was measured by patch clamping neocortical pyramidal neurons 

with whole cell configuration in neocortical LII/III in the ischemic and non-ischemic 

hemispheres. Action potential width, amplitude and threshold were measured from the second 

action potential elicited during current pulses increased stepwise by 0.1 nA (200 ms, -0.3 to 0.5 

nA). The action potential threshold was measured as the beginning of the upstroke of the action 

potential. Action potential width was measured (in milliseconds) as the time between the 

beginning of the action potential upstroke and the point at which the ‘downstroke’ reached the 

same membrane potential as the initial action potential threshold. Action potential amplitude was 
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measured from the beginning of the upstroke to the corresponding peak membrane 

depolarization. The whole cell time constant of ischemic and non-ischemic neocortical pyramidal 

neurons were derived from a ‘curve-of-best-fit’ of exponential decay of the membrane potential 

following a hyperpolarizing pulse of the stepped current pulses (200 ms, -0.1 nA) using data 

analysis program Clampfit 10.2 (Molecular Devices, Inc.). Fast afterhyperpolarizations (fAHP) 

were measured as the deviation from the beginning of the upstroke of an action potential within 5 

ms after the peak of a single spike that follows individual action potentials in neocortical 

pyramidal neurons. Input resistance (Rin) was derived from the linear portion of the current-

voltage plot 170 ms from the beginning of constant current pulses increased stepwise by 0.1 nA 

from -0.3 to ~ 0.1 nA. Pyramidal neurons were recorded in neocortical layers II/III from either 

the ischemic or non-ischemic hemisphere in brain slices harvested immediately and 12 hours 

following MCAo. 

Evoked Synaptic Responses:  To record evoked field potentials, a micropipette (2–4 MΩ) was 

pulled from thin-walled capillary glass, filled with 200 mM NaCl, and mounted on a three 

dimensional (3-D) micromanipulator. It was connected by a chloride-coated silver wire to an 

amplifier probe, and output was monitored on an on-line oscilloscope. The tip was placed in 

layers II/III of the neocortex and a concentric bipolar electrode (Rhodes Electronics) placed in 

layer VI to stimulate the immediately overlying layers. A current pulse (0.1-ms duration; 0.1 Hz) 

was applied at 50mV to produce an evoked response. The amplified signals were digitized, 

displayed, and plotted using pCLAMP 10 software (Axon Instruments). 
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Golgi-Cox Staining 

    Following 30 min MCAo, mouse brains were extracted and immersed in freshly prepared 

impregnation solution.  Brains were processed according to the protocol provided by FD 

Neurosciences using the FD Rapid GolgiStain KitTM. Coronal brain sections cut at 50 microns 

thick were processed (FD NeuroTechnologies 2012). The ischemic and non-ischemic 

hemispheres were imaged with a 10 X objective to observe gross tissue morphology and with a 

60 X objective higher magnification to observe individual neuronal morphology. More detailed 

analysis of neuronal structural changes were carried out by Ms. Rasha Mehder but are not 

included as part of this thesis. 

 

Statistical Analysis 

     Field EPSPs, baseline electrophysiological properties, latency to SD onset, speed of SD 

propagation and LT changes during and after SD were compared in the ischemic vs. non-

ischemic hemispheres of post-stroke brain slices using a Student t-test. Incidence of SD and 

evoked synaptic responses as well as ΔLT swelling in the ischemic vs. non-ischemic 

hemispheres were compared using Mann Whitney U non-parametric analyses. 

Electrophysiological parameters were described using mean ± S.E.M. 

 

3.4 Results 

 

Light Transmittance Imaging 

     During ischemia, oxygen and glucose levels decrease significantly in brain areas where CBF 

declines. Extracellular K+ and glutamate also become elevated. Independent of blood flow and 
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its fluctuations, we individually bath-applied elevated [K+]ext, elevated [glu]ext or OGD saline to 

post-ischemic brain slices harvested immediately or 12 hours after MCAo. 

     In brain slices harvested immediately after 30 min MCAo, spontaneous SD events at baseline 

3.2mM [K+]ext. were observed in 7% (n = 1 of 14) of slices in the non-ischemic hemisphere and 

25% (n = 5 of 20) of brain slices in the ischemic hemisphere. At 9.6 mM [K+]ext., the SD 

incidence in the non-ischemic hemisphere was 80% (n = 11 of 14) vs. 35% (n = 7 of 20) of slices 

in the ischemic hemisphere. When 9.6 mM [K+]ext. was bath applied to brain slices harvested 12 

hours after MCAo, the SD incidence in the non-ischemic hemisphere was 89% (n = 8 of 9 slices) 

vs. 33% (n = 3 of 9 slices) in the ischemic hemisphere. A significantly decreased incidence of 

SDK+ in the ischemic hemisphere vs. the non-ischemic hemisphere was observed 12 hours after 

MCAo (Mann Whitney U, p < 0.05) as shown in Figure 11. SDK
+ initiated and propagated both 

within and outside neocortex supplied by the middle cerebral artery in brain slices harvested 

immediately after MCAo. However, only three SDK
+ events occurred within MCA territory of 

the ischemic hemisphere in slices 12 hours post-MCAo. On several instances, SD propagated 

from the non-ischemic hemisphere across the interhemispheric fissure and into areas of the 

ischemic hemisphere supplied by circulation from the unaffected anterior cerebral artery (Figure 

12). 
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Figure 11. Incidence of [K+]ext.-induced SD in brain slices harvested immediately, and 12 
hours after, 30 min MCAo. Slices taken immediately and 12 hours following MCAo rarely 
display SD spontaneously within the ischemic hemisphere when superfused with 3.2 mM K+ 
saline.  

 

   

Mann Whitney U:  
p < 0.05 
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Figure 12. SDK+ initiated outside MCA territory when brain slices were harvested after 12 
hours of reperfusion following MCAo. Change in light transmittance (ΔLT) was imaged during 
superfusion of brain slices with 9.6 mM [K+]ext. In this pseudocoloured image, green/yellow 
depicts increased ΔLT and cell swelling and purple indicates decreased ΔLT and dendritic 
beading. It is apparent in this image that SD inititates and propagates throughout the entire right 
(non-ischemic hemisphere), but only involves a small portion of the left (ischemic) hemisphere.  

 

     In vivo, extracellular glutamate levels become significantly elevated after ischemia. When we 

bath-applied glutamate at 500 µM onto brain slices harvested immediately after MCAo, ΔLT 

was elevated by greater than a 5% threshold (that occurs during superfusion of slices with only 

hypo-osmotic solution [Andrew and Macvicar 1994]) in 64% of slices (n = 7 of 11) in the non-

ischemic hemisphere and in 65% (n = 11 of 19) of slices in the non-ischemic hemisphere after 12 

hours of reperfusion. Swelling exceeding the 5% ΔLT threshold above baseline was never 

observed in neocortex in the ischemic hemisphere known to be affected by MCAo (i.e. lateral 

Swelling 

Beading 

ΔLT  

Non-Isch Hem      Isch Hem 
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parietal cortex). It also did not arise in neocortex near the central sulucus outside of MCA 

territory which is less affected by MCAo (i.e. medial motor and cingulate neocortex) at both time 

points. Using a Mann Whitney U statistical analysis, the incidence of swelling evoked by 500 

µM glutamate was significantly lower in the ischemic than the non-ischemic hemisphere both 

immediately (p < 0.01, n=11 slices) and 12 hours after MCAo (p < 0.01, n=19 slices) as shown 

in Figure 13. 

 

 

Figure 13. Significantly less incidence of glutamate-induced swelling in the ischemic 
hemisphere of brain slices harvested immediately, and 12 hours after, 30 min MCAo. Slices 
taken immediately and 12 hours following MCAo did not display swelling within the ischemic 
hemisphere when superfused with 500 µM glutamate aSCF. The ischemic hemisphere displays a 
significantly lower incidence of glutamate-induced tissue swelling, exceeding a 5% threshold 
ΔLT both immediately and 12 hours following MCAo (Mann Whitney U: p < 0.001).  
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     When OGD aCSF was bath-applied to post-ischemic brain slices, the ischemic hemisphere 

displayed a significantly decreased incidence of OGD-induced SD (42%, n = 5 of 12 slices) 

compared to the non-ischemic hemisphere (100%, n = 12 of 12 slices) 12 hours after MCAo 

(Mann Whitney U; p < 0.01). However, SD occurred in every neocortical brain slice harvested 

immediately after MCAo in both the ischemic (100%, n = 31 of 31 slices) and non-ischemic 

hemisphere (100%, n = 31 of 31 slices) during OGD superfusion as shown in Figure 14. OGD-

induced SD initiated within neocortex supplied by the middle cerebral artery (i.e. lateral parietal 

neocortex) and anterior cerebral artery (i.e. medial motor and cingulate neocortex) in the 

ischemic hemisphere of brain slices harvested immediately after MCAo. In contrast, SD occurred 

mostly outside of MCA territory (i.e. medial motor and cingulate neocortex) when brain slices 

were harvested after 12 hours of reperfusion following 30 min MCAo. 

 

 

Figure 14. SD development in the ischemic hemisphere is reduced by 12 hours, but not 
immediately, post-MCAo. Ischemic hemisphere after 12 hours of reperfusion displays a 
significantly lower incidence of OGD-SD. Ischemic hemisphere of brain slices harvested 12 
hours, but not immediately, after MCAo supports a significantly decreased incidence of OGD-
induced SD (42%) than the non-ischemic hemisphere (100%) (Mann Whitney U; p < 0.05). 

Mann Whitney U: 
p < 0.01 
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Electrophysiology 

     To test in slices whether the reduction of SD in the ischemic hemisphere at the early and late 

timepoints could involve a reduction in synaptic function, we assessed evoked field EPSPs at 

multiple recording sites in cortical layers II/III nearby and within neocortical regions supplied by 

the MCA in ischemic and non-ischemic hemispheres. The ischemic hemisphere 12 hours after 

MCAo had a significantly decreased incidence of evoked responses (22%, n = 2 of 9 recordings) 

than the non-ischemic hemisphere (100%, n = 9 of 9 recordings) as shown in Figure 15 (Mann 

Whitney U; p < 0.05). This contrasts with brain slices harvested immediately post-MCAo, which 

displayed intact evoked synaptic responses at every stimulation site. 
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Figure 15. The evoked synaptic response incidence is significantly lower in the ischemic 
hemisphere of brain slices harvested 12 hours, but not immediately, after 30 min MCAo. 
Ischemic hemisphere of brain slices harvested 12 hours, but not immediately, after 30 min 
MCAo has a significantly decreased incidence of evoked synaptic responses (33%) than the non-
ischemic hemisphere (100%) (Mann Whitney U; p < 0.05). 

 

Mann Whitney U: 
p < 0.05 
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     We then searched through the ischemic cortex of live brain slices harvested 12 hours after 

MCAo to find viable neurons for electrophysiological recordings in whole cell configuration 

under current clamp. Compared to non-ischemic neocortex in either hemisphere, very few 

normal-appearing neurons could be visualized with contrast optics within the suspected infarct 

region. Surprisingly, we were able to locate a few isolated but apparently intact pyramidal 

neurons. We were able to patch on and assess the electrophysiological properties of five 

identified pyramidal neurons, all of which seemed fairly normal in their single cell properties. 

