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Abstract 

Pyramidal neurons (PyNs) in ‘higher’ brain are highly susceptible to acute stroke injury yet 

‘lower’ brain regions better survive global ischemia, presumably because of better residual blood flow. 

Here we show that projection neurons in ‘lower’ brain regions of hypothalamus and brainstem 

intrinsically resist acute stroke-like injury independent of blood flow in the brain slice. In contrast 

`higher` projection neurons in neocortex, hippocampus, striatum and thalamus are highly susceptible. In 

live brain slices from rat deprived of oxygen and glucose (OGD), we imaged anoxic depolarization (AD) 

as it propagates through these regions. AD, the initial electrophysiological event of stroke, is a 

depolarizing front that drains residual energy in compromised gray matter. The extent of AD reliably 

determines ensuing damage in higher brain, but using whole-cell recordings we found that all CNS 

neurons do not generate a robust AD.  Higher neurons generate strong AD and show no functional 

recovery in contrast to neurons in hypothalamus and brainstem that generate a weak and gradual AD.  

Most dramatically, lower neurons recover their membrane potential, input resistance and spike amplitude 

when oxygen and glucose is restored, while higher neurons do not. Following OGD, new recordings 

could be acquired in all lower (but not higher) brain regions, with some neurons even withstanding 

multiple OGD exposure. Two-photon laser scanning microscopy confirmed neuroprotection in lower, but 

not higher gray matter.  Specifically pyramidal neurons swell and lose their dendritic spines post-OGD, 

whereas neurons in hypothalamus and brainstem display no such injury.  Exposure to the Na
+
/K

+
 ATPase 

inhibitor ouabain (100 µM), induces depolarization similar to OGD in all cell types tested. Moreover, 

elevated [K
+
]o evokes spreading depression (SD), a milder version of AD, in higher brain but not 

hypothalamus or brainstem so weak AD correlates with the inability to generate SD. 

In summary, overriding the Na
+
/K

+
 pump using OGD, ouabain or elevated [K

+
]o evokes steep and 

robust depolarization of higher gray matter. We show that this important regional difference can be 

largely accounted for by the intrinsic properties of the resident neurons and that Na
+
/K

+
 ATPase pump 

efficiency is a major determining factor generating strong or weak spreading depolarizations.  
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Chapter 1 

Introduction 

1.1 Current Outlook on Stroke  

 According to the Heart and Stroke Foundation of Canada, stroke is the third leading 

cause of death, with over 50, 000 new strokes occurring each year and a mortality rate of ~ 15 %. 

An estimated 300, 000 Canadians are living with the effects of stroke, which costs the Canadian 

economy $3.6 billion per year. Approximately 80 % of strokes are ischemic, resulting from an 

interruption of blood flow to the brain, while the remaining 20 % are hemorrhagic. Currently the 

only effective treatment for ischemic stroke is tissue-plasminogen activator (TPA), a `clot-

buster` which has a narrow therapeutic window of 3-4 hours following stroke onset (Morris et 

al., 2001). TPA is counter-productive for treating hemorrhagic stroke. For every minute delay in 

stroke treatment, the average patient losses 1.9 million brain cells (Saver, 2006) so early 

intervention is essential. Identifying brain regions that are more resilient to ischemia may help 

elucidate mechanisms involved in acute stroke and provide new therapeutic targets aimed at 

preserving those regions that show selective vulnerability. 

 At the cellular level, most stroke research has concentrated on the malfunction of 

neurotransmitters, ion channels or exchangers in promoting neuronal depolarization and 

deterioration. Surprisingly, the key event leading to both of these events, failure of the Na
+
/K

+
 

ATPase pump, has been almost completely ignored experimentally. This is primarily because 

pump failure is perceived as too early of an event in stroke to pharmacologically alter. As such, 
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specific inhibitors or stimulators of the different Na
+
/K

+
 pump isoforms have not beed 

developed.   

1.2 Selective Regional Vulnerability to Stroke 

 The majority of stroke research has focused on the cerebral cortex (neocortex and 

hippocampal formation). These ‘higher’ brain regions along with striatum, cerebellar cortex and 

thalamus show selective vulnerability to ischemia both in vivo (Pulsinelli et al., 1982; Kawai et 

al., 1992) and in live brain slices (Anderson et al., 2005; Pisani et al., 2004; Jarvis et al., 2001; 

Tanaka et al., 2002; Jiang et al., 1992; White et al., 2012; Calabresi et al., 2000). Following 

global ischemia in dog, these regions show susceptibility to injury, while little or no damage is 

observed in brainstem, despite similar reductions in blood flow (Sieber et al., 1995). We have 

recently reported that MNCs resist acute injury in hypothalamic brain slices during in vitro 

ischemia compared to vulnerable pyramidal neurons in neocortex (Brisson and Andrew, 2012). 

These results are consistent with the suggestion of a rostral versus caudal deterioration of brain 

function during global ischemia, where cerebral cortical function is lost before brainstem 

(Aminoff, 2008).  In turn upper brainstem reflexes such as the pupillary light reflex are lost 

before spontaneous respiratory efforts in lower brainstem centers of the medulla. Moreover, 

acute failure of forebrain with preservation of brainstem function is a common clinical condition 

following global ischemia as seen during cardiopulmonary arrest (Aminoff, 2008; Wytrzes et al., 

1989). In a patient presenting with this condition, multimodal EEG potentials could not be 

evoked in cerebral cortex and widespread damage was observed throughout the cerebrum 
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including thalamus and cerebellum upon histological examination.  In contrast, brainstem 

reflexes were preserved and no histological damage was reported (Wytrzes et al., 1989).  

Selective loss of cortical function was also observed during syncope induced by ocular 

compression (Gastaut and Fischer-Williams, 1957). In these patients, loss of consciousness was 

accompanied by cardiac arrest and flat-lining of the EEG followed by decerebrate posturing, 

indicating preservation of brainstem function (vestibular nuclear complex) and loss of cerebral 

inhibition. Although syncope has many causes, reflexive or vasovagal syncope mediated by 

brainstem is the most common in response to cerebral ischemia (Folino, 2007; Brenner, 1997). 

Loss of consciousness and inhibition of cortical function during syncope results from inhibition 

of the reticular activating system in brainstem (Folino, 2007). It is thought to be a protective 

mechanism in response to reduced blood flow to brain, allowing re-flow in the supine position 

(Diehl, 2005; Levi, 2005). Indeed syncope is highly conserved across mammalian species in 

response to hemorrhage and cerebral ischemia (Diehl, 2005). Moreover, in the absence of 

structural damage or bleeding, brain function can return in the same time frame as it takes for 

cerebral tissue to recover from spreading depression (below) (Somjen, 2001; Lauritzen et al. 

2011, Dreier, 2011). Regardless of mechanism, inhibition of cerebral function is the brain’s 

default strategy at dealing with cerebral ischemia or trauma to get the subject supine and not 

attracting attention of enemies or preditors (Levi, 2005). The response of cerebral neurons to 

ischemia or brain trauma is a rapid and near-complete depolarization of membrane potential 

(below), which further serves to immediately shut down cerebral function by electrically 

silencing brain tissue (Brisson and Andrew, 2012; Shaw, 2002). At the same time it would seem 
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prudent to avoid `shutdown` of the brainstem to preserve of vital cardiac respiratory and 

autonomic functions. 

1.3 Spreading Depression 

Spreading depression (SD), originally described by Leão (1944), is a robust wave of 

electrical depolarization to zero millivolts that propagates across gray matter at 2 - 5 mm/min, 

completely depolarizing neurons and glia in its wake and electrically silencing the tissue. SD has 

been well documented in ‘higher’ brain regions of mammals (Leão, 1944; Van Harreveld et al., 

1956; Anderson and Andrew, 2002), but does not occur in adult brainstem (Richter et al., 2008) 

or hypothalamus (Brisson and Andrew, 2012). SD can be initiated in response to a number of 

stimuli including electrical stimulation, mechanical deformation, KCl, hypoxia, Na
+
/K

+
 ATPase 

pump inhibitors and simulated ischemia (see Somjen, 2001 for review). Depression of neuronal 

activity during so-called ‘normal’ SD is usually brief (~1 minute) resulting in complete recovery 

of neuronal tissue accompanied by an increase in regional cerebral blood flow (rCBF) termed 

hyperemia (Dreier, 2011). Importantly, SD generates the migraine aura, usually a transient 

marching sensory deficit that may cause migraine pain but is not normally associated with 

neuronal injury (Dreier, 2011). 
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1.4 Anoxic Depolarization, Inverse Neurovascular Coupling and Peri-infarct 

Depolarizations 

Like SD, ischemic or anoxic depolarization (AD) is a spreading wave of depolarization 

that propagates across brain tissue at 2-4 mm/min, but differs from SD in severity of metabolic 

inhibition and tissue damage, where neurons swell and dendrites bead within a minute or so in 

slices (Andrew et al., 2007) and in vivo (Murphy et al., 2008). AD is characterized as a sudden 

and profound loss of membrane potential caused by failure of the Na
+
/K

+
 ATPase pump and 

represents the most reliable determinant of ensuing brain damage in stroke (Kaminogo et al., 

1998). AD manifests in response to OGD, ischemia or head trauma (Lauritzen et al., 2011; 

Dreier, 2011; Jarvis et al., 2001; Anderson et al., 2005; Murphy et al., 2008). Unlike SD 

however, AD cannot be blocked by glutamate antagonists in vivo (Lauritzen and Hansen, 1992; 

Murphy et al., 2008). AD is a large non-specific cation conductance that can only be blocked 

with a ‘cocktail’ of ion channel/exchanger inhibitors (Muller and Somjen, 1998; Muller and 

Somjen, 2000; Rossi et al., 2000).   

If depolarization is prolonged, as in brain slices (> 6 min), regions of neocortex, 

hippocampus, striatum and cerebellum do not recover, undergoing irreversible membrane 

changes with complete loss of evoked field potentials (White et al., 2012; Tanaka et al., 1997; 

Calabresi et al., 2000; Anderson et al., 2005). This period of prolonged or ‘terminal 

depolarization’ is accompanied by reduced rCBF and vasoconstriction of local blood vessels, 

termed inverse neurovascular coupling (INC) (Dreier, 2011). This paradoxical vasoconstriction 

is thought to exacerbate neuronal injury, preventing return of vital oxygen and glucose to 
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compromised brain tissue (Dreier, 2011). INC is particularly detrimental in the penumbra, where 

peri-infarct depolarizations (PIDs) recur in the days following TBI or stroke injury, expanding 

the infarct core (Nakamura, 2010; Dreier, 2011). In contrast healthy tissue outside of the peri-

infarct region undergoes ‘normal’ SD and hyperemia, suggesting a potential beneficial role for 

SD (Nakamura, 2010). Indeed, exposing cortex to previous SD reduces infarct volume following 

subsequent focal ischemia (Kawahara et al., 1995; Kobayashi et al., 1995; Matsushima et al., 

1998; Yanamoto et al., 1998). In addition, a recent study has shown that PIDs are not random, 

but cycle around the lesion, which may up-regulate processes involved in repair and remodeling 

(Nakamura, 2010). Moreover, SD-like events that closely resemble cortical SD, cause heat-

induced coma in the locust and may function to conserve energy and prevent death from 

overheating (Rodgers et al., 2010). 

 

1.5 Intrinsic Properties of ‘Higher’ Brain Neurons and Response to Metabolic Challenge  

 

1.5.1 Neocortex 

 Pyramidal neurons (PyNs) are the output neurons of the neocortex and can be 

characterized morphologically based on their triangular shape and prominent apical dendrite 

(Larkman and Mason, 1990). Electrophysiologically, PyNs in neocortical layer V can be further 

characterized into bursting and regular firing neurons (Schubert et al., 2006). PyNs of neocortex 

and hippocampus have been the prototypical neurons studied in terms of stroke damage both in 
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vivo (Murphy et al., 2008; Koroleva et al., 2000; Dijkhuizen et al., 1999; Memezawa et al., 

1992) and in live brain slices (Anderson et al., 2005; Jarvis et al., 2001; Tanaka et al., 2002; 

Jiang et al., 1992; White et al., 2012). Within ~ 2 minutes of stroke onset, neurons and glia 

depolarize and support a strong AD in neocortical brain slices (Anderson et al., 2005) and in vivo 

(Murphy et al., 2008). Whole-cell recordings of PyNs during in vitro ischemia confirm a robust 

AD in the single PyN with no recovery if OGD is 10 minutes or more (Brisson and Andrew, 

2012). 