We found a slight but significant depolarization in the average resting membrane potential of 

pyramidal neurons in the ischemic hemisphere (n=5) in comparison to the non-ischemic 

hemisphere (n=6) in 12 hour post-MCAo brain slices (-65 ± 8 vs -72 ± 3; p = 0.05). Otherwise 

the mean values for the post-train fast afterhyperpolarization, whole cell input resistance and 

whole cell time constant as well as action potential threshold, amplitude and width were not 

significantly different between the ischemic and non-ischemic hemispheres (Table 2). 

 

Golgi-Cox Staining 

    We wanted to visualize these surviving neurons to determine if their morphology was also 

spared using Golgi-Cox staining. The technique randomly stains perhaps 1% of the neurons 

present, but all parts of each single neuron are revealed. Three mice underwent left MCAo and 

then recovered for 12 hours prior to fixation and Golgi-Cox processing. Coronal sections of each 

brain in Figure 16 are shown with their ischemic core/penumbra delineated. In the non-ischemic 

hemisphere stained pyramidal neurons in neocortex display classic characteristics of long apical 

dendrites with secondary and tertiary branches possessing dendritic spines that receive axonal 

input (Fig. 17A). Various non-pyramidal neurons also stain, in particular a spherical cell type 
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with varicose dendrites (not shown). The underlying striatum also appears normal, being 

comprised of medium spiny neurons (Fig. 17A) which represent 95% of the neuronal 

population. As described in the previous chapter, the region of the future infarct immediately 

after 30 minutes of MCAo was indistinguishable from surrounding gray matter based on Golgi 

staining. 

     In contrast 12 hours post-MCAo, most neurons in the visibly damaged core area (dashed lines 

in Figure 16) lack highly branched neurons as seen at intermediate magnification in Figures 17 

and 18A. Every one of the striatum`s principle cells have shrunken and retracted their dendrites. 

The neocortical response is more variable, displaying regions of uniformly swollen cell bodies 

(Figs. 19A; 11A) that generally retain their pyramidal cell shape. The dendrites have lost their 

spines and taken on a beaded appearance, typical of ischemic neurons in the early phase of 

deterioration. More commonly the remaining neocortical neurons appear shrunken and necrotic 

with retracted and limited dendrites that lack spines (Figs. 18C; 11B). This contrasts with gray 

matter immediately outside the MCAo infarct region which appears normal. It is difficult to 

distinguish an intermediate area of injury that could represent the ischemic penumbra. No doubt 

a penumbral area exists, but its narrow size and regional variability make it difficult to identify 

12 hours following stroke. 

     As predicted from the `normal` electrophysiological properties recorded in five pyramidal 

cells (Table 2) and the representative electrophysiological traces (Fig. 21), it was possible to 

identify some neurons that had survived 12 hours post-MCAo with intact axon, dendrites and 

pyramidal cell body shape. They were observed in the MCAo core containing swollen pyramidal 

neurons (Fig. 9A) or necrotic pyramidal neurons (Fig. 20B). These sparsely distributed neurons 

displayed an extensive dendritic tree with branches where spines, rather than beads, 



 
 

57 
 

predominated. Nonetheless, even these neurons displayed some minor dendritic beading with 

loss of spines (not shown). This was not the case with pyramidal neurons in the non-ischemic 

hemisphere which appeared normal as expected as shown in Chapter 2, Figures 8-10.  
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Figure 16.  Coronal sections through three brains of mice that each underwent 30 minute 
left hemisphere MCAo followed by a 12 hour recovery period. Golgi –Cox staining reveals 
irregularities to neuronal structure that can be roughly outlined as the MCAo lesion (dashed 
lines). The lesion involves the left striatum (STR) and variable parts of the overlying neocortex 
(NC), but not hippocampus (Hipp), thalamus (Thal) or hypothalamus (Hyp). 
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Figure 17. Ischemic hemisphere displays necrotic neurons clearly distinguishable from the 
intact non-ischemic hemisphere. A) The striatum (Str) in the non-ischemic (right) hemisphere 
displays normal spider-like medium spiny neurons with short but numerous dendrites (inset 
right). The overlying neocortex (NC) contains normal-appearing pyramidal neurons and 
interneurons. B) In contrast, the striatum in the ischemic hemisphere is devoid of healthy-
appearing cells, containing only shrunken and necrotic cell bodies with beaded and stunted 
dendrites as shown in the inset right. 
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Figure 18. Core area of the ischemic hemisphere displaying necrotic neurons A) at low 
magnification, B) in striatum, and C) in overlying neocortex. Both striatal medium spiny 
neurons and neocortical pyramidal somata become dysmorphic. Their dendrites are stunted and 
beaded and most dendrites have lost their spines. Loss of the shorter striatal dendrites is more 
obvious as seen in 18B, left. 
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Figure 19. Isolated intact pyramidal neurons surrounded by necrotic and swollen neurons 
within the infarcted region. Golgi-Cox staining reveals primarily swollen pyramidal neurons 
(red arrows) within the ischemic core, as opposed to the brain in Figure 18 which displays 
primarily necrotic neurons. In either case, interspersed among these damaged cells are 
comparatively normal-appearing pyramidal neurons (yellow arrows) with extensive dendritic 
arbors and numerous dendritic spines  
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Figure 20. In the neocortical region of the ischemic core, neurons may be, A) swollen with 
dendrites that are beaded or B) necrotic with stunted and beaded dendrites. Also observed 
are rare intact pyramidal neurons (yellow arrows). These neurons display numerous dendritic 
spines, unlike their necrotic neighbors where dendrites appear retracted and cell bodies are 
dysmorphic. 
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Figure 21. Baseline electrophysiological properties of whole-cell patched pyramidal cells 
were similar in the ischemic and non-ischemic hemispheres. (A) The fast 
afterhyperpolarization (fAHP) and time constant (tau) obtained from a series of hyperpolarizing 
and depolarizing current steps were similar in the ischemic and non-ischemic hemispheres (see 
Table 2). Although a wider range in input resistance (Rin) was evident in current-voltage plots 
derived from stepped current pulses, the Rin recorded from layer II/III pyramidal neocortical 
neurons were not significantly different between the ischemic and non-ischemic hemispheres. 
(B) The action potential threshold, amplitude and width were similar in the ischemic and non-
ischemic hemisphere. (C) The evoked synaptic response was attenuated but present in the non-
ischemic hemisphere, but was absent in infarcted regions within the ischemic hemisphere. 
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3.5 Discussion 

 

Post-ischemic SD and Leao’s Initial Observations of SD 

     Aristides Leao initially observed a slowly propagating wave of depressed EEG activity 

following electrical stimulation of rabbit and cat neocortex (Leao 1944). This so-called cortical 

spreading depression (CSD) was later determined to be reversible, repeatable and could be 

evoked by focally elevating K+ or with brief hypoxia (Somjen 2001).  Leao then interrupted the 

cerebral circulation of rabbits and noted the similarity of electrically-induced ‘cortical spreading 

depression’ to a ‘change of the same nature as one resulting from prolonged interruption of the 

circulation occurs in the cerebral cortex’ (Leao 1947). The depolarizing wave was subsequently 

determined to also be induced by oxygen-and-glucose deprivation or by inhibition of the Na+/K+ 

pump or mitochondrial transport chain (Somjen 2001). These events are now collectively 

referred to as ‘spreading depolarization’ (SD) (Dreier 2011; Hartings et al. 2017). 

     Other metabolites such as ATP, lactate and creatine phosphate vary along with CBF levels 

after ischemia (Obrenovitch et al. 1988) and with SDK+ in intact rats (Lauritzen et al. 1990). 

Post-ischemic SD events also induce a stepwise decrease in CBF (Shin et al. 2006; von Bornstädt 

et al. 2015). CBF fluctuations are also influenced by [K+]ext., nitric oxide (Windmuller et al. 

2005; Dreier et al. 1998), hypoxia and hypotension (Sukhotinsky et al. 2008) and alter properties 

of SD (Sukhotinsky et al. 2010). In our experiments we observed SD induced by elevated [K+]ext, 

or OGD and swelling in response to elevated [glu]ext in post-ischemic brain slices in the absence 

of post-ischemic CBF fluctuations (Shin et al. 2006; von Bornstädt et al. 2015). Brain slices 

harvested after MCAo were incubated with oxygenated aCSF, thereby reducing variability of 

extracellular metabolites as well as CBF, oxygen and glucose inherent after ischemia.  
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Elevated [K+]ext, Elevated [glu]ext and OGD Post-Ischemia 

    A [K+]ext. threshold of ~10-12 mM is measured prior to SD initiation during ischemia 

(Heineman and Lux 1977; Hansen and Zeuthen 1981; Nedergaard and Hansen 1993) and in brain 

slices (Tanaka et al. 1997). When we applied 9.6 mM [K+]ext. to brain slices harvested 

immediately after 30 min MCAo, SD was more difficult to induce in the ischemic hemisphere. 

This contrasted with KCl application in ischemic cortex in vivo which increases ATP depletion 

and diffusion-imaged lesion volume (Dijkhuizen et al. 1999; Busch et al. 1996) as well as the SD 

incidence (Takano et al. 1996; Dijkhuizen et al. 1999; Busch et al. 1996; Mies et al. 1993). 

However, the 25% incidence of spontaneous SD events in post-ischemic brain slices harvested 

immediately after MCAo was similar to observations during in vivo ischemia (Takano et al. 

1996). Although SD incidence is high initially after ischemia, spontaneous and KCl-induced SD 

incidence peaks in the initial 20 min after MCAo and subsequently declines sharply (Back et al. 

1996; Dijkhuizen et al. 1999; Koroleva and Bures 1996). A quiescent phase of minimal 

spontaneous SD ensues 4-6 hours following reperfusion after ischemia (Hartings et al. 2003). 

This decreased post-ischemic SD incidence is congruent with our findings of reduced SD 

incidence induced by elevated [K+]ext in the ischemic hemisphere of brain slices immediately 

following 30 min MCAo. 

     The ischemic hemisphere of brain slices 12 hours post-MCAo also displayed a decreased 

incidence of tissue swelling during 9.6 mM [K+]ext saline superfusion. There was obvious 

damage in the ischemic hemisphere in Golgi-stained brain sections at 12 hours following 

ischemia and reperfusion compared to undamaged immediate fixation. Thus, the failure of the 

ischemic hemisphere to elicit SDK+ at the later timepoint resulted from neuronal death in the 

infarcted brain. However, SD was evident in brain regions peripheral to the infarcted neocortex 
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supplied by the unoccluded anterior cerebral artery. These SD events originated within the 

contralateral non-ischemic hemisphere and propagated across the longitudinal fissure and into 

the ischemic hemisphere, which does not occur in the intact brain during ischemia in vivo 

(Nedergaard and Hansen 1993). However it was apparent that an infarcted ischemic ‘core’ with a 

decreased propensity to tissue swelling and SD events was juxtaposed next to a medial 

‘penumbra’ that could sustain SDK+ 12 hours following 30 MCAo. 

    In addition to elevated [K+]ext, during ischemia (Branston et al. 1977; Strong et al. 1983; 

Nedergaard and Hansen 1993), extracellular glutamate ([glu]ext) also increases for 1-2 hours 

(Sciotti et al. 1992; Benveniste et al. 1984; Phillis et al. 1991; Hillered et al. 1989). Extracellular 

glutamate increases from a baseline concentration of ~ 20 µM  to ~ 200 µM during anoxia-

induced SD and ~ 80 µM during ischemia-induced SD (Satoh et al. 1999; Iijima et al. 1998). 