1.5.2 Hippocampus 

 The pyramidal cell layer of the hippocampus is divided into fields CA1-4 (Piskorowski 

and Chevaleyre, 2012). CA1 has been the most extensively studied and is among the most 

vulnerable brain regions to ischemia (Pulsinelli et al., 1982; Kawai et al., 1992). As in neocortex, 

PyNs can be distinguished by their shape and apical dendrite (Piskorowski and Chevaleyre, 

2012). Physiologically, CA1 pyramidal neurons are implicated in memory processes and spatial 

coding (Staff et al., 2000). In response to in vitro ischemia in rat brain slices, CA1 PyNs undergo 

a rapid AD, which is irreversible (Tanaka et al., 1997) unless oxygen and glucose is immediately 

returned to the slice before 10 minutes of OGD (White et al., 2012).   

1.5.3 Neostriatum 

 The majority of neurons in the neostriatum are medium-sized spiny projection neurons (~ 

95%), which are GABAergic and represent the only output of the striatum (Ibáñez-Sandoval et 

al., 2010). Neostriatum, the hippocampal CA1 field and neocortical layers 3, 5 and 6 are 
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particularly vulnerable to ischemia (Pulsinelli et al., 1982; Kawai et al., 1992).  Whole-cell 

recordings of neostriatal projection neurons in rat brain slices show irreversible loss of field 

potentials and membrane potential changes in response to 10 minutes of oxygen glucose 

deprivation (OGD) (Calabresi et al., 2000). In contrast, membrane potential changes are fully 

reversible if OGD durations are less than 6 minutes (Centonze et al., 2001). Joshi and Andrew 

(2002) imaged robust AD propagation in rat striatum with subsequent loss of evoked field 

potentials. 

 

1.6 Intrinsic Properties of Dienchephalic Neurons and Response to Metabolic Challenge  

 

1.6.1 Thalamus 

 The intralaminar and midline thalamus are involved with information related to 

awareness, arousal and motivated behaviours (Van der Werf et al., 2002; Sewards and Sewards, 

2003). Thalamic neurons display two characteristic firing modes, namely tonic firing during 

wakefulness and rapid eye movement sleep (REM) and burst firing during drowsiness or slow-

wave sleep (Govindaiah and Cox, 2006).  

 Spreading depression propagating at 2.4 mm/min have been observed in midline 

thalamus in response to KCl injections (Fifkova, 1964), similar to neocortex and hippocampus. 

Similarly abrupt rises in [K
+
]o have also been measured in midline thalamus in response to 

terminal anoxia and electroconvulsive shock (Bureš and Burešová, 1981). Importantly, in whole-
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cell voltage clamp experiments, thalamic neurons show a large inward currents representative of 

SD in response to hypoxia (Erdemli and Crunelli, 1998) or to the Na
+
/K

+
 ATPase inhibitors 

strophanthidin or dihydro-ouabain (Senatorov and Hu, 1997). 

 

1.6.2 Hypothalamus: Supraoptic Nucleus (SON) 

 The primary cell type in SON is the magnocellular neuroendocrine cells (MNCs) 

(Armstrong, 1995). In contrast to other nuclei within the CNS, a well defined interneuron 

population has not been identified, but interneurons may be distributed sparsely within the SON, 

based on morphological evidence (Armstrong and Stern, 1997). Immediately dorsal to the SON, 

a group of peri-nuclear neurons have been suggested to serve as interneurons of SON, which can 

be distinguished electrophysiologically by the absence of delayed excitation (Armstrong and 

Stern, 1997). MNCs are also found in the paraventricular nucleus and produce the hormones 

vasopressin and oxytocin, which discharge in response to osmotic stress, hemorrhage, parturition 

and suckling (Roper et al., 2003; Li and Hatton, 1997). MNCs are one of the best 

electrophysiologically characterized neurons caudal to the thalamus (Andrew and Dudek, 1984).  

Previous studies have demonstrated resilience of MNCs to glutamate agonists in brain 

slices (Hu et al., 1992) and in vivo (Herman and Weigand, 1986). Moreover, a study by Curras-

Collazo et al. (2002) showed that MNCs could survive 48-72 hours post-stroke, while neocortex 

and striatum were damaged. Better residual blood flow to hypothalamus was considered a 

protective mechanism in vivo. However, this thesis describes protection of MNCs independent of 

blood flow in live brain slices (Brisson and Andrew, 2012).  
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1.6.3 Hypothalamus: Paraventricular Nucleus (PVN) 

 The PVN is a heterogeneous nucleus consisting of both MNCs and parvocellular neurons 

(Hoffmann et al., 1991). Electrophysiologically, at least two parvocellular cell types can be 

distinguished that are involved in both hormonal and autonomic regulation (Hoffman et al., 

1991). MNCs of the PVN are resistant to strong plateau depolarizations evoked by glutamate 

agonists in contrast to adjacent parvocellular neurons (Bains et al., 2001). Exposing MNCs to 4-

aminopyridine (4-AP) promoted plateau depolarization similar to parvocellular neurons and 

showed similar susceptibility 3 days after excitotoxic challenge. Of note, over 75 % of MNCs 

and parvocellular neurons survived exctiotoxic challenge at this time point. Similar plateau 

depolarizations have been observed in MNCs of SON following 15 minutes of in vitro ischemia, 

with subsequent recovery of membrane potential and spontaneous firing (Brisson and Andrew, 

2012). 

 

1.6.4 Hypothalamus: Suprachiasmatic Nucleus (SCN) 

 The suprachiasmatic nucleus (SCN) is responsible for circadian rhythms involved in 

physiological functions such as body temperature regulation, locomotion, sleep and waking, and 

corticosterone and melatonin release (Pennartz et al., 1998).  The SCN is a heterogeneous 

nucleus that can be categorized electrophysiologically into at least three neuronal cell types 

(Pennartz et al., 1998).  
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 Neurons of the SCN, midline hypothalamus and MNCs of SON and PVN were not 

damaged following injections of kainic acid within hypothalamus (Peterson and Moore, 1980). 

In contrast, moderate susceptibility was observed in neurons of the lateral hypothalamus, 

geniculate and ventrobasal thalamus and high susceptibility in neurons of the ventral and midline 

thalamus following kainic acid injections. Similar damage was reported in these same regions 

following injections of other glutamate agonists, with no damage reported in MNCs or medial 

hypothalamus (Hastings et al., 1985).  

 

1.7 Intrinsic Properties of Brainstem Neurons and Their Response to Metabolic Challenge 

 

1.7.1 Midbrain/Pons: Trigeminal Mesencephalic (MES) Nucleus 

 MES neurons are primary sensory neurons derived from neural crest cells, similar to 

neurons of the dorsal root ganglia (DRG) and other primary sensory neurons in the periphery 

(Lazarov, 2007). Unlike their peripheral counterparts however, MES cell bodies reside within the 

brainstem (Lazarov, 2007). MES neurons also receive some synaptic contacts on their somata (in 

contrast to peripheral neurons), enabling them to function as both interneurons and primary 

sensory neurons (Del Negro and Chandler, 1997).  MES neurons are pseudounipolar neurons 

whose afferent projections innervate muscle spindles of jaw-closing muscles (80 -90 % of MES 

neurons) and mechanoreceptors of periodontal ligaments (10-20 % of MES neurons) (Lazarov, 

2007). The efferent branch of MES neurons projects onto neurons of the trigeminal motor 
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nucleus and adjacent brainstem interneurons, creating a proprioceptive feedback loop involved in 

mastication (Lazarov, 2007; Zhang et al., 2012). MES neurons are also involved in reflexive 

oral-motor behaviours such as sucking and exploratory feeding behaviour in mice (Ishii et al., 

2005). The MES nucleus stretches through the midbrain and into rostral pons as dispersed 

clusters of two to nine neurons (Lazarov, 2007).   

 A number of studies have investigated the response of DRG neurons to hypoxia (Urban 

and Somjen, 1990; Burchiel, 1984; Duchen, 1990), which are the PNS counterparts of MES 

neurons (Henderson et al., 1982). During hypoxia, DRG neurons could maintain their firing for 

up to 88 minutes, with minimal depolarization. In fact, neurons could actively repolarize in the 

face of hypoxia (Urban and Somjen, 1990). When both oxygen and glucose were withdrawn, 

extracellularly evoked action potentials disappeared (Urban and Somjen, 1990). 

 Exposing pontine slices containing MES neurons to kainic acid resulted in complete loss 

of other neuronal types (Colonnier et al., 1979) but with no histological damage to MES neurons. 

Even when kainic acid injections induced a large necrotic center that encompassed the MES 

nucleus (Colonnier et al., 1979), the neurons looked healthy, appearing resistant to the extreme 

metabolic stress.    

 

1.7.2 Midbrain/Pons: Locus Ceruleus (LC) 

 The LC are a pair of nuclei in the rostral pons, just medial to the neurons of the 

trigeminal MES nucleus (Yang et al., 1997; Henderson et al., 1982). The LC is a cluster of 

densely packed noradrenergic neurons that have widespread projections throughout the brain and 
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spinal cord. They are involved in numerous physiological functions including respiration, sleep 

and waking, water intake, pain sensation and behavioural responses to stress (Henderson et al., 

1982). The LC also projects to a number of brain regions involved in circulatory regulation 

including hypothalamus, nucleus of the solitary tract, nucleus ambiguous and dorsal motor 

nucleus of the vagus (Yang et al., 1997).  

A number of studies have investigated the response of LC neurons to hypoxia and aglycemia, 

focusing on initial hyperpolarizing or depolarizing responses (Yang et al., 1997; Illes et al., 1994; 

Nieber et al., 1995). Unfortunately, neuronal recovery was not investigated following the 

metabolic stress induced in these studies. 

 

1.7.3 Medulla: Dorsal Nucleus Tractus Solitarius (dNTS)  

 The NTS integrates peripheral information regarding cardiovascular and digestive 

functions, receiving viscerosensory information from cranial nerves VII, IX and X (Davis et al., 

2004; Kawai and Senba, 1999). The NTS is organized topographically with gustatory afferents 

located rostrally and cardiovascular, respiratory and gastrointestinal afferents caudally (Anderson 

and Kunze, 1994). The dNTS is located dorsal to the solitary tract and is a heterogeneous nucleus 

involved in cardiorespiratory function (Paton et al., 1993).  

Neurons of the commissural NTS that express delayed excitation in resonse to a 

depolarizing stimulus (as does dNTS) have been reported to be resistant to plateau 

depolarizations induced by excitotoxic challenge (Yang et al., 2005). Similar resistance has been 

reported in magnocellular neuroendocrine cells (MNCs) in the paraventricular (PVN) nucleus of 
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hypothalamus (Bains et al., 2001), which also expresses delayed excitation. Exposing neurons of 

NTS to 4-aminopyridine (4-AP) promoted susceptibility to plateau depolarizations (Yang et al., 

2005), similar to MNCs of PVN (Bains et al., 2001). Notably, NTS neurons could recover their 

membrane potential and fire spontaneously following plateau depolarizations of up to 15 minutes 

(Yang et al., 2005), demonstrating intrinsic resilience to prolonged depolarization.  

 

1.7.4 Medulla: Dorsal Motor Nucleus of the Vagus (DMV)  

 The DMV consists primarily of preganglionic parasympathetic motor neurons that 

innervate gastrointestinal and thoracic smooth muscle, with some innervation of cardiac muscle 

(Davis et al., 2004; Cowan and Martin, 1992). The DMV is a primary target of synaptic input 

from NTS, which integrates viscerosensory information (Davis et al., 2004).  

DMV neurons tolerate periods of prolonged hypoxia and aglycemia up to 30 minutes 

(Cowan and Martin, 1992; Trapp and Ballanyi, 1995). Depriving DMV neurons of both oxygen-

glucose however, induces a near-complete depolarization (Martin, 1999; Muller and Ballanyi, 

2003). Cell death was reported in DMV neurons in response to 1 hour of chemically-induced in 

vitro ischemia, assessed by the uptake of propridium iodide (PI) (Muller and Ballanyi, 2003). 

However, uptake of PI was not observed until 25 minutes following exposure of in vitro 

ischemia. Although PI has been shown to be an accurate marker of cell death in many conditions, 

its molecular weight (668 Da) is low enough that it may flux through large-pore hemi-channels 

such as pannexin-1 during ischemia (MacVicar and Thompson, 2010), Thus PI uptake may not 

necessarily represent membrane disruption.    
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1.8 Experimental Rationale 

 

In Vivo Ischemic Models  

In vivo models of ischemia can be broadly categorized into two main types, namely 

global and focal ischemia (Lipton, 1999). Global ischemia results in a uniform lack of blood 

flow to the brain, usually achieved by either vessel occlusion or circulatory arrest (Lipton, 

1999). The overall result is widespread damage to structures in the cerebral hemispheres 

particularly evident in CA1 and neocotical layers II, III and V, with delayed cell death 

generally occurring over the course of a week (Lipton, 1999; Pulsinelli et al., 1982). Despite 

uniform lack of blood flow, not all brain regions show similar vulnerability to global ischemia, 

with brainstem structure and function often being preserved in contrast to higher brain (Young 

et al., 2009; Wytrzes et al. 1989; Seiber et al., 1995).  

Focal models of ischemia involve a transient or permanent occlusion of a blood vessel in 

the brain (usually middle cerebral artery), resulting in a focal brain lesion or infarct (Lipton, 

1999). The focal model is an invaluable tool for studying ischemic stroke as it depicts a more 

realistic ischemic condition such as an embolism or thrombosis (Lipton, 1999). The focal 

model also allows one to study the ‘ischemic penumbra’ surrounding the infarct core, an area 

that remains metabolically active, generating PIDs that recur over the course of days to weeks 

following stroke injury, expanding the infarct core (Dreier, 2011).  
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The Brain Slice Preparation 

In contrast to in vivo models of ischemia, the in vitro brain slice preparation has several 

advantages and disadvantages for stroke research. One of the major disadvantages of the brain 

slice preparation is that focal ischemia models have not been developed and thus investigation 

is limited to acute global ischemic events (Lipton, 1999). Another cavet of the brain slice 

preparation is the slicing procedure itself, which disrupts neuronal and glial ion concentration 

gradients leading to depolarization. Moreover, near the surface of the slice, axons and dendrites 

from otherwise ‘healthy’ neurons below the surface may be cut or damaged. Other 

disadvantages include the inability to mimic internal environment conditions with variables 

such as blood flow/reperfusion, inflammatory factors, drug availability and lack of a blood-

brain-barrier (Lipton, 1999).  In addition the relatively short life of brain slices (~ 6-8 hrs) 

prevents temporal investigation of delayed cell death in the brain slice model.  

The main advantage of the brain slice preparation is that it is a repeatable model that 

allows for greater control over extrinsic variables such as temperature, drug and ion 

concentrations in the bathing medium and ease of physical manipulations such as imaging and 

whole-cell recordings (Lipton, 1999). The brain slice preparation also eliminates confounding 

factors such as blood flow, thought to be a protective mechanism for neurons in lower brain 

regions in response to ischemia (Curras-Collazo et al., 2002).  The brain slice preparation is 

therefore ideal to test intrinsic differences between neurons in higher and lower brain in 

response to simulated global ischemia, independent of blood flow as shown in this thesis. Thus, 
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the rationale for this thesis is provided by investigating differences in AD initiation and 

propagation, neuronal depolarization, recovery and Na
+
/K

+
 ATPase pump function between 

susceptible higher brain and resilient lower brain neurons. Understanding differences in 

susceptibility to ischemia between theses brain regions has potential for identifying 

pharmacological targets aimed at reducing stroke injury in vulnerable higher brain centers. 

Moreover, understanding the mechanisms contributing to AD has potential for treating related 

PIDs, thereby expanding the therapeutic window for stroke treatment.   

 

1.9 Objectives 

I). Demonstrate that CNS neurons vary dramatically by region in their ability to combat 

metabolic stress as during stroke. 

II). Show that the neuronal response to OGD is recapitulated by the Na
+
/K

+
 ATPase pump 

inhibitor ouabain and is not simply the result of depolarization. 

III). Demonstrate that whole-cell patch, ∆LT imaging and 2-PLSM are independent but 

complementary techniques for revealing stroke injury. 
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Chapter 2 

A neuronal population in hypothalamus that dramatically resists acute 

ischemic injury compared to neocortex 

2.1 Summary 

PyNs, the output cells of cortex, have been the prototype for CNS neurons undergoing 

stroke injury. Yet whole-cell recordings demonstrate a significant resilience to OGD by MNCs 

compared to susceptible PyNs.  Specifically, PyNs undergo a rapid and near complete membrane 

depolarization during OGD (anoxic depolarization, AD), while MNCs depolarize slowly, 

generate a weak AD and resist complete depolarization during OGD. Moreover, MNCs 

repolarize immediately upon cessation of OGD, permitting survival following one or more OGD 

exposures. Unlike in neocortex, robust recordings from newly patched MNCs are readily 

obtained following an OGD exposure. Two-photon microscopy shows that MNCs resisted cell 

swelling and dendritic beading in response to OGD, unlike PyNs. By imaging ∆LT we show that 

hypothalamic slices experience much weaker AD than neocortex, which can help explain why 

lower brain regions like hypothalamus and brainstem (Brisson and Andrew 2011) better survive 

global ischemia (Sieber et al. 1995; Aminoff 2007).  Increased myelination and decreased cell 

density are possible reasons for the weak or absent propagation of an SD-like signal in these 

brain regions, yet raising [K
+
]o to as high as 52 mM does not evoke SD in MNCs, so resistance to 

strong depolarization is also a major factor. Exposure to the Na
+
/K

+
 ATPase inhibitor ouabain 

(100 µM), induces AD similar to OGD in both cell types.  Therefore overriding the pump by 
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OGD, ouabain or elevated [K
+
]o evokes a propagating depolarization in higher gray matter but 

not in MNCs. Further work is required to determine if `lower` neurons simply lack channels to 

generate AD.  This seems unlikely because the ionic fluxes underlying AD are large and non-

specific, involving a sudden loss of membrane selectivity where ions run down their 

concentration gradients (Radar and Lanthorn 1989; Tanaka et al. 1997; Muller and Somjen 1998; 

Somjen 2001). A more likely hypothesis is that Na
+
/K

+
 ATPase pump isoforms function better 

under metabolic stress in lower neurons. Our study demonstrates that the propensity to 

immediately shut down in the face of ischemia is an intrinsic property of the cortical pyramidal 

neuron. Furthermore this is not simply the `default` strategy of stressed CNS neurons. Indeed 

shutdown of lower brain regions would be a poor survival strategy. 

 

2.2 Introduction 

Most stroke research has focused on injury to structures in the cerebral hemispheres, 

particularly neocortex, hippocampus and striatum. Pyramidal neurons are the output cells of the 

cortex and have been the prototypical neurons studied in terms of stroke damage both in vivo 

(Murphy et al. 2008; Centozne et al. 2001; Koroleva et al. 2000; Dijkhuizen et al. 1999; 

Memezawa et al. 1992) and in live brain slices (Anderson et al. 2005; Pisani et al. 2004; Jarvis et 

al. 2001; Tanaka et al. 2002; Jiang et al. 1992; White et al. 2011).  It is not well recognized that 

there is a decreasing rostro-caudal susceptibility of neurons to global brain ischemia (Bureš and 

Buresova 1981; Sieber et al. 1995; Martin 1999; Aminoff 2007). Is this because of regional 

differences in blood flow or to the properties of the neurons? Few studies have investigated how 
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well neurons of the diencephalon (including hypothalamus) and brainstem survive global 

ischemia. Here we ask if pyramidal neurons of the neocortex necessarily represent typical CNS 

neurons in terms of susceptibility to ischemia. We compare two populations of neurons in brain 

slices of neocortex and of hypothalamus, making regional differences in blood flow irrelevant. 

Specifically we examine the susceptibility to AD induced by oxygen/glucose deprivation 

(OGD) in neocortical pyramidal neurons (PyNs) and hypothalamic magnocellular 

neuroendocrine cells (MNCs) of the supraoptic nucleus (SON). MNCs in the SON and 

paraventricular nucleus (PVN) produce the hormones vasopressin and oxytocin and mainly 

discharge in response to osmotic stress, hemorrhage, parturition and suckling (Roper et al. 2003; 

Li and Hatton 1997). MNCs are one of the best electrophysiologically characterized neurons 

caudal to the thalamus. Previous studies have demonstrated their resiliency to glutamate agonists 

in brain slices (Hu et al. 1992) and in vivo (Herman and Weigand 1986). Moreover, a study by 

Curras-Collazo et al. (2002) showed that MNCs could survive 48-72 hours post-stroke, while 

neocortex and striatum were damaged. Better residual blood flow to hypothalamus could be the 

explanation, so we examined if MNCs are intrinsically resistant to metabolic stress in live 

coronal slices, independent of blood flow.  

In response to OGD or ischemia, a wave of ‘ischemic’ or ‘anoxic’ depolarization (AD) 

propagates across gray matter at 2-4 mm/min (Jarvis et al. 2001; Anderson et al. 2005; Murphy 

et al. 2008).  AD is characterized as a sudden and profound loss of membrane potential caused 

by failure of the Na
+
/K

+
 ATPase pump and represents the most reliable determinant of ensuing 

brain damage in stroke (Kaminogo et al. 1998). Upon AD onset, PyNs swell and their dendrites 
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bead within a minute or so in slices (Andrew et al. 2007) and in vivo (Murphy et al. 2008). 

MNCs of the SON and PVN are reported to be osmosensitive cells that swell and shrink in 

response to physiological osmotic stress (reviewed in Bourque 2008) but there is no data 

indicating whether MNCs undergo AD or swell during ischemia. Using 2-photon laser scanning 

microscopy (2-PLSM), we investigate if PyNs and MNCs are resilient to swelling induced by 

simulated ischemia compared to neocortical neurons. We ask if MNCs are capable of resisting 

acute ischemic injury and how they differ from the highly susceptible pyramidal neurons of the 

cortex. Using three independent experimental techniques (LT imaging, whole-cell current clamp 

recording, 2-PLSM) we show that MNCs undergo depolarization in response to OGD. However 

the response is delayed and weak compared to AD in neocortical pyramidal neurons and so 

MNCs do not acutely swell. These hypothalamic neurons may intrinsically resist acute stroke-

like injury by virtue of a more resilient Na
+
/K

+
 ATPase pump that better functions under 

ischemic conditions. 

 

2.3 Materials and Methods 

Brain Slice Preparation   

Sprague-Dawley rats (male, age 3-10 weeks; Charles River, St. Constant, PQ) or Wistar-

GFP rats (either sex) were decapitated by guillotine. Following craniotomy, the olfactory bulbs 

and optic tracts were cut. 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 
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sucrose, 3.3 KCl, 26 NaHCO3, 1.3 MgSO4.7H2O, 1.23 NaH2PO4, 11 D-glucose and 1.8 CaCl2. 

Using a Leica 1000-T vibratome, 400 µm slices were cut in the sucrose aCSF through the 

coronal plane and then incubated in regular aCSF (equimolar NaCl replacing sucrose above) at 

35
o
C for at least 1 hour. Slices were then transferred to a recording/imaging chamber where they 

were submerged in flowing aCSF (3 ml/min.) at 36
o
C ± 0.5

o
C.  The aCSF osmolality was 295 

mOsm at pH 7.4.   

 

Electrophysiology 

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 3-6 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).  A 14 mV junction potential was corrected prior to achieving whole-cell 

configuration.  All recordings were acquired in current clamp mode of an Axoclamp 2A 

amplifier and a Digidata 1322 A/D converter (Axon instruments). Clampex 10 software (Axon 

instruments) was used for data acquisition with subsequent analysis using Clampfit 10 software. 

Sampling frequency was 10 kHz and low pass filtering was with an external Bessel filter (LPF 

202a; Axon Instruments) at 2 kHz. After obtaining whole-cell recordings, slices were 

simultaneously imaged (below) while exposed to oxygen glucose deprivation (OGD). 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 either to 0 
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mM or 1 mM glucose with osmotic adjustment using NaCl. Occasionally, neurons in 

hypothalamus and brainstem were exposed to multiple applications of OGD and/or newly 

acquired recordings obtained post-OGD in the same slice. ACSF for inducing spreading 

depression (SD) contained 9.6, 26 or 52 mM KCl replacing equimolar NaCl.  

  

Imaging changes in light transmittance (∆LT) 

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 40x immersion objective lens. 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 20 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, ∆LT = [(Texp - Tcont)/ Tcont ] x 100 = [∆T/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.  
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Two-Photon Laser Scanning Microscopy (2-PLSM)   

Neocortical, hippocampal, hypothalamic and brainstem slices (400 µm thick) were taken 

from 30+ day-old C57 black mice of the B6.Cg-Tg (Thy1-YFP) 16Jrs/J strain and were prepared 

as described for rat slices. The mouse aCSF composition was similar but not identical to rat 

aCSF (see Andrew et al., 2007). These mice have a proportion of pyramidal neurons that express 

yellow fluorescent protein (YFP) (Feng et al., 2000).  