Elevated [glu]ext is also associated with the propagating SD wavefront (Zhou et al. 2013). 

However directly applying glutamate to normal brain slices produces only a graded general 

swelling of gray matter (Polischuk and Andrew 1996; Obeidat and Andrew 1998). This swelling 

does not resemble the characteristic propagating SD front of cell swelling that traverses gray 

matter upon exposure to ischemia, OGD, elevated [K+]ext or ouabain (Tanaka et al. 1997; 

Anderson and Andrew 2002; Dietz et al. 2008; Anderson et al. 2005; Dohmen et al. 2008). When 

we bath-applied 500 µM [glu]ext to brain slices harvested immediately, and 12 hours after 

MCAo, we observed an LT increase > 5% only in the non-ischemic hemisphere. This 5% ΔLT 

response is comparable to superfusion with hypo-osmotic (-30 mOsm) aCSF (Andrew and 

MacVicar 1994). It takes a 5 mM concentration of glutamate to elicit a similar regional increased 

ΔLT response and tissue swelling as only 100 µM of NMDA (Andrew et al. 1996; Obeidat and 

Andrew 1998), a specific agonist at ionotropic glutamate receptors. This is because uptake 
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mechanisms constantly remove the extracellular glutamate (Obeidat and Andrew 1998). This 

glutamate uptake may be enhanced in brains harvested immediately after a 30 min MCAo similar 

to in vivo observations of increased glutamate transporter expression and decreased neuronal 

death after ischemic post-conditioning (Zhang et al. 2010). In contrast, brain slices harvested 

after 12 hours post-MCAo display minimal glutamate-evoked swelling because neuronal death 

and pre-existing swollen neurons (both evident in Golgi-stained tissue) preclude further 

depolarization and swelling.  

     Unlike elevated [glu]ext. and [K+]ext. which cause reversible swelling of gray matter, OGD 

causes irreversible damage in the gray matter of higher brain (Obeidat and Andrew 1998; 

Anderson and Andrew 2002; Anderson et al. 2005; Brisson et al. 2014). The decreased 

likelihood of OGD-induced SD in the ischemic hemisphere of brain slices harvested 12 hours 

after MCAo is probably the result of the sparse number of remaining intact neurons (evident with 

Golgi-Cox staining) that are able to drive SD. 

 

Post-Ischemic Microscopy and Electrophysiology 

     In brain sections harvested immediately after MCAo, there was no detectable evidence of 

infarction in Golgi-stained tissue. These findings support our electrophysiological recordings 

indicating that single neocortical pyramidal neurons were not significantly altered in their 

intrinsic or synaptic properties immediately post-MCAo (Chapter 2). Evoked responses and 

baseline electrophysiological properties of pyramidal neurons were not significantly different 

between the two hemispheres. Supporting these results, the electrophysiological properties and 

synaptic communication in pyramidal CA1 neurons were not significantly different from pre-

ischemic controls up to 5 hours after reperfusion following 19 minutes of global ischemia (Gao 
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et al. 1999; Gao et al. 1998). The threshold, amplitude, and width of action potentials as well as 

the decay of the time constant following an action potential train in post-ischemic brain slices 

were also similar to regular-spiking neocortical pyramidal neurons in control animals from other 

studies (McCormick et al. 1985; Silva et al. 1991). 

     In brain slices harvested 12 hours after MCAo, evoked synaptic responses were lost within 

and near the core. The ischemic hemisphere in those brain slices displayed a decreased incidence 

of OGD-induced and K+-induced SD as well as decreased glutamate-evoked swelling compared 

to the non-ischemic hemisphere. The ischemic hemisphere 12 hours post-MCAO also showed 

dramatic neuronal swelling or necrosis in Golgi-stained sections of the MCAo core. The few 

remaining `healthy`-appearing pyramidal neurons found in the core could not be expected to 

override these greatly diminished responses caused by extensive neuronal injury.  

 

Conclusions 

     While many studies have examined the properties of the neocortex several days following 

stroke, there is little information regarding the state of the neurons in the ischemic core at 12 

hours post-stroke. Here we examined mouse neocortex immediately and 12 hours after 30 

minutes of MCAo, comparing non-ischemic and ischemic hemispheres with regard to propensity 

to cell swelling and spreading depolarization, as well as evoked synaptic responses and single 

pyramidal neuron properties. We found that neocortical gray matter is surprisingly intact in brain 

slices harvested immediately post-stroke even as the propensity to induce cell swelling or SD is 

dramatically reduced. By 12 hours, synaptic responses are disrupted and most of pyramidal and 

striatal neurons are devastated morphologically. However, a few electrophysiologically and 

morphologically normal-appearing pyramidal neurons are still present in the neocortical region 
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of the core 12 hours after MCAo. How long these neurons continue to survive and the 

mechanism supporting their neuroprotection are issues that our laboratory will pursue. 

 

Table 2. Baseline Electrophysiological Properties of Identified Pyramidal Neurons in the 
Ischemic and Non-Ischemic Hemispheres in Brain Slices Harvested 12 Hours After MCAo. 
Only recordings from five normal-appearing neurons from the ischemic side could be 
maintained. 

 

 

 

 

 

 

 

 

 

 

 

  
RMP 
(mV) 

 
AP 
Threshold 
(mV) 

 
AP 
Amplitude 
(mV) 

 
Width of 
Action 
Potential 
(msec) 

 
fAHP 
(mv) 

 
Rin (MΩ) 

 
Tau  

Non-
Ischemic 
Hem 
(n=6) 

-72 ± 3 -34 ± 5 77 ± 4 0.7 ± 0.2 14 ± 5 108 ± 13 16 ± 3 

Ischemic 
Hem 
(n=5) 

-65 ± 8 -34 ± 6 69 ± 11 0.6 ± 0.2 11 ± 5 109 ± 41 27 ± 15 

p value 0.05 0.44 0.16 0.62 0.11 0.95 0.18 
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Chapter 4 

Post-ischemic resistance to spreading depolarization. 

4.1 Summary 

     Cerebral blood flow (CBF) declines following ischemic stroke in a gradient outward from the 

blocked artery. Depending upon the degree of remaining blood flow, synaptic communication or 

ionic homeostasis can be disrupted in brain areas most adversely affected by the blocked artery. 

After this initial insult, recurrent waves of mass depolarization along with swelling of neurons 

and glia ensue, regardless of whether the cerebral artery blockage is removed. These recurrent 

waves further expand the territory of disrupted synaptic communication and ionic homeostasis in 

the post-stroke brain. This spreading depolarization (SD) occurs when the Na+/K+ pump is 

metabolically overwhelmed or simply fails. Considering that synaptic communication or ionic 

homeostasis are disrupted following ischemia and SD, the post-ischemic brain might undergo 

alterations to preserve these functions. Suppressed synaptic communication in the post-ischemic 

brain has been previously shown to be reversed by adenosinergic inhibition. In this investigation 

we attempt to eliminate a delayed onset and slower propagation of in the ischemic hemisphere 

propensity of immediately post-middle cerebral artery occlusion (MCAo) cerebral slices. We 

attempted to reverse the non-ischemic vs. post-ischemic discrepancy in SD onset and speed using 

an adenosine receptor antagonist or by inhibiting the Na+/K+ pump (and inducing SD) with a 

high-dose (100 µM) of ouabain. By harvesting brain slices immediately following MCAo, we 

were able to image and record single-cell electrophysiology and tissue changes following SD 

with precise region-specific localization in the coronal plane. We observed a decreased 

propensity of regions supplied with blood by the middle cerebral artery to undergo tissue change 

after SD, with normal electrophysiological properties in these same regions. Adenosinergic 
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inhibition did not alter the delayed latency to SD onset observed in the ischemic hemisphere, 

whereas ouabain eliminated the discrepancy in SD onset between the non-ischemic and ischemic 

hemispheres, likely by modulating activity of the Na+/K+ pump. Considering that the delayed 

latency to SD onset observed in the ischemic hemisphere occurred along with intact single cell 

electrophysiology and neuronal morphology, our findings suggest that the discrepancy in post-

ischemic SD between the non-ischemic and ischemic hemispheres is a reversible phenomenon 

affected by ouabain. The possibility of a reversible suppression of SD that may involve the 

Na+/K+ pump is apparent, but requires further investigation. 

 

4.2 Introduction    

     Decreased blood flow and the subsequent reduction in energy production during acute 

ischemic stroke induces failure of the Na+/K+ pump. This in turn causes an initially slow, but 

then sudden, depolarization of neurons and astrocytes. This spreading ‘ischemic’ or ‘anoxic’ 

depolarization (SD) kills neurons in the future infarct core within minutes if ischemia is 

prolonged beyond a few minutes. Where there is some residual cerebral blood flow (CBF), SD 

may recover and then recur in the adjacent regions (the future ischemic penumbra) (Hossmann 

1994; Hartings et al. 2017). Many drugs have been tested to decrease infarct damage and thereby 

improve functional outcome after ischemia but to date all have failed (O’Collins et al. 2006). 

Few drugs have been tested within the first 4-6 hours after ischemia (Ginsberg 2008). 

     Regarding therapeutic intervention after ischemia, one clinical approach that has not been 

tested is to decrease the incidence of recurring SD. The SD wavefront of neuronal depolarization 

and swelling propagates between 2-5 mm/min, regardless of whether SD is initiated by 

mitochondrial inhibitors, elevated [K+]ext., oxygen-and-glucose deprivation (OGD), ouabain 
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exposure or ischemia (Tanaka et al. 1997; Anderson and Andrew 2002; Dietz et al. 2008; 

Anderson et al. 2005; Dohmen et al. 2008). All of these disrupt or overload the Na+/K+ pump. As 

Dohmen and colleagues (2008) demonstrated, recurrent waves of SD are associated with infarct 

expansion in human patients in the hours and days following acute ischemic stroke. 

     Studying stroke treatments which may attenuate SD are subject to experimental sources of 

variability which include: spontaneous SD incidence that changes over time (Hartings et al. 

2003); a stepwise and decreased CBF that accompanies each SD event (Shin et al. 2006); 

variability in post-ischemic perfusion pressure (von Bornstädt et al. 2015) and variability in brain 

temperature (Busto et al. 1987). Temperature and perfusion pressure affect SD initiation, 

propagation and duration (Sukhotinsky et al. 2010; Chen et al. 1993). By investigating post-

ischemic SD generation in brain slices harvested immediately after middle cerebral artery 

occlusion (MCAo) we can eliminate confounding CBF and temperature fluctuations confounding 

SD initiation and propagation. 

     Reduced electrocortical activity follows transient global ischemia (Ilie et al. 2006). SD 

suppresses synaptic communication and cortical activity which results in post-ischemic energy 

conservation (Hossman 1990; Nagashima 1994). Reduced synaptic communication follows SD 

in neocortical slices (Lindquist and Shuttleworth 2012). Suppression of electrocortical activity 

and synaptic communication after ischemia and KCl-induced SD, respectively, were abolished 

by the adenosine A1 receptor antagonist DPCPX (Lindquist and Shuttleworth 2012; Ilie et al. 