Hypothalamic slices (400 µm) were taken from 30+ day-old Sprague-Dawley transgenic 

rats expressing an arginine vasopressin (AVP)-enhanced green fluorescent protein (eGFP) fusion 

gene, so ~50 % of supraoptic MNCs were fluorescent to varying degrees depending on 

vasopressin content. Therefore only VP neurons were imaged but both OX and VP were 

recorded, as differentiated electrophysiologically (Stern and Armstrong, 1995). There were no 

differences apparent in their responses to OGD.  An imaging chamber was mounted on a fixed 

stage of an upright Axioscope II FS microscope (Carl Zeiss, Jena, Germany). YFP
+
 and GFP

+
 

neurons were imaged with appropriate filter sets using a Zeiss LSM 710 NLO meta multiphoton 

system coupled to a Coherent Ti:Sapphire laser. Three-dimensional image stacks were taken at 

3.0-µm increments using a Zeiss 40x or 63 x water-immersion objective. Data acquisition and 

analyses were controlled by Zeiss LSM software. 
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Statistical Analysis  

Neurons were analyzed if they displayed stable resting membrane potentials and if the 

series resistance could be sufficiently compensated. Statistical significance was determined by an 

unpaired t-test and all data presented as means +/- standard deviation. 

 

2.4 Results 

Pyramidal Neurons and OGD 

Twenty pyramidal neurons (PyNs) were monitored by whole-cell patch recording during 

simulated stroke (Fig. 1A). The patch pipette was visually placed within layer V and the targeted 

PyNs identified based on the cell’s triangular shape and diameter of 15 to 20 µm (Fig. 1B1).  The 

resting membrane potential of the 20 cells averaged -82 ± 2.5 mV. Mean input resistance and 

action potential amplitude were 82 ± 31 MΩ and 79 ± 6.6 mV, respectively (Table 1) as typically 

reported for PyNs in other studies (Williams and Stuart, 2002).  
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Figure 1. Pyramidal neurons do not recover following 10-12 minutes OGD.   

A) Whole-cell PyN recording during 12 minutes of OGD (0 mM glucose). Downward deflections 

represent voltage response to 70 pA hyperpolarizing current pulses elicited every 20 seconds to monitor 

whole-cell input resistance. B) Whole-cell PyN recording and simultaneous light transmittance (LT) 

imaging of the cortical field in layer V during 10 minutes of OGD (1 mM glucose). The AD wave front 

(arrows in B1) propagates through neocortex. From the concurrent cell recording in B2, resting membrane 

potential was -86 mV, with a maximal depolarization to -5 mV and 32 % recovery of membrane potential 
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post-OGD.  In B3 light transmittance change (LT) is plotted over time in the 100 µm x 50 µm ROI 

which includes the PyN recorded in B2. An 8 % ∆LT corresponds with the fast component of the AD 

(arrow), as the AD wave front reaches the pipette tip at 320 seconds.  

 

 

Exposing PyNs to 10-12 minutes of OGD (n = 20) elicited an abrupt anoxic 

depolarization (AD) with a mean slope of 94.1 ± 40.1 mV/min and a mean onset time of 4.1 ± 

0.8 min (Fig. 1A,B2; Table 1). The maximal average membrane depolarization during AD was 0 

± 2.3 mV. Upon return to control aCSF this slowly returned to a mean of 27 % of the original 

membrane potential. Following a single 10-12 minute OGD exposure, subsequent intracellular 

recordings from the same neocortical slice could no longer be obtained, even up to 3 hours after 

return of oxygen and glucose. Importantly, it was no longer possible to record evoked field 

potentials from layers II-III or V post-OGD upon stimulation of layer VI (not shown). 

Light transmittance (LT) imaging of the pyramidal cell field during whole-cell recording 

demonstrated a sudden increase in ∆LT corresponding with AD onset in the single cell (Fig. 1B). 

PyNs slowly depolarized during initial OGD, followed by the fast component of the AD (Fig. 

1B2). An immediate 8 % increase in ∆LT (Fig. B3) coincided with the propagating AD wave 

front, which in this case reached the recorded PyN at ~ 320 seconds of OGD coinciding with the 

fast AD component (Fig. 1B2). Upon reintroduction of aCSF, membrane potential returned to 

only 32 % of its original value after 20 minutes, with 70 % recovery of input resistance (Fig. 

1B2). Action potentials could not be evoked post-OGD because of this maintained depolarization 

where Na
+
 channels were inactivated.  
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Magnocellular Neuroendocrine Cells (MNCs) and OGD 

 Twenty-one MNCs in supraoptic nucleus (SON) were similarly monitored using whole-

cell patch recording before, during and after OGD (Fig. 2).  The patch pipette was visually 

placed within SON and an MNC identified based on its ellipsoid shape and large diameter of 20-

30 µm. The mean resting membrane potential was -65 ± 2.9 mV. Whole-cell input resistance and 

action potential amplitude were 614 ± 103 MΩ and 92 ± 8.7 mV, respectively (Table 2).  All 

recorded MNCs displayed characteristic frequency-dependent action potential broadening, linear 

IV curves and transient outward K
+
 current (A-type) when depolarized from holding potentials 

more negative than -70 mV (not shown, Kolaj et al., 2000).  Each of these properties is an MNC 

hallmark, so all recorded neurons in SON were considered MNCs. 
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Figure 2. MNCs recover following 15 minutes of OGD.   
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A) Whole-cell recording (upper trace) showing the MNC response to 15 min OGD with zero glucose. 

During OGD the neuron undergoes a reduction in membrane potential, whole-cell input resistance and 

action potential amplitude, reaching a maximum depolarization of -19 mV. The maximum slope of the 

AD between -40 and -20 mV was 12.5 mV/min, with an onset time of 10.1 min. There was a steep 

repolarization upon return of aCSF reaching a maximum slope of -37 mV/min. In the lower  trace, 

simultaneous ∆LT imaging demonstrates a 17 % ∆LT increase that returns to near baseline in control 

aCSF. The ∆LT ROI was a 100 µm x 50 µm area immediately adjacent to the recording pipette.  

 

Because 10-12 minutes of OGD caused minimal MNC depolarization, we increased the 

exposure time. Fifteen minutes of OGD eventually elicited a gradual depolarization (mean slope 

= 11.3 ± 3.0 mV/min between -40 and -20 mV) as shown in Figure 2 and Table 2. The mean 

onset time at -40 mV was 9.8 ± 1.3 min. There was a concurrent reduction in action potential 

amplitude as the MNC reached a mean maximum depolarization of -19 ± 12.8 mV (Fig. 2; Table 

2) where discharge ceased due to Na
+
 channel inactivation. Immediately upon return to control 

aCSF, there was a steep repolarization (Figs 2-4) at a mean rate of -65.1 ± 22.6 mV/min (Table 

2). This represented rapid recovery never seen in PyN recordings (Fig. 1).  Simultaneous 

imaging of the SON during whole-cell recording demonstrated an increase in ∆LT during OGD 

corresponding with the onset of depolarization, although the ∆LT was notably slower and less 

dramatic than in neocortical layers. In Figure 2 (lower trace), the LT increased gradually to 17 

%, coinciding with the slow depolarization to -19 mV (Fig. 2, upper trace) recorded in an MNC 

within the imaged field . Upon cessation of OGD, ∆LT returned to near its original value, 

corresponding with repolarization of the recorded MNC. This was in contrast to imaging ∆LT in 

neocortical slices, where a distinct AD wave front passed by the pipette tip as seen at high (40x 

objective) magnification (Fig. 1B1). 
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It proved easier to image the weaker and less distinct AD wave front in SON by imaging 

at low (4x objective) magnification (n = 5, Fig. 3). During simultaneous whole-cell recording 

(Fig. 3B), a diffuse AD front initiated at ~ 474 seconds (arrows, Fig. 3A) and spread from the 

surrounding neuropil, before engaging the SON at ~ 535 seconds. At that point, the recorded 

MNC gradually depolarized to a mean of -16 mV (Fig. 3B). The ∆LT during OGD again 

corresponded with the gradual depolarization in B, which returned to near baseline levels upon 

reintroduction of aCSF (Fig. 3C). 
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Figure 3. Whole-cell recording and simultaneous ΔLT imaging (low magnification) of MNC during 

15 min OGD (zero glucose) showing MNC recovery.  

 A) AD wave front initiates at 474 seconds and then propagates into and engages SON at approximately 

535 seconds (arrows).  B) Concurrent whole-cell recording reaches a maximum depolarization of -16 mV. 

Initial resting membrane potential was -64 mV. Post-OGD membrane potential returned to baseline, 

representing full recovery. The onset time of AD measured at -40 mV was 9.0 minutes, with a maximum 

slope of 12.4 mV/min.  C) Simultaneously recorded plot of ∆LT in the SON region of the cell recorded in 

B.  LT increase corresponds with AD in B (arrow).  LT returns to baseline values upon reintroduction of 

aCSF. The region for measuring ∆LT was adjacent to the pipette tip, corresponding to approximately 150 

µm
2
. 
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After a 15-minute period of OGD, MNCs returned to 87 % of their original resting 

potential compared to only 27 % in PyNs after one 10 or 12 minute OGD period (Table 3, p < 

0.001). Furthermore as compared to PyNs, MNCs also displayed significantly greater percent 

recovery of action potential amplitude (p < 0.001) and input resistance (p < 0.05) post-OGD. 

Notably, robust MNC recordings could be newly acquired and maintained in a slice previously 

exposed to either 15 or 30 minutes of OGD. Resting membrane potentials, action potential 

amplitudes and input resistance were similar to those MNCs not exposed to OGD (n = 11, Table 

4). In Figure 4A, an MNC withstands an accumulated 45 minutes of OGD.  Such multiple 

exposures were not possible in neocortical slices because PyNs could not recover from a single 

10-minute exposure to OGD. 

Figure 4B illustrates that MNCs are not in some way protected from irreversible 

depolarization by inhibitory synaptic input. Superfusion of OGD aCSF with calcium chloride 

reduced from 1.8 to 0.45 mM blocks any residual synaptic input not removed by OGD itself. Yet 

the depolarization remains intact, indicating that the response is intrinsic to the recorded neuron. 
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Figure 4. MNCs recover independent of synaptic input and following repeated 15 minute OGD 

exposures.  

A) Whole-cell recording demonstrates MNC after third 15 minute application of OGD to the 

hypothalamic slice. During OGD the cell depolarizes to -20 mV and whole cell input resistance is 

reduced. Action potential amplitude is also reduced as sodium channels inactivate. The cell repolarizes 

post-OGD but with some depolarization driving action potentials of reduced amplitude (~50 mV). A final 

membrane potential of -54 mV represents an 82 % recovery in membrane potential. B) An MNC 

depolarizes in response to 0.45 mM CaCl2 OGD applied for 10 minutes. Despite a 75 % reduction in 

extracellular CaCl2 which blocks synaptic release of transmitters, MNCs (n=6) normally depolarize and 

then recover upon return to control aCSF. This indicates that depolarization and recovery are intrinsic 

responses of the recorded neuron. 

 

Two-Photon Laser Scanning Microscopy (2-PLSM) 

  Fluorescent PyNs (in mice) and MNCs (in rats) were each imaged in live coronal slices in 

real time using 2-PLSM.  There is a cytoplasmic component of VP-GFP that is not particulate, 

making the background cytoplasm clearly discernible in strongly positive MNCs. This is not 

fixation, nor sectioning artifact because the cells are alive and located deep in the slice.  As 
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above, live neocortical slices from YFP mouse were exposed to 10 minutes OGD while imaging 

cortical neurons in layer V in real time. We sampled 60-120 µm deep into each slice so that 

imaged neurons were distant from the sliced surface. A total of 21 PyNs and their proximal 

dendrites were imaged just before and 10-20 minutes after the 10-12 minute OGD period. Based 

on the measured cross-sectional (XS) area of PyN somata, cell bodies swelled, as did their 

proximal dendrites (Fig. 5A). Dendrites further deteriorated as evidenced by beading (Fig. 5A, 

inset), providing further morphological evidence of AD.  As we have previously shown, there is 

minimal (if any), recovery of cell body volume or normal dendritic structure once AD has 

propagated across neocortical slices (Andrew et al., 2007). Changes in XS areas optically 

sectioned through the middle of each PyN cell body were measured off-line. Post-OGD PyN cell 

bodies were dramatically swollen by an average of 34.5 ± 11.0 % (Fig. 5C). 
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Figure 5. Two-photon laser scanning microscopy (2PLSM) reveals that PyNs, but not MNCs, are 

injured post-AD.   
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A) PyN cell bodies and proximal dendrites in cortical layer V dramatically swell as observed 20 minutes 

post-OGD in the GFP
+
 mouse. Insets show another PyN cell body and extensive beading of PyN 

dendrites. The pyramidal neurons do not recover as previously shown in cortical slices (Andrew et al. 