2006). These experiments demonstrated that suppressed synaptic communication following 

ischemia and SD can be reversed, implying that an energy conservation strategy could be 

beneficial.  
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     The Na+/K+ pump is another target for mediating post-ischemic energy conservation. This 

pump uses ~ 40% of the brain’s energy to maintain and restore the membrane potential following 

action potential discharge (Attwell and Laughlin 2001). However, the energy required to restore 

ionic homeostasis following complete loss of the membrane potential during ischemic SD arising 

from pump failure is considerable (Dreier et al. 2013). Any induced alteration of its expression 

or function could improve neuronal viability during metabolic stress. Increased activity of the 

Na+/K+ ATPase is observed after hypoxia (Guo et al. 2011) and altered expression of the pump at 

the cell surface is also observed following anoxia and glucose deprivation (Belliard et al. 2013). 

Pre-treatment of neuronal tissue cultures with low-dose ouabain increases Na+/K+ pump activity 

(Gao et al. 2002) and attenuates cellular damage after anoxia and glucose deprivation (Oselkin et 

al. 2010), suggesting that neuroprotection can be derived from pump upregulation. 

     In this investigation we evaluated post-ischemic SD in the absence of confounding blood flow 

and temperature fluctuations. Was the ischemic hemisphere more prone to SD evoked by OGD? 

Were the electrophysiological properties changed immediately following MCAo? We 

hypothesized that if SD was attenuated in post-ischemic neocortex of brain slices harvested 

immediately after a 30 min MCAo it could be reversed by Na+/K+ pump and/or adenosinergic 

inhibition.  

 

4.3 Materials and Methods 

 

Middle Cerebral Artery Occlusion and Brain Slice Preparation 

     Male C57/BL6 mice (20-25g) were anaesthetized using isoflurane (3% initial, 1% to 1.5% 

maintenance) in O2 and air (80%:20%). The animal remained under general anesthesia for the 
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duration of the surgical procedure, which was 80-90 minutes. Focal cerebral ischemia was then 

induced by intraluminal occlusion of the left middle cerebral artery (MCAo). After 30 min 

MCAo, the anaesthetized mouse was decapitated with a guillotine. The brain was quickly 

removed and immersed in ice-cold and oxygenated (95 % O2, 5 % CO2) artificial cerebral spinal 

fluid (aCSF) composed (in mM) of 240 sucrose, 3.3 KCl, 26 NaHCO3, 1.3 MgSO4.7H2O, 1.23 

NaH2PO4, 11 D-glucose and 1.8 CaCl2. Using a Leica 1200-T vibratome, 350 μm slices were cut 

in the sucrose aCSF through the coronal plane between Bregma levels 1.2 to -1.34 and then 

incubated in regular aCSF (equimolar NaCl replacing sucrose above) at 35°C for at least 1 hour 

prior to experimentation. Slices were then transferred to a recording/imaging chamber where 

they were submerged in flowing aCSF (3.5 ml/min.) at 34°C ± 0.5°C. The aCSF osmolality was 

adjusted to 310 mOsm using mannitol and pH was 7.4. 

 

Imaging Changes in Light Transmittance (ΔLT) During OGD 

     Brain slices were transferred to a recording/imaging chamber of an inverted microscope 

(Axoscope 2FS, Zeiss) submerged in flowing aCSF (3.5 ml/min.) at 34°C ± 0.5°C with a 10x 

objective lens and an additional zoom lens that can adjust magnification by  0.5-1.6 X to fit the 

coronal section to entirely fit within the field of view. Video images were captured with a cooled 

charged coupled device (Hamamatsu C4742) using Imaging Workbench 6 software (Indec 

Biosystems Inc). The first image of the series was the control transmittance (Tcont) which was 

subtracted from each of the subsequent images (Texp) in the series. The difference signal was 

normalized by dividing by Tcont, which varies across the slice depending on the zone sampled. 

For example, Tcont was lower in white matter than gray matter. This value was then presented as 

a percentage of the digital intensity of the control image of that series. That is, ΔLT = [(Texp - 
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Tcont)/ Tcont ] x 100 = [ΔT/T] %. The change in LT was displayed using a pseudocolour 

intensity scale. The slice image in bright field was displayed using a gray intensity scale. OGD 

solution was superfused onto the brain slices in the bath chamber. The OGD aCSF was of similar 

composition to control aCSF, except for substitution of oxygen and carbon dioxide bubbling of 

aCSF (95% O2, 5% CO2) with nitrogen and carbon dioxide (95% N2, 5% CO2). In addition, 11 

mM glucose was reduced 1 mM glucose with osmotic adjustment using mannitol. Peak ΔLT has 

previously been associated with maximal tissue swelling, while the ensuing nadir ΔLT indicates 

maximal dendritic beading (neuronal damage) after SD onset. ΔLT was measured in regions-of-

interest placed in the ipsi- and contralateral hemispheres in post-ischemic brain slices pre-

incubated with oxygenated aCSF. These regions of interest were identified as ‘core’ (< 15% of 

baseline CBF reduction) in lateral parietal neocortex (Parlat) and ‘penumbra’ (20-40% of baseline 

CBF) in medial parietal neocortex (Parmed) within the ischemic hemisphere (Belayev et al. 1997). 

ΔLT was measured in the same regions-of-interest in the non-ischemic hemisphere. ΔLT was 

also measured in post-ischemic brain slices pre-incubated with 1 µM DPCPX or 1 µM ouabain 

for 20 min prior to bath application of OGD. Also, 100 µM ouabain was used to induce SD in 

separate experiments. 

 

Electrophysiology  

Whole Cell Patch Clamp: Visually guided whole-cell patch recordings were obtained using 

micropipettes pulled from borosilicate glass (outside diameter 1.2 mm, inside diameter 0.68 mm; 

World Precision Instruments) to a resistance of 4-6 MΩ. The internal pipette solution contained 

(in mM) 125 K- gluconate, 10 KCl, 2 MgCl2, 5.5 EGTA, 10 HEPES, 2 Na-ATP and 0.1 CaCl2 

(pH was adjusted to 7.3 with KOH). All recordings were acquired in whole cell current clamp 

mode using an Axoclamp 2A amplifier and a Digidata 1322 A/D converter. Clampex 10.2 
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software was used for data acquisition and subsequent analysis with Clampfit 10.2 software. 

Resting membrane potential was measured by patch clamping neocortical pyramidal neurons 

with whole cell configuration in neocortical LII/III in the ischemic and non-ischemic 

hemispheres. Action potential width, amplitude and threshold were measured from the second 

action potential elicited during current pulses increased stepwise by 0.1 nA (200 ms, -0.4 to 0.4 

nA). The action potential threshold was measured as the beginning of the upstroke of the action 

potential. Action potential width was measured (in milliseconds) as the time between the 

beginning of the action potential upstroke and the point at which the ‘downstroke’ reached the 

same membrane potential as the initial action potential threshold. Action potential amplitude was 

measured from the beginning of the upstroke to the corresponding peak membrane 

depolarization. The whole cell time constant of ischemic and non-ischemic neocortical pyramidal 

neurons were derived from a ‘curve-of-best-fit’ of exponential decay of the membrane potential 

following a hyperpolarizing pulse of the stepped current pulses (200 ms, -0.1 nA) using data 

analysis program Clampfit 10.2 (Molecular Devices, Inc.). Fast afterhyperpolarizations (fAHP) 

were measured as the deviation from the beginning of the upstroke of an action potential within 5 

ms after the peak of a single spike that follows individual action potentials in neocortical 

pyramidal neurons. Input resistance (Rin) was derived from the linear portion of the current-

voltage plot 170 ms from the beginning of constant current pulses increased stepwise by 0.1 nA 

from -0.4 to ~ 0.1 nA. The electrophsyiological recordings were obtained from pyramidal 

neurons in either the lateral parietal cortex (Parlat) ‘core’ or medial parietal neocortex (Parmed) 

‘penumbra’ within the ischemic hemisphere and compared to each other and the same regions 

within the non-ischemic hemisphere.  
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Evoked Responses:  To record electrically-evoked field potentials, a micropipette (2–4 MΩ) was 

pulled from thin-walled capillary glass, filled with 200 mM NaCl, and mounted on a Scientifica 

Patch Star three dimensional (3-D) micromanipulator. It was connected by a chloride coated 

silver wire to an amplifier probe, and output was monitored on an on-line oscilloscope. The tip 

was placed in layers II/III of the neocortex and a concentric bipolar electrode (Rhodes 

Electronics) placed in layer VI to stimulate the immediately overlying layers. A current pulse 

(0.1-ms duration; 0.1 Hz) was applied at 50mV, 70mV, 100mV and 130 mV to produce an 

evoked response at each recording site. The amplified signals were digitized, displayed and 

plotted using Clampfit 10 software. The stereotaxic co-ordinates of the recording site in both the 

ischemic and non-ischemic hemispheres were identified using Paxinos and Watson Mouse Brain 

Atlas (Franklin and Paxinos 2007). 

 

Statistical Analysis 

    A multiple comparisons ANOVA was used to assess the effect of drug treatment upon the 

latency to SD onset. An ANOVA with 2 between-subject levels (hemisphere and intensity of 

stimulation) was performed on evoked synaptic responses pooled in the non-ischemic and 

ischemic hemispheres at 50, 70, 100 and 130 mV stimulus intensity. Field EPSPs, baseline 

electrophysiological properties, latency to SD onset, speed of SD propagation and ΔLT during 

and after SD were also compared in the ischemic vs. non-ischemic hemispheres of post-stroke 

brain slices using a student’s t-tests. These parameters were expressed as mean ± S.E.M. 
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4.4 Results 

 

Region-Specific Light Transmittance Changes 

     Based on a previous investigation (Belayev et al. 1997), we assessed ΔLT in cortical regions 

identified as ‘core’ (< 15% of baseline CBF) and compared it to the ‘penumbra’ (20-40% of 

baseline CBF). In the latter study, ‘core’ CBF reduction occurred in lateral parietal neocortex 

(Parlat) and ‘penumbra’ CBF reduction was evident in medial parietal neocortex (Parmed) 

(Belayev et al. 1997). When we observed ΔLT following OGD-induced SD in brain slices 

harvested immediately after MCAo, there was significantly less light scatter in the “core” Parlat 

cortical regions in the ischemic hemisphere relative to the corresponding Parlat area in the non-

ischemic hemisphere (-6 ± 0.7% vs. -10 ± 0.9%; p < 0.01). There was also significantly less light 

scatter in the “core” Parlat region in the ischemic hemisphere in comparison to “penumbral” 

Parmed in the ischemic (-6 ± 0.7% vs. -8 ± 0.8%; p < 0.05) and non-ischemic hemispheres (-6 ± 

0.7% vs. -11 ± 0.8%; p < 0.01). Penumbral Parmed cortical regions in the ischemic hemisphere 

had significantly less light scatter than core Parlat areas in the non-ischemic hemisphere (-8 ± 

0.8% vs. -10 ± 0.9%; p < 0.05) (Figure 22). 
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Figure 22. Less light scatter after OGD-SD in MCAo future ‘core’ in comparison to the 
non-ischemic hemisphere and future ‘penumbra’ regions in ischemic hemisphere. ΔLT 
nadir values after OGD-SD ( n=31 slices) in the medial parietal (Parmed: -8 ± 0.8%; mean ± 
S.E.M.) and lateral parietal (Parlat: -10 ± 0.9%; mean ± S.E.M.) regions of the non-ischemic 
hemisphere as well as medial parietal ‘penumbra’ of the ischemic hemisphere (Parmed 
‘Penumbra’: -8 ± 0.8%; mean ± S.E.M.) were significantly less than the lateral parietal ‘core’ of 
the ischemic hemisphere (Parlat ‘Core’: -6 ± 0.7%; mean ± S.E.M.). Significantly lower nadir 
ΔLT was also evident in ischemic hemisphere S1FL after OGD-SD in comparison to S1BF 
cortical regions in the non-ischemic hemisphere (-8 ± 0.8% vs. -10 ± 0.9%; mean ± S.E.M; p < 
0.05).  

 

Electrophysiology 

      Field EPSPs were recorded at increasing stimulation intensities at each recording site. There 

was no significant response differences between the ischemic and non-ischemic hemispheres at 

each of the individual intensities as shown in Figure 23. The amplitude of the fEPSPs in the 

ischemic vs. non-ischemic hemispheres (n = 12 vs. n = 6 recordings) were not significantly 

different at 50, 70, 100 and 130 mV stimulation intensities. 

p < 0.05 
p < 0.01 
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     An ANOVA with 2 between-subject levels (hemisphere and intensity of stimulation) was 

performed on a pooled dataset containing EPSP amplitudes as a function of stimulus intensity.  

The analysis demonstrated a significant main effect for intensity (F = 3.096, p<.05, omega2 

estimate = 0.11). Post-hoc oneway analysis of variance employing Tukey correction (alpha level 

set to 0.05) for multiple comparisons indicated a general increase in evoked synaptic response as 

a function of increasing stimulation, as expected. However, there was not a significant main 

effect between the ischemic and non-ischemic hemisphere as a function of stimulation intensity. 

 

 

Figure 23. Amplitude of synaptic responses evoked by an increasingly strong stimulus was 
not significantly different in the ischemic vs. the non-ischemic hemisphere. The amplitude of 
the mean field EPSPs recorded in LII/III cortex of post-ischemic brain slices were not 
significantly different in the ischemic vs. non-ischemic hemispheres (mean ± S.E.M.) at 50 mV 
(0.36 ± 0.10 vs. 0.66 ± 0.11 mV), 70 mV (0.53 ± 0.15 vs. 0.99 ± 0.22 mV), 100 mV (0.97 ± 0.31 
vs 1.31 ± 0.27 mV), 130 mV (1.12 ± 0.32 vs. 1.42 ± 0.29 mV).  

 

     We then patch clamped neocortical layer II/III pyramidal neurons in the ischemic or non-

ischemic hemispheres. At 40X magnification there were abundant neurons in the future core 
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region of the ischemic hemisphere with normal morphology under contrast optics. Resting 

membrane potential, whole cell input resistance and the time constant were not significantly 

different between neurons within the lateral parietal neocortex (Parlat) ‘core’ in comparison to 

neurons within medial parietal cortex (Parmed) ‘penumbra’ in the ischemic hemisphere, as shown 

in Table 3. Action potential width, amplitude and threshold as well as the fast 

afterhyperpolarization (fAHP) following a depolarizing pulse evoking a spike train were also 

compared in Parlat ‘core’ vs. Parmed ‘penumbra’ neocortical pyramidal neurons in LII/III of the 

ischemic hemisphere. None of these properties were significantly different between the two 

regions (Table 3). Furthermore, the action potential width, amplitude and threshold as well as the 

resting membrane potential, whole cell input resistance, time constant and fAHP were not 

significantly different between the corresponding Parmed and Parlat regions in the ischemic vs. 

non-ischemic hemispheres (Table 3). 

 

Discrepancy of SD Onset Between Ischemic and Non-Ischemic Hemispheres Eliminated 

     A multiple comparisons ANOVA with one between-subject level (drug) and one within-

subject level (hemisphere) was conducted to discern differences in latency to SD onset. The 

analysis revealed significant main effects for hemisphere (F = 22.27, p < 0.001, partial eta2 = 

0.37) and drug pre-treatment (F = 13.90, p < 0.001, partial eta2 = 0.42), but no significant 

interaction. Separate post-hoc oneway analyses of variance (with Tukey correction for multiple 

comparisons) for latency to SD onset within the ischemic and non-ischemic hemispheres 

indicated that the ischemic (F = 10.30, p < 0.001) and non-ischemic (F = 5.93) hemispheres 

displayed differences in the latency to SD onset as a function of drug pre-treatment.  
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     Further analyses using Student’s t-test revealed a significantly delayed OGD-induced SD 

onset in the ischemic hemisphere was observed despite pre-treatment with the adenosine 

antagonist DPCPX (365 ± 26 vs. 260 ± 20, n=15, p < 0.01). This was similar to control acsf pre-

incubated brain slices (417 ± 20 vs. 297 ± 13, n=31, p < 0.001) harvested after MCAo (Figure 

24). The significantly slower wavefront velocity evident in the ischemic hemisphere of brain 

slices pre-incubated with control aCSF (1.7 ± 0.2 vs. 3.0 ± 0.2, n=5, p < 0.01), was also 

unaffected by 1 µM DPCPX pre-treatment (1.3 ± 0.2 vs. 2.0 ± 1.2, n=5, p < 0.05) as shown in 

Figure 25. 

     Ouabain at a high concentration (30-100 µM) inhibits the Na+/K+ pump activity thereby 

inducing SD. The latency to SD onset in the ischemic vs. non-ischemic hemisphere induced by 

100 µM ouabain was not significantly different (301 ± 16 vs. 234 ± 5, p = 0.08) (Fig. 24) and 

neither was the propagating SD wavefront speed (2.9 ± 0.3 vs. 3.5 ± 0.5; p = 0.35, n=5) as shown 

in Figure 25. The delayed latency to onset and slower propagating wavefront of SD in the 

ischemic hemisphere was not evident when SD was induced by chemically inhibiting the Na+/K+ 

pump with ouabain. 

     Ouabain at low doses has been reported to increase Na+/K+ pump activity (Gao et al. 2002; 

Oselkin et al. 2010). When post-ischemic brain slices were pre-incubated with 1 µM ouabain the 

latency to OGD-induced SD onset was not significantly different between the ischemic and non-

ischemic hemispheres (418 ± 32 vs. 343 ± 29 ischemic vs. non-ischemic, p = 0.09, Figure 24) but 

the propagating SD wavefront was significantly slower in the ischemic vs. non-ischemic 

hemisphere (1.2 ± 0.2 vs. 1.7 ± 0.3; p < 0.05, n=5) as shown in Figure 25. The latency to OGD-

induced SD onset in the non-ischemic hemisphere with low-dose ouabain was delayed to within 

the onset range displayed by the ischemic hemisphere (Fig. 24). 
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Figure 24. Na+/K+ pump modulation, but not adenosine A1 receptor inhibition, eliminates 
the delayed SD onset observed in the post-ischemic hemisphere. Average latency to SD onset 
was significantly delayed in the ischemic hemisphere vs. the non-ischemic hemisphere of post-
ischemic brain slices pre-incubated with control acsf (417 ± 20 vs. 297 ± 13, p< 0.001, ± S.E.M.) 
and DPCPX (365 ± 26 vs. 260 ± 20, n=15, p < 0.01, ± S.E.M.). However, the significantly 
delayed latency to SD onset between the ischemic vs. the non-ischemic and hemispheres was 
absent with 20 min pre-incubation of post-ischemic brain slices with 1 µM ouabain prior to OGD 
(418 ± 32 vs. 343 ± 29 ischemic vs. non-ischemic, p = 0.09, ± S.E.M.), as well as when SD was 
induced by 100 µM ouabain (301 ± 16 vs. 234 ± 5, p = 0.08, ± S.E.M.).  
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Figure 25. OGD-induced SD wavefront is slower in the ischemic hemisphere, but not 
significantly different during SD induced by saline containing 100 µM ouabain. The 
propagating SD wavefront in the ischemic hemisphere was significantly slower than in the non-
ischemic hemisphere in post-ischemic slices pre-incubated with control aCSF (1.7 ± 0.2 vs. 3.0 ± 
0.2, p < 0.01, n=5), 1 µM DPCPX (1.3 ± 0.2 vs. 2.0 ± 1.2; p < 0.05. n=5) and 1 µM ouabain (1.2 
± 0.2 vs. 1.7 ± 0.3; p < 0.05. n=5) prior to OGD, but not during SD induced by 100 µM ouabain 
(2.9 ± 0.3 vs. 3.5 ± 0.5; p = 0.35, n=5).  

 

4.5 Discussion 

 

Post-Ischemic Resistance to SD 

     We used a novel approach to investigate the propensity of post-ischemic brain tissue to 

initiate and sustain SD. By harvesting coronal brain slices immediately after MCAo, we could 

investigate the post-ischemic higher brain without fluctuations in post-stroke CBF or brain 

temperature that can confound rodent stroke models. This allowed us to image SD initiation and 
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propagation throughout the gradient of post-ischemic neocortex from the future ‘core’ to 

‘penumbra’ as well as in non-ischemic cortex. Our findings show that immediately following 30 

minute MCAo and contrary to the expectation that post-ischemic gray matter is more susceptible 

to recurrent SD, there is instead a resistance to SD manifested both as a delayed latency to SD 

onset and a slower speed of SD propagation. Whether this reflects an absence of the vascular 

component is not known. 

     The ischemic ‘core’ is associated with loss of ionic homeostasis and neuronal activity when 

CBF levels drop below 10-20% of control values. The ischemic ‘penumbra’ corresponds to 

decline of synaptic transmission associated with CBF levels between 20-40% of control baseline 

(Astrup et al. 1981a; Strong et al. 1983; Hossmann 1994; Heiss 1992). Using digitally-

constructed coronal images of in vivo MCAo in C57BL6 mice, < 20% CBF was observed in 

temporal and lateral parietal neocortex and CBF levels between 20-40% of control levels were 

observed in adjacent medial parietal neocortex (Belayev et al. 1997). In our experiments we 

recorded synaptic communication, single cell electrophysiology and SD in these neocortical 

areas of coronal brain slices harvested immediately after MCAo in the same mouse strain. By 

harvesting brain slices after MCAo we were able to observe post-ischemic electrophysiology and 

SD within a controlled temperature and aCSF medium in the absence of CBF fluctuations. 

     After harvesting brain slices and incubating them at 37°C in oxygenated aCSF we were able 

to observe SD after MCAo without the blood flow and temperature fluctuations that influence 

SD during ischemia. We found a slower propagating SD wavefront, delayed SD onset and less 

light scatter in the ischemic hemisphere. Delayed latency to OGD-induced SD onset after drug 

treatment or hypothermia is associated with better recovery of evoked synaptic communication 

in slices (Douglas et al. 2011; Anderson et al. 2005; Obeidat et al. 2000; Chen et al. 1993). 
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Attenuating the reduction of ΔLT after SD has also been associated with less dendritic injury 

(Risher et al. 2011). In vivo, delayed latency to SD onset could decrease the number or 

frequency of post-ischemic SD events, which has been demonstrated to decrease infarct volume 

following drug treatment (Mies et al. 1994; Busch et al. 1996). Our observations of less light 

scatter (i.e., less cell swelling) and intact electrophysiology in post-ischemic cortex along with a 

delayed latency to onset and slower propagation speed of SD implies an attenuation of post-

ischemic SD. Thus, resistance to SD independent of blood flow appears to increase in brain 

slices harvested after MCAo. 