2007; Risher et al. 2009). B) In contrast MNCs in the supraoptic nucleus of the YFP
+
 rat display no sign 

of injury in terms of soma swelling or swelling of proximal dendrites (small arrows). Post-OGD images 

were acquired 15 minutes after a 15 minute period of OGD. C) Distribution graph showing single PyN 

and MNC responses to OGD. PyNs swell by an average 34.5 ± 11.0 % in response to 10 minutes OGD. 

MNCs shrink slightly by an average – 3.4 ± 4.2 % in response to 15 minutes OGD. XS Area; cross-

sectional area.  

 

 Similar 2-PLSM experiments were carried out using transgenic rats where GFP 

expression is linked to vasopressin production. Imaging of single vasopressinergic MNCs 

revealed little or no change in cell body XS area during 15 minutes of OGD (Fig. 5B). In fact 

MNC cross-sectional area actually decreased by an average of –3.4 ± 4.2 % (n= 29). Compared 

to pre-OGD values, the degree of shrinking was minor compared to the amount of swelling by 

PyNs (Fig. 5C). The stability of MNC cell volume despite 15 minutes of OGD supported our 

intracellular data showing only minor metabolic stress to MNCs during and following OGD. 

Unlike PyN dendrites, most MNC dendrites are naturally varicose, so it was difficult to detect if 

beading developed along distal MNC dendrites following OGD. However, two examples of 

proximal MNC dendrites are shown in Figure 5B (small arrows) indicating no dendritic swelling 

or beading induced post-OGD.   

 

PyNs and MNCs exposed to elevated extracellular K
+
 

 Like AD, spreading depression (SD) is a sudden wave of depolarization propagating 

across gray matter at 2-4 mm/min. SD is less prolonged and damaging than AD because the 

tissue is not as metabolically stressed. SD can be evoked in neocortex, striatum and hippocampus 
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by simply raising extracellular K
+
. We tested if PyNs were more prone to SD compared to 

MNCs by elevating [K
+
]o to sub-threshold levels with 9.6 mM K

+
 and to 26 mM K

+
 to elicit SD. 

In response to 5 minutes of 9.6 mM K
+
, PyNs depolarized to a mean of -71.2 ± 4.4 mV (n = 5) 

(Fig. 6A). Upon washing with control aCSF, they returned to their original baseline (Fig. 6A). In 

response to 26 mM K
+
, PyNs depolarized further, firing a series of action potentials followed by 

Na
+
 channel inactivation (Fig. 6A). The depolarization plateaued at an average of -47 ± 2.8 mV 

(n = 5). Then an additional rapid depolarization was observed at ~ 2 minutes of 26 mM K
+
 

exposure (mean = 126.8 ± 27.6 seconds; n = 5) (Fig. 6A, right).  This coincided with a 

simultaneous wave front of elevated LT propagating across the neocortical gray (not shown).  

Immediately following SD onset, the slice was washed with control aCSF which returned the 

membrane potential to baseline.  
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Figure 6. PyNs undergo spreading depression (SD) in response to elevated [K
+
]o but MNCs do not.    

A) In response to five minutes 9.6 mM K
+
 a PyN depolarizes slightly and plateaus at -73 mV. Exposure to 

26 mM K
+
 elicits depolarization, action potential firing and spike inactivation, before a plateau of -48 mV 

is reached. SD onset is aborted just as control aCSF reaches the slice (arrow).  A second exposure to 26 

mM K
+
 again results in firing and spike inactivation, reaching a plateau at -48 mV.  A steep 

depolarization then coincides with SD onset. Membrane potential again returns to resting level following 

aCSF return.  B) An MNC in response to five minutes 26 mM K
+
 depolarizes and reaches a plateau at -42 

mV. Return of control aCSF repolarizes the neuron. No SD is observed even though the exposure to 26 

mM K
+
 is twice the duration of that in A. During a five minute exposure of 9.6 mM K

+
 the MNC 

depolarizes slightly, reaching a plateau at -56 mV followed by repolarization upon aCSF return.  C) An 

MNC responding to a 3 minute and 4 minute superfusion of 52 mM K
+
 depolarizes to -35 and -34 mV, 

respectively. No SD is evoked. Following each exposure the MNC recovers, albeit with reduced action 

potential amplitude and whole-cell input resistance.  
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Similar  to PyNs, MNCs showed a small depolarization in response to 5 minutes of 9.6 

mM K
+
, reaching a mean membrane potential of -58 ± 3.8 mV (n = 6, Fig. 6B). During 26 mM 

K
+
 (5 min. exposure) the same MNCs reached an average plateau of -43.8 ± 2.0 mV. However 

unlike PyNs, SD did not evolve. Rather MNCs simply fired faster with some degree of spike 

inactivation (Fig. 6B, left).  In response to 52 mM K
+
 (Fig. 7C), MNCs stopped firing as voltage-

sensitive Na
+
 channels inactivated. Although membrane potential reached a plateau at an average 

of -34 mV, no SD was evoked.  In support, no elevated LT front representing SD propagation 

was observed in hypothalamic slices (n = 9). Instead, the SON displayed only a diffuse increase 

in LT during 5 minutes of 26 or 52 mM K
+
 (not shown), likely representing a degree of neuronal 

and astrocytic swelling. 
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Figure 7. MNCs recover from OGD even when driven to completely depolarize by elevating 

extracellular K
+
.    

In response to OGD, MNCs partly depolarize to a mean of -19 mV, causing (Figs. 2, 4). To simulate 

stronger AD as recorded in PyNs, 26 (A) or 52 mM KCl (B) is co-superfused late in the OGD period. 

Despite driving MNCs to near-zero millivolts with accompanied spike inactivation , MNCs briskly 

recover to baseline, strikingly unlike PyNs. 

 

Inducing stronger depolarization in MNCs 

 We attempted to evoke in MNCs a more PyN-like response involving consistent 

depolarization beyond -20 mV during OGD, either by closing K
+ 

channels or opening Na
+
 

channels.  This proved surprisingly difficult.   Blockers of K
+
 channels such as 4-AP, TEA and 

Cs
+
 or blockers of calcium-activated K channels were ineffective (not shown).  The Na

+
 channel 
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activator veratridine induced strong bursts in MNCs, each leading to spike inactivation during a 

plateau. Yet depolarization did not exceed -20 mV (not shown).  

However it was possible to consistently depolarize MNCs to near zero millivolts by 

raising [K
+
]o to either 26 or 52 mM for 1.5 to 2 minutes during OGD. This more closely 

simulates the neocortical environment where [K
+
]o during AD can reach 60 mM. When [K

+
]o 

was added during the initial stages of OGD, MNCs simply depolarized, ceased firing and  

reached a plateau depolarization of -34 mV, similar to SD (not shown). We therefore elevated 

[K
+
]o  after MNCs had depolarized from OGD. This consistently depolarized MNCs to levels 

experienced by PyNs under OGD. Thirteen MNCs were exposed to either 26 or 52 mM K
+
 

during OGD, beginning when firing stopped at ~ 7 min OGD. This drove MNCs to a mean peak 

of -5 ± 3.8 mV. The average recovery of membrane potential was 74 %, with longer K
+
 exposure 

resulting in worse recovery.  Action potential amplitude and input resistance were 69 and 52 % 

of initial values respectively. Therefore driving MNCs to near zero millivolts did not impair their 

recovery from OGD. An additional 4 post-OGD recordings were newly obtained in slices 

exposed to 52 mM K
+
. Their resting membrane potentials, action potential amplitudes and input 

resistances were similar to controls (not shown).  

 

Simulating ischemia with ouabain treatment 

 In neocortex, blocking the Na
+
-K

+
 ATPase pump by exposure to 100 µM ouabain for 10 

minutes evoked an AD-like response similar to OGD (Fig. 8A). Again, PyN depolarization 

approached zero millivolts and no PyNs (n = 4) regained membrane potential, even following up 
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to 50 minutes in control aCSF.  In SON, 100 µM ouabain for 10 or 15 minutes resulted in a slow, 

incomplete depolarization of MNCs (n = 6, Fig. 8B) similar to OGD, reaching a mean plateau of 

- 10 ± 2.4 mV. MNCs then recovered up to 82 % of their membrane potential, following 40 -50 

minutes recovery with aCSF, unlike the terminal PyNs. MNCs also recovered 65 and 68 % 

action potential amplitude and input resistance respectively. MNCs were unable to rapidly 

repolarize upon re-introduction of control aCSF (compare MNCs in Fig. 8B, C with Figs. 2-4). 

This delay in recovery compared to OGD likely reflects a slow washout of ouabain bound to the 

the Na
+
-K

+
 ATPase pump compared to the rapid re-infusion of oxygen and glucose in control 

aCSF. 
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Figure 8. MNCs, but not PyNs, recover following specific inhibition of the Na
+
-K

+
 ATPase pump 

by ouabain.   

A) A 10 minute exposure to 100 µM ouabain evokes AD (arrow) in PyNs, leading to maintained loss of 

membrane potential. At the asterisk, the pipette is withdrawn from the neuronal surface to demonstrate 

zero millivolts.  B) Remarkably different, MNCs recover from a longer 100 µM ouabain exposure of 15 

minutes. The very slow repolarization and return of firing by MNCs likely reflects a gradual unbinding of 

ouabain from the Na
+
-K

+
 ATPase pump. 

 

2.5 Discussion 

Intrinsic Properties of PyNs and MNCs during OGD 

 The vulnerability of pyramidal neurons (PyNs) to OGD has been well documented in 

cortical brain slices (Jiang et al., 1992; Jarvis et al., 2001; Anderson et al., 2005; Tanaka et al., 
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1997; Andrew et al., 2007) and in the ischemic core in vivo (Memezawa et al., 1992; Koroleva et 

al., 2000; Dijkhuizen et al., 1999; Murphy et al., 2008). We have previously shown that OGD for 

10 minutes eliminates the evoked field potential in layers II/III of the neocortical slice and that 

this requires AD propagating through the recorded region (Anderson et al., 2005). The current 

study demonstrates that these highly susceptible PyNs are not prototypical.  By comparison, 

MNCs in hypothalamus are remarkably resistant to stroke-like stress. They recover their 

membrane potential, action potential amplitude and input resistance following one (or several) 

15 minute exposures of oxygen-glucose deprivation (OGD). This represents functional recovery 

not possible in neocortex where, unlike SON, no new recordings could be obtained in a slice 

post-OGD.  

We found that despite a longer OGD period, (15 minutes versus 10-12 minutes for PyNs) 

MNCs recovered 87 % of their resting membrane potential compared to 27 % by PyNs. Multiple 

action potentials could be evoked in all but two MNCs post-OGD, a feat not possible in PyNs 

where fast Na
+
 channel inactivation (Catterall, 2000) predominated. Mean percent recovery of 

whole-cell input resistance was significantly (p < 0.05) better in MNCs post-OGD (Table 3, 16). 

In both cell types this parameter varied post-AD because of slice movement as neurons and 

astrocytes swell (Andrew et al., 2007; Risher et al., 2009). To further demonstrate MNC 

resiliency to OGD, eleven MNCs were either maintained or newly acquired following multiple 

15 minute OGD exposures, for cumulative exposures of up to 30 minutes. Remarkably, resting 

membrane potentials, input resistance and action potential amplitudes were similar to MNCs not 

previously exposed to OGD. In contrast, no additional recordings could be obtained from PyNs 
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after a single 10 minute OGD insult to the neocortical slice. Our findings confirm that PyNs are 

acutely-injured post-OGD and do not recover in neocortical slices. Such neuronal vulnerability 

to AD is characteristic of `higher` structures in the cerebral hemispheres such as hippocampus 

(Tanaka et al., 1997, 2002) and striatum (Pisani et al., 2004; Centonze et al., 2001).  Few studies 

have investigated the diencephalon (including hypothalamus) and brainstem. Work by Curras-

Collazo et al. (2002) examined various brain regions following a three-vessel occlusion model in 

rat, assessed by the degree of India-ink penetration after ischemia. Despite similar reductions in 

blood volume observed in caudoputamen (53 %) and the MNC nuclei SON (46 %) and PVN (45 

%), no histological damage was seen in the latter nuclei 48-72 hours post-stroke. A substantial 

collateral blood supply was suggested as a protective mechanism for MNCs in vivo. However 

our study demonstrates MNC resiliency to OGD in the brain slice preparation which is 

independent of blood supply.   