 

Adenosine 

     Ilie et al. (2006) showed that DPCPX administration intraperitoneally could reverse 

suppression of electrocortical activity after in vivo transient global ischemia. In mouse brain 

slices, a greater duration and spatial extent of KCl-induced SD is associated with suppressed 

synaptic activity which is abolished by the adenosine A1 receptor antagonist DPCPX (Lindquist 

and Shuttleworth 2012). Adenosine transiently increases after SD in peri-infarct regions 

(Lindquist and Shuttleworth 2014). Relative to pre-ischemic baseline, adenosine is elevated after 

MCAo to a much greater extent than glutamate and other metabolites (Sciotti et al. 1992). 

Furthermore, adenosine release is associated with decreased frequency of [K+]ext.-induced SD 

(Kaku et al. 1994), delayed spontaneous onset of fluoroacetate-induced SD (Canals et al. 2008) 

and delayed hypoxia-induced SD (Lee and Lowenkopf 1993). Suppression of electrocortical 

activity is reversed by DPCPX after ischemia in the intact rat (Ilie et al. 2006). Thus we 

anticipated that the delayed latency to SD onset in the ischemic vs. non-ischemic hemisphere in 

our experiments could be reversed with adenosine A1 receptor antagonism using DPCPX. 
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     DPCPX at 1 µM blocked suppression of synaptic activity after SD in brain slices (Lindquist 

and Shuttleworth 2012). Our pre-treatment of post-ischemic brain slices with 1 µM DPCPX did 

not alter the delayed SD onset or slower propagating wavefront speed in the ischemic 

hemisphere. Therefore this post-ischemic inhibition we observe is not caused by adenosine-

mediated suppression of synaptic activity. Similarly Lindquist and Shuttleworth (2012) found 

that KCl-induced SD duration and propagation speed was not affected by DPCPX in neocortical 

mouse brain slices. SD arising following ischemia occurs at much lower CBF levels than does 

adenosine elevation and synaptic failure (Hossmann 1994). So the SD inhibition we observe in 

the ischemic hemisphere immediately following MCAo is not adenosine-mediated. 

 

The Na+/K+ pump 

     Approximately 40% of the brain’s energy is utilized by Na+/K+ pump to maintain ionic 

homeostasis (Erecinska and Silver 1989; Astrup et al. 1981b). Modelling of SD indicates that a 

deficit of extrusion of [Na+]int. and sequestering of [K+]ext is involved with SD initiation (Kager 

2002; Dreier et al. 2013). In neocortical slices Na+/K+ pump blockade by high dose ouabain (30-

100 µM) induces SD similar to OGD (Jarvis et al. 2001). Like with OGD-SD, there is a similar 

rapid, sustained depolarization (Balestrino et al. 1999; Tanaka et al. 1997; Dietz et al. 2008), a 

propagating SD wavefront of comparable speed (Anderson et al. 2005) and ensuing acute 

neuronal injury (Douglas et al. 2011; Anderson et al. 2005). However, 100 µM ouabain induces 

SD consistently earlier than does OGD (Tanaka et al. 1997; Anderson et al. 2005; Obeidat and 

Andrew 1998). In this study, ouabain-SD onset time and propagation speed were no different in 

the ischemic vs. non-ischemic hemispheres, unlike with OGD-SD where SD was delayed and 

more slowly propagating on the ischemic side. Decreased propagation of SD through brain tissue 
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stimulated by low frequency electrical stimulation was hypothesized to involve increased Na+/K+ 

pump activity (Reddy and Bures 1980). The delayed SD onset and slower SD propagation on the 

ischemic side of post-MCAo brain slices was over-ridden by frank chemical blockade of the 

pump by 100 µM ouabain. 

     In contrast to 100 µM ouabain which inhibits Na+/K+ pump activity, low-concentration 

ouabain increases Na+/K+ pump activity (Gao et al. 2002). Pre-exposure of cultured neurons to 

low-concentration ouabain increased Na+/K+ pump activity and decreased damage after exposure 

to anoxia and glucose deprivation (Oselkin et al. 2010). When we pre-incubated post-ischemic 

slices with a low (1 µM) dose of ouabain prior to OGD, the latency to SD onset between 

hemispheres was not significantly different. The delayed SD onset in the ischemic hemisphere 

was matched by SD onset in the non-ischemic side presumably by enhancement of Na+/K+ pump 

activity with low-concentration ouabain. 

     There is a greater proportion of α3-containing Na+/K+ pumps after simulated (Belliard et al. 

2013) and in vivo ischemia (Schwinger et al. 1999). Considering that this isoform can extrude 

[Na+]int at a much greater rate than α1-containing isoforms (Azarias et al. 2013), increased 

expression of the α3-Na+/K+ pump could be associated with a delayed latency to SD onset. In the 

brainstem, a delayed elevation of [K+]ext. is observed during ischemia (Bures and Buresová 1981) 

as well as a delayed onset of hypoxia-induced SD (Richter et al. 2010) and a greater resistance to 

terminal depolarization after OGD in comparison to higher gray matter (Brisson and Andrew 

2012; Brisson et al. 2013; Brisson et al. 2014). Interestingly, the higher brain displays a greater 

ratio of Na+/K+ pumps with α1-subunits and less α3-subunits as found by data mining the Allen 

Brain Atlas which is confirmed by mRNA and protein expression (Andrew, unpublished). Thus, 
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specific experiments examining post-ischemic modulation of expression and function of the 

Na+/K+ pump and its influence upon SD would be worthwhile and are being addressed. 

     To summarize, we showed in Chapter 2 that brain slices harvested immediately after MCAo 

displayed normal neuronal morphology, synaptic communication and electrophysiology on the 

ischemic and non-ischemic side. A delayed latency to SD onset and slower wavefront 

propagation in the ischemic hemisphere during subsequent OGD of coronal slices was unaffected 

by adenosine A1R inhibition by DPCPX. However, the post-ischemic resistance to SD associated 

with the delayed latency to SD onset and slower wavefront propagation during OGD was over-

ridden when SD was induced by 100 µM ouabain exposure. Pre-incubation of post-ischemic 

brain slices with 1 µM ouabain also eliminated the discrepancy in post-ischemic SD onset 

between the non-ischemic and ischemic hemispheres. 

 

Conclusions 

1) Immediately following 30 minute MCAo and contrary to the expectation that post-ischemic 

gray matter is more susceptible to recurrent SD, there is instead a resistance to SD manifested in 

the ischemic hemisphere both as a delayed SD onset and a slower speed of SD propagation. 

2) This mild resistance to SD is not explained as a detectable difference between hemispheres 

either in the evoked synaptic response or the intrinsic electrophysiolgical properties of single 

pyramidal neurons. Surprisingly, these characteristics appear unchanged in slices harvested 

immediately after a 30 minute MCAo.  

3) The discrepancy in post-ischemic SD between the non-ischemic and ischemic hemispheres is 

a reversible phenomenon affected by ouabain. The possibility of a reversible suppression of SD 

that may involve the Na+/K+ pump is apparent, but requires further investigation. 
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Table 3. Baseline Electrophysiological Properties of Neurons Within ‘Core’ (Parlat) and 
‘Penumbra’ (Parmed) Post-Ischemic Neocortex and Corresponding Areas in the Non-
Ischemic Hemisphere. Action potential width, amplitude and threshold as well as the resting 
membrane potential, whole cell input resistance, time constant and fAHP were not significantly 
different between Parmed and Parlat regions in the ischemic hemisphere and corresponding Parmed 
and Parlat regions in the non-ischemic hemisphere. 

 

 

 

 

 

 

 

                                                                        
 

   Non-Isch Hem                          
(Parlat n =11, Parmed n=5) 

Isch Hem                                  
(Parlat n =10, Parmed n=11 ) 

                  RMP                    Parlat 

                  (mV)                    Parmed 

-71  ± 5.0 -71 ± 9.8 

-74  ± 5.0 -71  ± 3.8 

                     Rin                                 Parlat 

                  (MΩ)                   Parmed 

106 ± 35 110 ± 22 

157 ± 19 115 ± 38 

                   fAHP                   Parlat 

                   (mV)                   Parmed 

9.2  ± 4.0 10.2 ± 4.9 

9.7 ± 2.0 10.2  ± 5.8 

           Width of Action       Parlat 

          Potential (msec)       Parmed 

0.7  ± 0.1 0.74 ± 0.1 

0.7  ± 0.1 0.72 ± 0.2 

          Action Potential       Parlat 

           Amplitude (mV)      Parmed 

83   ± 5.8 83  ± 11 

83   ± 8.5 74   ± 15 

          Action Potential       Parlat 

          Threshold (mV)        Parmed 

-36  ± 2.5 -34 ± 7.3 

-38  ± 3.1 -34  ± 4.9 

                   Tau                     Parlat 

                  (ms)                     Parmed 

15.3± 4.0 16.8 ± 7.5 

18.1± 3.1 14.5 ± 4.8 
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Chapter 5 

General Discussion 

 

5.1 Leao’s Prescient Observations of SD  

     Aristides Leao (1944) originally observed ‘spreading depression of cortical activity’ 

following noxious electrical stimulation of rabbit neocortex (Leão 1944). He related these 

observations to a similar negative slow voltage variation evident following prolonged 

interruption of circulation to the neocortex (Leao 1947). In his pioneering work, Leao presciently 

described a common phenomenon now referred to as ‘spreading depolarization’ (SD) that results 

in a slowly propagating wave (1-8 mm/min) of disrupted ionic homeostasis, membrane 

depolarization, neurotransmitter release as well as cellular swelling and dendritic beading 

(Somjen 2001; Dreier 2011; Hartings et al. 2017). These parameters are all similarly affected in a 

continuum from abrupt, non-damaging spreading depression events with rapid recovery in 

normal brain to prolonged or terminal depolarization in severely ischemic and metabolically 

compromised brain tissue (Hartings et al. 2017). Despite the fact that SD is observed within 

minutes of focal ischemia onset and is strongly correlated with infarct expansion in rodents and 

patients, no clinical investigation has attempted to attenuate SD in order to improve clinical 

outcome. Instead trials have targeted excitotoxicity, inflammation, antioxidants or thrombolysis. 

Thrombolysis is one of only two clinically-approved therapies (O’Collins et al. 2006), in 

addition to thrombectomy (Jovin et al. 2015; van den Berg et al. 2017). Difficulty in translating 

experimental investigations to clinical therapies is partly because we do not understand the 

fundamental cause of SD and how to prevent its recurrence after stroke or trauma. 
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     By superfusing brain slices harvested after MCAo with either elevated [glu]ext, elevated 

[K+]ext or OGD saline solutions we were able to observe the response of the post-ischemic brain 

to further metabolic stress in the absence of temperature and CBF fluctuations. When [glu]ext, 

[K+]ext, and OGD saline solutions were superfused onto post-ischemic brain slices, we observed 

an attenuated swelling, decreased incidence of SD and a delayed SD onset in the post-ischemic 

brain. Considering that intact synaptic communication, intrinsic electrophysiology and 

morphology were displayed by pyramidal neurons in brain slices harvested immediately after 

MCAo, the post-ischemic brain could be resistant to SD. However, most of these neurons are 

irretrievably swollen or necrotic when we image them 12 hours later. Furthermore, in response to 

OGD, these regions display attenuated swelling and a reduced ability to generate SD, reflecting 

this injury and electrical silence. This dramatic infarction proceeds during the first 12 hours 

despite reperfusion immediately following the 30-minute MCAo. These findings highlight the 

importance of examining SD and the infarct maturation immediately and within the ensuing 12 

hours after ischemia 

    Post-ischemic SD, synaptic communication and single neuron electrophysiology were studied 

and comprise this thesis. By observing SD in post-MCAo brain slices i) the precise site of 

ignition was localized, ii) the ensuing SD propagation was mapped with good spatial and 

temporal resolution and iii) tissue damage was identified following the wake of SD propagation, 

similar to experiments using non-ischemic neocortical slices (Obeidat and Andrew 1998) but 

with greater resolution than digitized coronal images captured during in vivo ischemia (Busch et 

al. 1996). 
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5.2 Post-Ischemic Electrophysiology 

     Few studies have examined changes in synaptic communication and single cell 

electrophysiology in the post-ischemic brain. In brain slices harvested immediately after MCAo, 

we found that synaptic communication in neocortical layers II-III was intact, supported by the 

normal neuronal morphology observed in our Golgi-Cox preparations. Passive single cell 

electrophysiological properties of post-ischemic layer II/III neocortical pyramidal neurons 

(resting membrane potential, input resistance, time constant) were similar to the non-ischemic 

hemisphere. The duration, amplitude and threshold of action potentials were also similar in 

cortical layer II/III pyramidal neurons within the ischemic and non-ischemic hemispheres. The 

fast afterhyperpolarization following action potentials and the time constant of the membrane 

potential as it decayed to the resting potential following action potential trains were also similar 

in ischemic and non-ischemic neocortical LII/III pyramidal neurons. These observations are 

comparable to the intact single cell electrophysiology observed in hippocampal CA1 pyramidal 

neurons 5 hours following global ischemia (Gao et al. 1998; Gao et al. 1999). The threshold, 

amplitude, and width of action potentials as well as the time (decay) constant following an action 

potential train in post-ischemic brain slices were also similar to regular-spiking neocortical 

pyramidal neurons in control animals from other studies (McCormick et al. 1985; Silva et al. 

1991). 

     A striking finding of this thesis is that the brain areas known to be affected by MCAo appear 

surprisingly healthy immediately following 30 minutes of ischemia, yet the same region is 

devastated after 12 hours of reperfusion. Synaptic communication is absent in the ischemic 

territory of brain slices harvested 12 hours after MCAo. There is extensive morphological 

damage throughout the ischemic infarct as well. Yet the few neurons that can be recorded within 
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the ischemic core in these brain slices show essentially normal electrophysiological properties. 

Our Golgi-Cox staining confirmed that these neurons indeed appeared uninjured despite being 

surrounded by severely necrotic neurons. We have not captured the timepoint where injury 

occurs and it undoubtedly varies across the stressed region. These observations raise two 

important questions. First what is special about these surviving neurons? Second, do they 

continue to survive and, if so, for how long?  The loss of the majority of neurons in the infarct 

core certainly explains the inability of the core region to support SD when the 12 hour post-

MCAo tissue is sliced. However, the decreased incidence and delayed onset of SD in brain slices 

harvested immediately after MCAo in our experiments is not easily explained. By superfusing 

post-ischemic brain slices with elevated extracelluar glutamate, [K+]ext or oxygen-and-glucose 

deprivation (OGD) aCSF, we were able to assess differences in swelling and SD between the 

non-ischemic and post-ischemic brain immediately and 12 hours after arterial occlusion and 

reperfusion.  

 

5.3 Elevated [K+]ext, [glu]ext and Oxygen/Glucose Deprivation in the Post-Ischemic Brain 

      Elevated [glu]ext , elevated [K+]ext  and CBF reduction occur following ischemia (Nedergaard 

and Hansen 1993; Shimada et al. 1990; Folbergrová et al. 1992; Obrenovitch et al. 1988; Satoh 

et al. 1999; Sciotti et al. 1992). Elevated [glu]ext arises along with SD (Zhou et al. 2013), but 

does not induce it (Jarvis et al. 2001). Elevated [K+]ext triggers non-damaging SD (Nedergaard 

and Hansen 1988; Dietz et al. 2008; Jarvis et al. 2001; Anderson and Andrew 2002; Zhou et al. 

2013). Initial conditions that arise within the ischemic core are simulated in the brain slice by 

depriving neocortical slices of oxygen and glucose. Within minutes of OGD superfusion of 

neocortical brain slices, a propagating wave of SD occurs with dendritic beading following in its 
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wake (Anderson et al. 2005; Andrew et al. 2007), similar to in vivo observations during 

photothrombotic ischemia (Murphy et al. 2008). The post-ischemic brain displays time-

dependent variability in SD incidence and tissue damage in vivo (Hartings et al. 2003). By 

harvesting brain slices immediately and 12 hours following MCAo the response of the post-

ischemic brain to elevated [glu]ext, elevated [K+]ext or OGD were assessed in real-time with high 

spatial resolution in our experiments. 

     When 500 µM glutamate saline was superfused onto brain slices harvested immediately or 12 

hours following MCAo, the ischemic hemisphere displayed a lower incidence of glutamate-

induced swelling than the contralateral non-ischemic hemisphere. In other studies, 10 mM 

glutamate aCSF superfusion precipitated tissue swelling but not SD in hippocampal slices 

(Obeidat and Andrew 1998). In contrast in the current study, brain slices harvested immediately 

after MCAo display a decreased incidence of glutamate-induced swelling in the ischemic 

hemisphere during 500 µM glutamate saline superfusion. Considering that an increased 

expression of glutamate transporters has been previously observed in the post-ischemic brain 

(Zhang et al. 2010), an increased uptake of [glu]ext in post-ischemic neocortical brain slices is 

possible. 

     When 9.6mM [K+]ext was superfused onto brain slices harvested immediately following 

MCAo, the ischemic hemisphere displayed a lower incidence of SDK+ than the contralateral non-

ischemic hemisphere. In studies by others, the latency to OGD-induced SD onset was accelerated 

by superfusing neocortical brain slices with 9.7mM [K+]ext saline (Tanaka et al. 1997). A ceiling 

threshold of ~10 mM [K+]ext is observed prior to SD eruption in non-ischemic and post-ischemic 

brain tissue (Heinemann and Lux 1977; Nedergaard and Hansen 1993; Hansen 1985). However, 

a delayed profile of [K+]ext elevation is evident during ischemia (Nedergaard and Hansen 1993). 
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Thus, a decreased propensity of elevated [K+]ext to ‘trigger’ SD is evident after ischemia in the 

intact animal and in post-MCAo brain slices.  

     The ischemic hemisphere of brain slices harvested 12 hours following MCAo also displayed 

less tissue swelling during 500 µM [glu]ext and decreased incidence of SD during 9.6 mM [K+]ext 

saline superfusion, respectively. There was obvious damage in the ischemic hemisphere in 

Golgi-stained brain sections at 12 hours following ischemia and reperfusion. Synaptic 

communication was absent in the ischemic hemisphere of brain slices harvested 12 hours 

following MCAo. Thus, the failure of the ischemic hemisphere to elicit [glu]ext-induced swelling 

or SDK+ at the later timepoint was likely a result of unresponsiveness of infarcted brain. During 

9.6 mM [K+]ext saline superfusion, SD was evident in brain regions peripheral to the infarcted 

neocortex supplied by the unoccluded anterior cerebral artery. However, these SD events 

originated within the contralateral non-ischemic hemisphere and propagated across the 

longitudinal suture along the surface of the coronal brain slice and into the ischemic hemisphere, 

which does not occur in the intact brain during ischemia in vivo (Nedergaard and Hansen 1993). 

Therefore, an infarcted ischemic ‘core’ with a decreased propensity to tissue swelling and SD 

events was juxtaposed next to a medial ‘penumbra’ that could sustain SDK+ in neocortical brain 

slices harvested 12 hours following 30 minute MCAo. 

5.4 Delayed SD Onset and Decreased Incidence of Post-Ischemic SD 

    Superfusion of OGD saline onto neocortical brain slices is a more potent stimulus initiating 

and sustaining SD than elevated [K+]ext saline. Following individual or successive waves of SDK+ 

initiated by elevated [K+]ext saline superfusion, neuronal morphology and synaptic 

communication remain intact (Anderson and Andrew 2002; Dietz et al. 2008; Andrew et al. 

2007). In contrast, superfusion of neocortical brain slices with OGD results in terminal 
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depolarization of neurons, cessation of synaptic communication and evidence of neuronal 

damage (Anderson et al. 2005; Douglas et al. 2011; Brisson and Andrew 2012). OGD-induced 

SD results in terminal depolarization of neurons (Brisson and Andrew 2012) similar to SD events 

in the ischemic ‘core’ (Koroleva and Bures 1996; Nallet et al. 1999; Dijkhuizen et al. 1999). In 

contrast, SDK+ can be induced without adverse effects upon synaptic communication or neuronal 

morphology (Anderson and Andrew 2002; Andrew et al. 2007) similar to SD propagating 

through non-ischemic neocortex in the intact animal (Nedergaard and Hansen 1988). When brain 

slices harvested immediately after MCAo were superfused with OGD saline, an SD event 

occurred in every brain slice. In contrast, OGD-SD was observed in the ischemic hemisphere of 

only 45% of brain slices harvested 12 hours following MCAo. This finding confirmed our 

previous observations of less responsive brain tissue at 12 hours following ischemia corresponds 

with infarction.  

     In contrast, OGD-induced SD occurred in the ischemic hemisphere of every brain slice 

harvested immediately following MCAo. OGD-induced SD also consistently occurred later in 

the ischemic hemisphere of brain slices harvested immediately following MCAo. Although SD 

spontaneously erupts with a high incidence in the initial 1-2 hours following ischemia, there is an 

abrupt decline of SD incidence in the 4-6 hours thereafter (Dijkhuizen et al. 1999; Koroleva and 

Bures 1996; Back et al. 1996; Hartings et al. 2003). This decline in SD has been hypothesized to 

involve an active suppression by post-ischemic brain tissue (Nallet et al. 1999). The delayed 

latency to SD onset we observed in the intact immediate post-ischemic brain could be supportive 

of an ‘adaptive mechanism of the post-ischemic tissue to limit or prevent further depolarizations’ 

suggested by Nallet and colleagues (1999).  
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     SD erupting near the ischemic core results in terminal depolarization (Koroleva and Bures 

1996; Nallet et al. 1999; Dijkhuizen et al. 1999). Terminal depolarization of neurons and failure 

of synaptic communication also occurs after OGD-SD in neocortical brain slices (Anderson et al. 

2005; Douglas et al. 2011; Brisson and Andrew 2012). However, when drugs delay the latency to 

OGD-SD onset in rat neocortical brain slices, the likelihood of recovery of synaptic 

communication increases (Anderson et al. 2005; Douglas et al. 2011). The two drugs that most 

effectively delay SD onset and increase the likelihood of synaptic recovery are dibucaine and 

carbetapentane (Anderson et al. 2005; Douglas et al. 2011). SD onset was delayed in both 

ischemic and non-ischemic hemispheres in post-ischemic brain slices pre-incubated with 

carbetapentane or dibucaine. Thus, these two drugs also delay SD in the post-ischemic brain. In 

previous studies carbetapentane decreased episodic hypoperfusion that follows SD events 

following MCAo (Shin et al. 2006) and dibucaine decreased dendritic damage after 

photothrombosis-induced ischemia (Risher et al. 2011). We add to these findings by 

demonstrating that CP and DB delay SD onset in neocortical brain slices harvested immediately 

after MCAo.  

     The incidence of SD and infarct expansion vary over time following focal cerebral ischemia. 