Changes in light transmittance (∆LT) are small in SON versus cortex during AD 

Imaging during AD showed that PyNs generate a robust front of elevated LT that 

propagates across gray matter at 2-4 mm/min, as documented both in vivo (Murphy et al., 2008) 

and in brain slices (Anderson et al., 2005; Jarvis et al., 2001). The elevated LT wave front in 

neocortical slices was sharp and of high-amplitude. At the upstroke of this signal, PyNs 

displayed a sudden steep depolarization as the AD wave passed by the pipette tip (Jarvis et al., 

2001; Basarsky et al., 1998). PyNs invariably underwent a near complete loss of membrane 

potential, followed by minimal recovery. Post-AD, evoked field potentials from neocortex or 

hippocampus are permanently lost (Jarvis et al., 2001; Anderson et al., 2005). On  the other hand, 
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MNC recovery likely results from the slow onset and weaker depolarization in hypothalamus, as 

inferred from K
+
-sensitive electrode recording from lateral hypothalamus adjacent to the SON 

(Bureš and Burešová, 1981) as well as from LT imaging (Brisson et al., 2009).  MNC 

depolarization coincided with a mild and diffuse increase in the LT signal imaged in SON during 

OGD, rather than a moving front. Other factors likely contribute to the ease of AD propagation 

in cortex, such as low levels of myelination and higher densities of neurons and astrocytes, 

leading to higher levels of released [K
+
]o (Somjen, 2001; Bureš et al., 1974; Shibata and Bureš, 

1974). However, it takes both raising [K
+
]o and OGD to depolarize MNCs to near zero millivolts 

whereas either treatment alone is effective in PyNs. This implicates a Na
+
/K

+
 ATPase pump in 

MNCs that better functions under high metabolic stress.  Is there other supporting evidence? 

Bains et al. (2001) showed that a K
+
 current (ID) in MNCs of PVN was responsible for 

resisting strong depolarization evoked by an NMDA receptor agonist, in contrast to adjacent 

susceptible parvocellular neurons. Inhibition of ID with 4-aminopyridine (4-AP) increased 

depolarization and resulted in death of MNCs. Indeed, MNCs of the SON and PVN are resistant 

to systemic and intracranial injections of glutamate analogues, in contrast to neocortex and 

adjacent hypothalamic neurons (Hu et al., 1992; Herman and Weigand, 1986; Schwob et al. 

1980; Bains et al., 2001). However, glutamate receptor activation is not required for the 

generation or propagation of AD in adult cortical slices (Anderson et al., 2005; Jarvis et al., 

2001; Joshi and Andrew, 2001; Muller & Somjen, 2000; Tanaka et al., 1997) or in vivo ( 

Nellgard & Wieloch, 1992; Murphy et al., 2008). Also although 4-AP slightly depolarized 

neurons (~5 mV), it does not increase MNC susceptibility to AD induced by OGD (unpublished 
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observations). Thus it is unlikely that MNCs resist OGD simply by possessing K
+
 channels that 

open during depolarization.  

Two-photon Laser Scanning Microscopy (2-PLSM) confirms MNC protection 

Studies of PyNs show dramatic cell swelling as a result of AD during OGD together with 

dendritic beading and spine loss indicating neuronal damage in both mouse (Joshi and Andrew, 

2001; Zhang & Murphy, 2007) and rat (Obeidat et al., 2000; Andrew et al., 2007). We confirmed 

this PyN damage in the current study, but in sharp contrast MNCs maintained their cell volume 

or slightly shrank following 15 minutes of OGD. This provided independent experimental 

evidence that unlike pyramidal neurons, MNCs resist AD and the swelling from ischemic 

damage that results. It is likely that lack of swelling and dendritic beading reflects the lower level 

of metabolic stress that MNCs experience during OGD because they do not undergo a robust 

AD. The reversible increase in light transmittance we observed in SON during OGD likely 

involved the swelling of astrocytes that dissipated by the time of measurement at 15 minutes 

post-OGD as seen in neocortex (Risher et al., 2009). 

MNCs do not generate spreading depression in response to elevated [K
+
]o   

 During elevation of aCSF [K
+
]o to 9.6 mM, both PyNs and MNCs mildly depolarized by 

5-10 mV. With 26 mM [K
+
]o both neuronal types depolarized to -47 and -43 mV respectively, 

approximating the equilibrium potential for this concentration of K
+
 in neurons. PyN discharge 

lead to spike inactivation and then the rapid depolarization of spreading depression (SD).  An 

increase in LT corresponded to the SD front which is well documented during elevated [K
+
]o in 
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cortical slices (Anderson and Andrew, 2002). In contrast SD is not normally evoked in slices of 

‘lower’ brain regions such as hypothalamus (this study) and brainstem of the adult rat (Richter et 

al., 2008). Neonatal (but not adult) rat brainstem will undergo SD induced by severe hypoxia 

(Funke et al., 2009), although this is not equivalent to SD evoked by K
+
 because there is 

additional metabolic stress. During exposure to 26 or 52 mM K
+
, we found that MNCs did not 

undergo electrophysiological SD (n = 6), nor was an LT front imaged indicating SD propagation, 

an event consistently observed in neocortex (Anderson and Andrew, 2002). Only a diffuse 

increase in LT was recorded in SON during elevated [K
+
]o.  

Elevating [K
+
]o during OGD 

Under ischemic conditions the SD-like event (i.e., AD) becomes prolonged and recovery 

is more difficult.  Once initiated the strong AD by PyNs resists recovery in slices.  MNCs remain 

less depolarized during either 26 mM K
+
 (-43 mV), 52 mM K

+
 (-34 mV) or OGD (-19 mV) 

compared to PyNs which approach zero millivolts in all three cases, again implying a difference 

in the potency of the Na
+
/K

+
 ATPase pump.  

 A higher peak concentration of [K
+
]o released by depolarizing neurons during AD will 

increase the strength of  AD which is reciprocal.  That is, strong AD promotes K
+ 

release and 

vice-versa. Only by briefly raising [K
+
]o near the end of OGD (thereby further driving this 

positive feedback) were we able to  push MNCs to zero millivolts, similar to PyNs. But even 

then MNCs recovered, driven by their Na
+
/K

+
 ATPase pump, in sharp contrast to the terminally 

depolarized PyNs. We propose that intrinsic differences in isoform distribution and/or activation 
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kinetics of the Na
+
/K

+
 ATPase may provide a mechanism as to why MNCs better survive OGD, 

as discussed below.  

  

Na
+
/K

+
 ATPase pump efficiency probably varies with neuronal type 

Once depolarized PyNs could not repolarize following 10 minutes of ouabain treatment, 

even with up to 50 minutes recovery in control-aCSF. Similar to OGD, no action potentials could 

be evoked and no additional recordings could be obtained in the same slice. In contrast to PyNs, 

MNCs markedly recovered following 10 or 15 minutes ouabain exposure but repolarization was 

much slower than following OGD. This likely reflects the slow wash-out of ouabain which has a 

half-life of 45 minutes (Tobin and Brody, 1972) and highlights the importance of Na
+
/K

+
 

ATPase pump recovery for efficient repolarization.  Several mechanisms could contribute to 

MNC recovery from pump failure including, activation kinetics, isomer distribution, second 

messengers or regulation of permeate ions (Blanco and Mercer, 1998).  

 

Table 1. Whole-cell recording data and simultaneous LT imaging data for neocortical PyNs in 

response to OGD.   

Twenty PyNs were recorded during 10-12 minutes OGD. No action potentials could be elicited post-OGD 

in any PyNs. OGD Dur., oxygen/glucose deprivation duration; [Gluc.], glucose concentration; Rmp, 

resting membrane potential; Max Depol., maximum depolarization of anoxic depolarization; AP Ampl., 

action potential amplitude; Rin, whole-cell input resistance; Rin recovery of >115 % probably included 

partial micropipette block. These values were not included in the mean. % Rmp recovery were calculated 

before correcting for a +14 mV junction potential. 

OGD 
Dur. 
(min) 

[Gluc.] 
(mM) 

Rmp 
(mV) 

Rmp 
Post-
OGD 
(mV) 

% Rmp 
Recov. 

Max 
Depol. 
(mV) 

AP 
Ampl. 
(mV) 

Rin  
(MΩ) 

Rin 
Post-
OGD 
(MΩ) 

% Rin 
Recov. 

AD 
Onset 

(s) 

AD Rate 
(mV/s) 

10 1 -85 -44 42 -1 76 126 69 55 279 1.83 

10 1 -86 -37 32 -5 73 116 81 70 289 1.06 
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10 1 -83 -57 62 0 67 124 85 69 308 2.82 

10 1 -81 -37 34 0 75 114 34 30 301 0.88 

10 1 -79 -24 15 -4 70 67 78 >115 242 0.89 

10 1 -84 -36 31 1 89 40 24 60 303 1.60 

10 1 -82 -41 40 2 82 30 30 100 189 1.16 

10 0 -86 -31 24 2 78 89 42 47 217 1.72 

10 0 -83 -14 0 1 81 98 8 8 241 2.73 

10 0 -80 -30 24 -2 78 75 49 65 189 2.20 

12 0 -84 -43 41 -5 84 95 70 74 297 1.25 

12 0 -79 -61 72 2 83 102 80 78 236 0.94 

12 0 -86 -24 14 0 82 135 100 74 250 3.10 

12 0 -84 -18 6 -2 82 74 115 >115 236 1.14 

12 0 -78 -17 5 0 74 75 50 67 169 1.07 

12 0 -80 -30 24 1 82 55 128 >115 224 1.81 

12 0 -81 -24 15 0 87 36 57 >115 192 1.10 

12 0 -84 -31 24 2 86 55 28 51 314 1.46 

12 0 -84 -21 10 3 67 75 21 28 281 1.39 

12 0 -80 -30 24 1 88 64 25 39 160 1.23 

MEAN -82 -33 27 0 79 82 59 57 246 1.57 

STDEV (±) 2.5 12.4 18 2.3 6.6 31 33 23 49.1 0.7 

 

 

Table 2. Whole-cell recording data for MNCs of SON in response to OGD.   

Twenty-one MNCs were recorded during 15 minutes of OGD. Only one MNC displayed less than 60 % 

recovery of membrane potential. Eleven newly acquired neurons were recorded post-OGD. For remaining 

abbreviations see Table 1. % Rmp recovery values were calculated before correcting for a +14 mV 

junction potential. 
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R
M

P
 (

m
V

) 

A
P

 A
m

p
l 

(m
V

) 

R
in

 (
M

Ω
) 

15 1 -62 -61 98 -43 94 77 82 569 575 101 N/A -66 85 889 

15 1 -64 -70 100 -38 102 100 98 511 472 92 N/A -64 80 487 

15 1 -63 -59 92 -45 99 87 88 631 584 93 N/A -67 93 618 

15 0 -70 -64 89 -19 101 85 84 528 340 64 480 -72 93 513 

15 0 -66 -57 83 -19 95 83 87 840 359 43 496 -64 77 757 

15 0 -68 -59 83 -14 96 76 79 548 530 97 N/A -70 84 518 

15 0 -61 -66 100 -47 89 85 96 853 600 70 N/A -66 86 522 

15 0 -62 -61 98 -21 81 80 99 658 703 107 488 -57 92 523 

15 0 -61 -72 100 -17 89 77 87 761 757 99 471 -64 81 430 

15 0 -64 -68 100 -6 88 90 102 573 653 114 N/A -64 102 524 

15 0 -60 -34 43 -15 107 53 50 656 240 37 500 -67 81 448 

15 0 -64 -47 66 -10 86 N/A N/A 678 642 95 442 - - - 

15 0 -68 -48 63 -6 82 N/A N/A 613 1182 >115 508 - - - 

15 0 -64 -63 98 -15 94 76 81 661 657 99 484 - - - 

15 0 -63 -60 94 -11 93 71 76 589 546 93 396 - - - 

15 0 -63 -47 67 -4 78 63 81 487 266 55 483 - - - 

15 0 -67 -56 79 -17 103 85 83 506 277 55 481 - - - 

15 0 -70 -56 75 -16 100 84 84 593 547 92 583 - - - 

15 0 -64 -61 94 -18 90 56 62 539 342 63 478 - - - 

15 0 -66 -65 98 -11 73 67 92 510 480 94 479 - - - 

15 0 -67 -70 100 -16 94 86 91 584 453 78 492 - - - 

MEAN -65 -59 87 -19 92 78 84 614 534 82 484 -66 87 566 

STDEV (±) 2.9 9.2 16.5 12.8 8.7 11.8 12.5 103 211 22 38.4 3.9 7.5 139 
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Table 3. Summary of whole cell recording data for PyNs (10-12 min OGD) and MNCs (15 min 

OGD).  

MNCs displayed a significantly greater percent recovery of membrane potential (p < 0.001), action 

potential amplitude (p < 0.001) and input resistance (p < 0.05) than PyNs.  Action potentials could be 

elicited post-OGD by all MNCs except two, but not by PyNs. 

 

Mean 

Rmp 

(mV) 

Mean 

Rmp
 

Post- 

OGD 

(mV) 

% Rmp 

Recov. 

Mean 

Max  

Depol. 

(mV) 

Mean 

AP 

Ampl 

(mV) 

Mean 

AP 

Ampl 

Post-

OGD 

(mV) 

% AP 

Ampl. 

Recov. 

Mean 

Rin 

(MΩ) 

Mean 

Rin 

Post-

OGD 

(MΩ) 

% Rin 

Recov. 

PyN             
(n = 20) 

- 82           
± 2.5 

- 33         
± 12.4 

27 
- 0                      

± 2.3 
79            

± 6.6 
NA NA 

82       
± 31 

59          
± 33 

57 

MNC           
(n = 21) 

- 65           
± 2.9 

- 59        
± 9.2 

87 
- 19                      

± 12.8 
92            

± 8.7 
78            

± 11.8 
84 

614      
± 103 

501        
± 154 

82 

 

 

Table 4. MNCs can withstand multiple 15 minute OGD exposures.   

Eleven MNCs recordings were either newly acquired or maintained following 15 or 30 minutes of OGD. 

Initial resting membrane potential, action potential amplitude and input resistance values were similar to 

MNCs not previously exposed to OGD.  For abbreviations see Table 1. 
No. of 15 minute OGD 

exposures 
Rmp (mV) AP Ampl. (mV) Rin (MΩ) 

2 -66 85 889 

2 -64 80 487 

2 -67 93 618 

1 -72 93 513 

1 -64 77 757 

1 -70 84 518 

1 -66 86 522 

1 -57 92 523 

1 -64 81 430 

1 -64 102 524 

1 -67 81 448 

MEAN -66 87 566 

STDEV (±) 3.9 7.5 139 
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Chapter 3 

Thalamic Neurons are Susceptible to Simulated Stroke Injury While Neurons 

in the Adjacent Hypothalamus are Resistant 

 

3.1 Summary 

In the current study we examined vulnerability to simulated stroke among neurons of the 

diencephalon. Whole-cell recordings of thalamic neurons in response to 10 min OGD showed a 

rapid and near-complete depolarization to zero millivolts, from which they do not recover. 

Moreover, newly acquired neurons could not be patched from the diencephalic slice following a 

single 10 minute OGD exposure. Simultaneous light transmittance (LT) imaging and whole-cell 

recording confirmed that the elevated LT wave front through thalamus coincided with a robust 

depolarization of thalamic neurons.  In contrast, hypothalamic neurons gradually depolarized 

during OGD and resisted complete depolarization. Following return of control aCSF, 

hypothalamic neurons rapidly repolarized to near-resting membrane potential and recovered 

input resistance and action potential amplitude. Moreover, newly acquired hypothalamic neurons 

could be readily patched following exposure to OGD, with resting parameters similar to neurons 

not previously exposed to OGD. LT imaging confirmed a robust AD initiating in midline 

thalamus propagating into adjacent hypothalamus. Simultaneous LT imaging and whole-cell 

recording of hypothalamic neurons, confirmed weak AD propagation was associated with 

gradual neuronal depolarization and eventual recovery.  Ouabain exposure resulted in 
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depolarization similar to OGD in all neuronal types tested, suggesting differences in Na
+
/K

+
 

ATPase pump function in susceptibility or resistance to OGD. Finally, exposing diencephalic 

neurons to elevated [K
+
]o  resulted in the complete depolarization of SD in thalamic but not in 

hypothalamic neurons. Therefore, the inability to generate SD is correlated with weak AD 

generation during OGD in hypothalamic regions. These results demonstrate a discrete `border of 

susceptibility` between thalamic neurons that are intrinsically vulnerable to simulated stroke and 

neighbouring hypothalamic neurons that are resistant. 

 

3.2 Introduction 

In the first manuscript we showed that a population of projection neurons in the 

supraoptic nucleus (SON) of the hypothalamus are highly resistant to simulated ischemia 

compared to the vulnerable output cells of the cerebral cortex, the pyramidal neurons (PyNs) 

(Brisson and Andrew, 2012). Here we examine whether there is a demarcation between 

susceptible and resilient regions of the brain, looking at live brain slices exposed to simulated 

ischemia. Exposure of thalamic neurons to elevated extracellular potassium results in a 

propagating wave of spreading depression, more prominent in midline thalamus with a small 

wave seen in lateral hypothalamus (Fifková, 1964). Similarly, abrupt rises in extracellular 

potassium have been observed in midline thalamus following terminal anoxia in the rat (Bureš 

and Burešova, 1981).  Whole-cell voltage clamp recordings demonstrate a sudden large inward 

current representative of AD, in response to Na
+
/K

+
 ATPase inhibitors strophanthidin or dihydro-

ouabain (Senatorov and Hu, 1997).  Exposing hypothalamic slices to the Na
+
/K

+
 ATPase pump 
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inhibitor ouabain (100 µM) induces a gradual depolarization in neurons of SON (Brisson and 

Andrew, 2012), suggesting differences in Na
+
/K

+
 ATPase susceptibility between these regions. 

Moreover, despite a strong propagating wave in thalamus, we have previously shown that 

adjacent hypothalamus undergoes a weak AD and does not support SD (Brisson and Andrew, 

2012). Therefore, we ask what protects hypothalamic neurons from a propagating AD/SD wave 

front in contrast to adjacent thalamus, and does hypothalamus represent a border zone of 

protection for AD propagation into lower brain regions despite apparent continuity of gray 

matter? We examine these questions with whole-cell patch recording from single neurons within 

these two regions in concert with light transmittance imaging. 

 

 

3.3 Materials and Methods 

The dissection, brain slice preparation, patch recordings and imaging techniques were 

identical to those described in Manuscript 1.  

 

3.4 Results 

3.4.1 Thalamic Neurons  

Eleven thalamic neurons were monitored by whole-cell patch during simulated stroke 

(Fig. 9A; Table 4). The patch pipette was visually placed within the anteromedial ventral (AMV) 

nucleus (n = 11) and the cells targeted based on their elongated shape and diameter of 
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approximately 20 to 30 µm. Thalamic cells were also identified based on the presence of a low 

threshold potential that generated a burst of action potentials, when hyperpolarized below -65 

mV (Fig. 9B). When depolarized above -55 mV, thalamic cells responded with tonic firing of 

action potentials (inset Fig. 9B). The average resting potential of the 11 thalamic neurons from 

the AMV nucleus was -70 ± 3.2 mV. Mean input resistance and action potential amplitude were 

81 ± 20 MΩ and 78 ± 5.9 mV, respectively, similar to other studies (Goaillard and Vincent, 

2002).  

A)

-70 mV

0 mV

B)

50 mV

100 ms
50 m V

1 min

OGD - 5 min

- 68 mV

C)

3 min

OGD - 10 min

50 mV

100 pA

*

50 mV

2 min

100 m Ouabain - 10 minµ

- 66 mV

0 mV

0 mV

- 66 mV

0 mV

52 mM K  - 110 sec
+

D) E)

Thalamic Neurons

* *

SD

 

Figure 9. Thalamic neurons undergo terminal AD induced by OGD or ouabain and generate 

spreading depression.   
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A) Whole-cell recording in response to 10 minutes of OGD. The neuron gradually depolarizes before 

rapid onset of AD (arrow) to near-zero millivolts. The recording was then lost (asterisk). B) Typical 

response of thalamic neurons to hyperpolarizing and depolarizing current. A hyperpolarizing current 

pulse evokes burst firing but when depolarized from positive resting potentials, the same neuron fires 

tonically (inset). C) Another thalamic neuron during 10 minutes of OGD. Again the neuron undergoes 

rapid AD (arrow) to near-zero millivolts. Following return of control aCSF the thalamic neuron could not 

repolarize. D) Response to 10 minutes of 100 µM ouabain exposure. The neuron slowly depolarizes 

followed by rapid AD (arrow) to near-zero millivolts. Following return to control aCSF the recording was 

lost (asterisk). E) In response to 52 mM [K
+
]o exposure, the neuron rapidly depolarizes before reaching a 

brief plateau as action potentials inactivate. The rapid depolarization of spreading depression (SD) drives 

the neuron to near-zero millivolts, at which point control aCSF is returned to the slice (arrow).  The 

neuron then begins to repolarize before the recording is lost (asterisk). All recordings were from the 

anteromedial ventral (AMV) nucleus except C, which is from the interanteromedial (IAM) nucleus. 

 

Thalamic Neurons and OGD 

 Exposing thalamic neurons to 10 minutes of OGD (n = 11) elicited an abrupt AD with a 

mean slope of 2.0 ± 0.8 mV/s and a mean onset time of 217 ± 26 seconds (Fig. 9A; Table 5). The 

mean maximal membrane depolarization reached during AD, was -4 ± 2.5 mV. Average resting 

membrane potential following OGD could not be determined, as none of the whole-cell 

recordings from the AMV nucleus could be maintained (asterisk, Fig. 9A). To confirm that these 

neurons were representative of thalamic neurons in general, additional recordings were made in 

the lateral (n = 3), interoanteromedial (n =3), anteromedial (n = 1) and submedius thalamic 

nucleus (n = 1). These neurons also underwent an abrupt AD in response to OGD (Fig. 9C, Table 

6). The mean onset time of the second subset of thalamic neurons was 243 ± 31 seconds with a 

mean slope of 6.6 ± 5.1 mV/s.  Mean resting potential, maximum depolarization, action potential 

amplitude and input resistance values were similar to thalamic neurons from the AMV nucleus 

(Table 5). Figure 9C, shows a thalamic neuron form the IAM nucleus that was maintained 

following 10 minutes OGD. 
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Simultaneous Imaging of the Recorded Thalamic Region 

Simultaneous light transmittance (LT) imaging of the thalamic field during whole-cell 

recording demonstrated a sudden increase in ∆LT that usually initiated medially from the IAM 

nucleus, before spreading in dorsal and ventral directions (Fig.10). The propagating wave of LT 

engaged the AMV at ~ 190 seconds, which coincided with the fast component of the AD in the 

whole-cell recording (Fig. 9A).  During OGD, the whole-cell recording could not be maintained 

and was lost at 350 seconds (asterisk, Fig. 9A). After propagating through the thalamus and 

adjacent lateral hypothalamic areas, the AD wavefront converged upon and engaged the PVN 

(Fig. 10). Within the PVN a robust and sustained increase in LT was measured during OGD, a 

consistent observation in our slices. Following return to control aCSF, the PVN did not display 

reduced LT indicative of dendritic beading/damage (purple, Fig. 10) in contrast to adjacent 

thalamus. 
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Figure 10. ΔLT imaging (low magnification) of AD propagating through thalamus and 

hypothalamus.   
A) An AD wave front initiates medially and laterally (arrows) below the mammilo-thalamic tract (MT) at 

~ 186 seconds of OGD, before propagating in dorsal and ventral directions (arrows). At 243 seconds the 

ventral wave is joined by a weak wave in lateral hypothalamus that simultaneously engages PVN.  At 439 

seconds, both PVNs swell (blue), while adjacent thalamus is damaged (purple). AMV, anteromedial 

ventral thalamic nucleus; F, fornix; MT, mammilo-thalamic tract. 

 

Thalamic Neurons and Ouabain 

Exposing the thalamic slice to 100 µM ouabain for 10 minutes elicited an abrupt anoxic 

depolarization of thalamic neurons that approached zero millivolts, similar to OGD (Fig. 9D). In 

contrast to OGD, the initial slow phase of the depolarization was more gradual, before sudden 
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AD onset (arrow, Fig. 9D). Similar to OGD, the thalamic cell recording could not be maintained 

(asterisk, Fig. 9D). 