A 25% incidence of spontaneous SD is observed after ischemia in vivo (Takano et al. 1996), 

comparable to the 25% incidence of spontaneous SD we observed in slices harvested 

immediately post-MCAo. High SD incidence immediately after ischemia is correlated with 

larger infarct volumes (Mies et al. 1994). Furthermore, a later secondary phase of increased SD 

correlates with infarct expansion approximately 12 hours following ischemia, regardless of 

reperfusion (Hartings et al. 2003). We observed mainly necrotic brain tissue in brain slices 

harvested 12 hours post-MCAo with disrupted synaptic communication. We did not observe an 
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increased incidence or propensity to SD initiation in response to further metabolic stress at this 

later time point in tissue near the core. One likely explanation for this discrepancy is that our 

ischemic gray matter, being in sliced form, is less synaptically connected to surrounding non-

stroked tissue. Another explanation is that CBF fluctuations inherent in the reperfused post-

ischemic brain (Shin et al. 2006; von Bornstädt et al. 2015) are lacking in post-MCAo brain 

slices. As CBF vacillates in vivo, the blood flow threshold associated with disruption of ion 

homeostasis and SD (Astrup et al. 1981a; Hossmann 1994) is likely triggered. Although SD 

normally erupts first in neurons (Zhou et al. 2010) followed by a glial response and vascular 

fluctuations thereafter (Chuquet et al. 2007), post-ischemic CBF fluctuations in the post-

ischemic brain are likely a contributing factor to multiphasic episodes of SD and infarct 

expansion.  

     Given that SD results from a failure or overwhelming of the Na+/K+ pump, it is an obvious 

but neglected drug target candidate of SD suppression through altered expression or function. 

This transporter restores the membrane gradient following action potentials and is the key 

determinant in membrane potential maintenance during seizure and ischemia (Dreier et al. 2013). 

Inhibition of the Na+/K+ pump with 30-100 µM ouabain in neocortical slices produces a 

propagating SD-like wavefront similar to OGD (Brisson et al. 2012; Dietz et al. 2008; Anderson 

et al. 2005; Tanaka et al. 1997). However SD onset occurs earlier with ouabain than OGD 

(Tanaka et al. 1997; Anderson et al. 2005). Furthermore, ouabain inhibits the Na+/K+ pump at a 

high-concentration but increases pump activity at lower concentrations (Gao et al. 2002). We 

found that the normally delayed OGD-SD onset and the slower speed of the SD wavefront were 

nullified when SD was initiated by 100 µM ouabain in the ischemic hemisphere. Furthermore, 

the discrepancy of the latency to OGD-SD onset between the ischemic and non-ischemic 
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hemisphere was nullified when post-ischemic neocortical brain slices were pre-incubated with 

low-dose (1 µM) ouabain. A large depolarizing inward current (i.e., SD) is induced by high-

concentration ouabain and a small net hyperpolarizing outward current is evoked by low-

concentration ouabain (Gao et al. 2002). Modulation of the Na+/K+ pump with high and low dose 

ouabain eliminated the discrepancy of SD onset between the ischemic and non-ischemic 

hemispheres. However, we did not establish clear evidence of altered post-ischemic Na+/K+ 

pump expression or function causing the delayed latency to SD onset in the ischemic 

hemisphere. A more accurate description of our observations is that the discrepancy in post-

ischemic SD between the non-ischemic and ischemic hemispheres is a reversible phenomenon 

affected by ouabain. Whether differences in pump isoform expression underlies these regional 

differences is under study in the Andrew lab.  

 

5.5 Conclusions 

     Overall, this thesis emphasizes the importance of further investigation into the mechanism of 

SD initiation and infarct maturation over the initial 12 hours following ischemia. We found that 

infarction proceeds in the initial 12 hours following ischemia despite reperfusion after 30 

minutes of middle cerebral artery occlusion. This infarction occurs despite initial observation of 

intact single cell electrophysiology, synaptic communication and single cell electrophysiology in 

brain regions known to be affected by the occluded middle cerebral artery. In this thesis we also 

showed that carbetapentane and dibucaine delay SD onset in post-ischemic neocortical brain 

slices similar to their effects upon non-ischemic neocortical brain slices in other studies 

(Anderson et al. 2005). The Andrew lab is examining if these two drugs work directly on 

stimulating or preserving the function of the Na+/K+ pump. A decreased propensity to SD and 
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swelling in the ischemic hemisphere occurred when post-MCAo brain slices were superfused 

with elevated [K+]ext, elevated [glu]ext or oxygen and glucose deprivation. This novel finding is 

somewhat counterintuitive to the increased incidence of SD observed along with elevated [K+]ext 

and [glu]ext 1-2 hours following ischemia (Nedergaard and Hansen 1993; Shimada et al. 1990; 

Sciotti et al. 1992). However, the incidence of SD in the post-ischemic brain abruptly declines 

after an initial 1-2 hours in peak SD incidence (Dijkhuizen et al. 1999; Koroleva and Bures 1996; 

Back et al. 1996; Hartings et al. 2003). This decline in post-ischemic SD for 4-6 hours was 

hypothesized by others to involve a post-ischemic suppression of SD (Nallet et al. 1999). Our 

findings of a decreased propensity to SD and swelling in response to further metabolic stress in 

the intact brain 1-5 hours following ischemia support this hypothesis. In conclusion, the 

investigation and cessation of post-ischemic SD over extended time periods are worthy of future 

investigation. 

 

5.6 Strengths and Limitations of this Study 

     We have already discussed the variability of CBF and its effects upon SD in the intact post-

ischemic brain which are reduced by harvesting brain slices after MCAo. Temperature variability 

also arises after focal cerebral ischemia. Following MCAo, core body temperature declines and 

renders the brain hypothermic (Barber et al. 2004). When core temperature is maintained in the 

normothermic range, the variability of the infarct volume  declines (Barber et al. 2004). 

Hypothermia induced during ischemia also results in a delayed latency to SD onset and a slower 

propagating wavefront speed (Chen et al. 1993; Sasaki et al. 2009). As well, hypothermia 

decreases OGD-induced SD incidence and damage in neocortical brain slices (Obeidat and 

Andrew 1998; Obeidat et al. 2000). Controlling temperature during focal cerebral ischemia and 
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superfusion of brain slices with experimental aCSF imparts less experimental variability when 

monitoring SD in the post-ischemic brain.  

     There are some limitations to the brain slice technique. Neocortical brain slices harvested 

following MCAo and incubated in oxygenated aCSF results in partial restoration of glucose and 

oxygen to ischemic gray matter and does not reproduce in vivo reperfusion. However, infarct 

maturation proceeds during the 12 hours following MCAo despite reperfusion (Hartings et al. 

2003), as evident in brain slices harvested 12 hours after MCAo. Although post-ischemic brain 

slices cannot replicate in vivo ischemia/reperfusion, insight into infarct maturation during 

isolated time windows is possible by harvesting brain slices at specific timepoints following 

MCAo. With the brain slice technique, gross perturbations of ions and metabolites observed after 

ischemia (Hansen and Zeuthen 1981; Obrenovitch et al. 1988) are not replicated. However, the 

response of the post-ischemic brain to isolated metabolic stressors and initiators of SD are 

facilitated by superfusing neocortical brain slices with specific experimental saline solutions. 

   Another limitation of cerebral brain slices is the inability to observe SD initiation and 

propagation across the surface topography of neocortex as commonly imaged in vivo. However, 

by observing the initiation and propagation of SD in post-MCAo brain slices we are able to 

quantify the speed of the propagating SD wavefront and latency to SD onset as well as the 

specific stereotaxic co-ordinates of the SD initiation site. Previous in vivo studies that observed 

post-ischemic SD in the coronal plane used digitally-reconstructed images with low resolution 

(Busch et al. 1996). Experimenting upon post-MCAo brain slices enables observation of time-

dependent infarct maturation as well as any post-ischemic suppression of activity or resistance to 

be interrogated in experiments with controlled variables.  
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    Although spreading depolarization is only one of many post-stroke pathogenic mechanisms, it 

is an ideal therapeutic target because it occurs within minutes after ischemia onset and declines 

over the following 24 hrs. During the initial acute phase of ischemia many molecular targets for 

therapy mediate injury, but these same mechanisms contribute to neurovascular remodelling and 

neuroplasticity soon thereafter (Lo 2008; Tymianski 2011). SD occurs in the initial minutes 

following ischemia, abruptly declines after 2 hours and then occurs sporadically thereafter. These 

properties of post-ischemic SD are ideal for therapeutic intervention that minimizes interference 

with the ‘injury-to-repair’ transition that has not been considered in stroke therapy in previous 

decades (Lo 2008). Other deleterious post-stroke cascades involve feedback loops that increase 

intracellular calcium and reactive oxygen species which lead to mitochondrial membrane 

disruption and neuronal death (Tymianksi 2011). We have not monitored these other important 

aspects of ischemic core deterioration, as well as astrocyte reactivity, alteration of the blood-

brain barrier, infiltration of blood cells and the response of microglia. Each of these aspects 

could be studied in future experiments using the MCAo cerebral slice technique.  

 

5.7 Future Directions 

     This thesis has provided impetus to further examine the fate of the ischemic core as it evolves 

during 24 and 72 hours post-ischemia. Despite the devastating damage to most neurons in the 12 

hour infarct there are single pyramidal neurons embedded throughout the infarct that appear 

morphologically and electrophysiologically intact. This is an important finding that will be 

followed up in the Andrew and Jin laboratories. As noted earlier, what properties do these 

neurons possess that allows them to resist injury while their neighbours die?  One explanation 

that our laboratories will pursue is that these neurons express more of the protective α3 pump 
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isoform than their α1-expressing neighbours. This question is being examined by using pump 

isoform antibodies to immunohistochemically stain the surviving neurons. More accurately, laser 

capture microscopy can be employed to literally cut out single neurons in section and analyse 

their isoform expression. Does this selective survival continue past 12 hours post-ischemia? This 

will be answered in the future by extending the survival times of post-MCAo mice to 24 and 72 

hours.  

     Investigations are currently underway in the Andrew and Jin labs examining both mRNA 

expression and protein expression of the Na+/K+ pump isoforms 11 and 13. As follow-up to 

the findings in this thesis, these studies will be documenting regional changes in mRNA and 

protein expression of these isoforms in both ischemic and non-ischemic hemispheres at 12, 24 

and 72 hours to observe if and where there are increases in the more `stroke-resistant` isoform 

13. Moreover simultaneous measures of isoform protein translation are being carried out. 

    This thesis further demonstrates the early recovery of synaptic communication and intrinsic 

electrophysiology by post-ischemic neocortical pyramidal neurons, supported by our finding that 

morphological damage to neurons appear minimal after 30 minutes of focal stroke. Yet brain 

slices harvested after 12 hours of reperfusion following focal cerebral ischemia display a large 

infarct of necrotic neurons and swollen/beaded neurons devoid of synaptic communication. Not 

surprisingly, there were few intact neurons with normal electrophysiology and intact morphology 

within this infarcted region. Our discovery of even a few surviving pyramidal neurons scattered 

through the MCAo infarct 12 hours post-stroke has sparked interest in a more detailed study of 

these neurons to determine if they continue to maintain their viability at later survival times of 24 

and 72 hours. If the neurons continue to survive, we will use laser capture microscopy to start to 
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characterize, for example, the single-cell expression of the pump isoforms by these resilient 

neurons. 
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