Thalamic Neurons and Elevated Extracellular K
+
 

Exposure (110 seconds) of thalamic slices to 52 mM [K
+
]o elicited an abrupt 

depolarization of the thalamic neuron to near zero millivolts (Fig. 9E), which was diagnostic of 

SD initiation. Upon return of control aCSF (arrow), membrane potential began to repolarize but 

the recording could not be maintained (asterisk, Fig 9E). 

 

3.4.2 Hypothalamic Neurons 

Magnocellular Neuroendocrine Cells (MNCs) in PVN 

 Eight MNCs from PVN were monitored by whole-cell patch during simulated stroke 

(Fig. 11A1). The patch pipette was visually placed within the magnocellular region of the PVN, 

and the cells identified based on their ellipsoid shape and large diameter of 20 to 30 µm. The 

mean resting membrane potential of the 8 magnocellular neurons was -51 ± 3.9 mV (Table 7). 

Input resistance and action potential amplitude were 517 ± 173 MΩ and 86 ± 4.9 mV 

respectively, similar to other studies (Yuill et al., 2007). All recorded MNCs displayed 

characteristic frequency-dependent action potential broadening, linear IV curves and transient 

outward K
+
 current (A-type, asterisk, Fig. 11A2) when depolarized from holding potentials more 

negative than -70 mV (Kolaj et al., 2000).  A characteristic delay in return to baseline potential 
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(arrow, Fig. 11A2) was also observed following a hyperpolarizing current pulse, which was 

diagnostic of MNCs.  

 

-54 mV

3 min
B1) PVN - Parvocellular

A1)

-56 mV

PVN - Magnocellular A2)

500 msB2)

OGD - 10 min

OGD - 10 min

50 m V

50 mV

- 54 mV

100 m Ouabain - 10 minµ

C)  PVN - Parvocellular 

52 mM K  - 3 min
+

D)  PVN - Parvocellular 

- 55 mV

50 mV

2 min 50 mV

2 min

Paraventricular Neurons (PVN)
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Figure 11. Neurons of PVN resist depolarization during OGD, ouabain or 52 mM [K
+
]o exposure.  

A1) Whole-cell recording of MNC during 10 minutes of OGD. The MNC gradually depolarizes before 

reaching a plateau as action potentials inactivate. Following return of control aCSF, the MNC rapidly 

repolarizes with spontaneous action potential firing. A2) Typical response of MNCs to depolarizing and 

hyperpolarizing current pulses. MNCs display a characteristic delay in firing (arrowhead) when 

depolarized from negative resting potentials. MNCs also display a characteristic delay in return to 

baseline (arrow) in response to a hyperpolarizing current step. B1) A parvocellular neuron in response to 

10 minutes of OGD. The neuron gradually depolarizes before reaching a plateau as action potentials 

inactivate. The neuron initially resists further depolarization before continuing to near-zero millivolts. 

Following return to control aCSF, the neuron repolarizes to near-baseline. B2) A non-bursting 
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parvocellular neuron with characteristic post-inhibitory rebound spike and low-threshold spike (LTS). C) 

A parvo during 10 minutes of ouabain exposure, slowly depolarizes as action potentials inactivate. The 

neuron resists initial further depolarization before continued depolarization to near-zero millivolts. 

Following return of control aCSF the recording was lost (asterisk). D) A parvo in response to 3 minutes of 

52 mM [K
+
]o exposure depolarizes before reaching a plateau as action potentials inactivate. No SD is 

generated. Following return of control aCSF the parvocellular neuron repolarizes to near its original 

resting potential. 

 

MNCs and OGD 

 Exposing PVN slices to 10 minutes of OGD, elicited a gradual depolarization of MNCs, 

reaching a mean plateau depolarization of -23 ± 6.0 mV as action potential firing ceased due to 

Na
+
 channel inactivation (Fig. 11A1). After reaching the plateau depolarization, MNCs resisted 

further depolarization for an average duration of 168 ± 44 seconds, before reaching a mean 

maximal depolarization of -9 ± 6.5 mV (Table 7). The average membrane potential of 4 MNCs 

that were maintained following 10 minutes of OGD exposure was -42 ± 2.9 mV, representing an 

84 % recovery of membrane potential. Mean input resistance and action potential amplitude 

post-OGD were 458 ± 112 MΩ (89 % recovery) and 71 ± 4.5 mV (82 % recovery) respectively. 

Newly Acquired MNCs 

Newly acquired MNCs could readily be obtained following OGD exposure (Table 6). 

The average membrane potential of three newly acquired MNCs following 10 minutes of OGD 

was - 52 ± 2.1 mV (100 % control). Input resistance and action potential amplitude were 674 ± 

102 MΩ (100 % control) and 88 ± 5.0 mV (100 % control), respectively. All of the data above 

replicated our previous recordings of MNCs from SON.  

Parvocellular Neurons in PVN 
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Twelve parvocellular neurons were monitored by whole-cell patch during simulated 

stroke (Fig. 11B1; Table 8). The patch pipette was visually placed within the parvocellular 

region of the PVN and the cells targeted based on their small diameter of < 15 µm. Cells were 

further characterized by the presence of 1 to 2 rebound spikes (n = 11) or a burst of action 

potentials (n = 1) following a hyperpolarizing current step. Bursting cells displayed a prominent 

low threshold spike (LTS) in contrast to a smaller LTS (arrow, Fig 11B2) in non-bursting cells. 

The average resting membrane potential of 12 parvocellular neurons was -49 ± 4.2 mV (Table 

8). Input resistance and action potential amplitude were 704 ± 233 MΩ and 80 ± 8.1 mV, 

respectively as reported in other studies (Yuill et al., 2007).   

Parvocellular Neurons and OGD 

Exposing PVN slices to 10 minutes of OGD, elicited a gradual depolarization of 

parvocellular neurons, which reached a mean plateau depolarization of -26 ±4.4 mV as action 

potential firing ceased due to Na
+
 channel inactivation (Fig 9B1). At this plateau depolarization, 

parvocellular neurons resisted further depolarization for an average duration of 74 ± 49 seconds, 

before depolarizing to a mean maximal level of -6 ± 3.2 mV (Table 8). The average membrane 

potential of three parvocellular neurons that were maintained following 10 minutes of OGD 

exposure was -38 ± 6.7 mV (Table 8), representing a 78 % recovery of membrane potential. 

Input resistance and action potential amplitude were 469 ± 33 MΩ (92 % recovery) and 82 ± 5.7 

mV (95 % recovery) respectively.Newly Acquired Parvocellular Neurons 

Newly Acquired Parvocellular Neurons 
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 In dramatic contrast to adjacent thalamus, newly acquired whole-cell recordings could be 

readily obtained from parvocellular neurons in the PVN (Table 8). The average membrane 

potential of 11 newly acquired parvocellular neurons following 10 minutes of OGD was -44 ± 

5.4 mV, representing 90 % recovery of membrane potential compared to neurons not previously 

exposed to OGD (n = 11). Input resistance and action potential amplitude were 603 ± 154 MΩ 

(86 % control) and 80 ± 7.6 mV (100 % control), respectively. 

Simultaneous Imaging of the Recorded PVN Region  

 Simultaneous light transmittance (LT) imaging of the PVN during whole-cell recording 

demonstrated an increase in ∆LT corresponding with AD onset in the single cell (Fig. 11B1). 

The mean AD onset time measured during light transmittance imaging was 298 ± 57 seconds (n 

= 6, not shown). After propagating through thalamus and adjacent hypothalamus, the AD wave 

front converged upon and engaged the PVN (as in Fig. 10). Within the PVN a robust and 

sustained increase in LT was measured during OGD, accompanied by gradual depolarization of 

the recorded parvocellular neuron (Fig. 9B1). Upon return of control aCSF, LT within the PVN 

remained elevated and did not display reduced LT indicative of dendritic beading /cell damage 

(purple) as in adjacent thalamus (Fig. 10). Membrane potential of the simultaneously recorded 

parvocellular cell monitored during ∆LT imaging (not shown) in Figure 11B1, returned to -58 

mV, representing an 81 % recovery of membrane potential. Input resistance and action potential 

amplitude recovery were 66 and 99% respectively (Table 8). 

Parvocellular Neurons and Ouabain 
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 Exposing PVN slices to 100 µM ouabain for 10 minutes, elicited a gradual depolarization 

of parvocellular neurons, similar to OGD (Fig. 11C). As with OGD, the recorded parvocellular 

neuron resisted initial depolarization reaching a plateau potential, before depolarizing to a 

maximal level of -7 mV. Following return of control aCSF the recorded parvocellular could no 

longer be maintained (asterisk, Fig. 11C). 

Parvocellular Neurons and Elevated Extracellular K
+
 

Brief exposure (3 minutes) of the PVN slice to 52 mM [K
+
]o elicited depolarization of the 

recorded parvocellular neuron, followed by cessation of action potential firing that reached a 

plateau depolarization of -27 mV (Fig. 9D). Upon return to control aCSF, the parvocellular 

neuron repolarized to its original resting membrane potential level.  No SD was generated.  

Suprachiasmatic Nucleus (SCN)  

 Eighteen neurons from SCN were monitored by whole-cell patch during simulated stroke 

(Fig. 12A; Table 9).  The patch pipette was visually placed within the suprachiasmatic nucleus 

and the cells targeted based on their small diameter of < 15 µm. Neurons were further 

categorized as either type I, II or III based on electrophysiological properties (Pennartz et al. 

1998). Type I neurons (n =10) were identified by their irregular firing frequency and monophasic 

afterhyperpolarization potential (AHP; not shown). Type II neurons (n = 7) displayed regular 

firing and biphasic AHP’s (arrowhead, inset, Fig. 12B). Type III neurons (n = 1) also displayed 

regular firing and biphasic AHP’s, but could be identified by a burst of action potentials and 

large rebound depolarization following a hyperpolarizing current step (Pennartz et al. 1998).  All 
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SCNs tested displayed pronounced inward rectification (asterisk, Fig. 12B). The average resting 

membrane potential of the 18 SCNs tested was -45 ± 4.1 mV (Table 9). Mean input resistance 

and action potential amplitude were 799 ± 293 MΩ and 76 ± 10 mV, as reported in other studies 

(Kim and Dudek, 1993; Pennartz et al,. 1998).  
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Figure 12. Neurons of the SCN resist depolarization during OGD, ouabain and 52 mM [K
+
]o 

exposure and recover.  

A) SCN neuron in response to 10 minutes of OGD slowly depolarizes before reaching a plateau as action 

potentials inactivate. After return to control aCSF the neuron rapidly repolarizes, followed by a 

hyperpolarizing undershoot (arrowhead).  B) In response to a hyperpolarizing current pulse the SCN 

neuron shows pronounced inward rectification (arrow) and a biphasic afterhyperpolarizing potential 

(arrowhead). C) SCN neuron in response to 10 minutes of 100 µM ouabain. As with OGD, the neuron 

reaches a plateau during ouabain exposure before the recording is lost (asterisk). D) SCN neuron in 

response to 3 minutes of 52 mM [K
+
]o. The neuron depolarizes to a plateau as action potentials inactivate, 

but does not generate SD. Upon return of control aCSF, the neuron returns to near its original resting 

potential.  

 

SCNs Neurons and OGD 
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Exposing the three SCN neuronal types to 10 (n = 8) or 15 (n = 10) minutes of OGD, 

elicited a gradual depolarization, reaching a mean plateau depolarization of -27 ± 2.2 mV as 

action potential firing ceased due to Na+ channel inactivation (Fig. 12A). After reaching the 

plateau depolarization, SCN neurons resisted further depolarization for an average duration of 

322 ± 187 seconds, before depolarizing to a mean maximal -19 ± 6.9 mV (Table 9). Notably, 

after reaching the plateau, some SCNs could resist further depolarization by actively 

hyperpolarizing their membrane potential during OGD (not shown). The average membrane 

potential of the thirteen SCNs that were maintained following 10 or 15 minutes of OGD was -51 

± 10.9 mV, representing an 81 % recovery of membrane potential (Table 9). Input resistance and 

action potential amplitude were 855 ± 275 MΩ (100% recovery) and 46 ± 12 mV (65 % 

recovery). 

 

Newly Acquired SCN Neurons 

As with other hypothalamic neurons, newly acquired healthy SCN neurons could be 

readily patched following recovery from 10 or 15 minutes of OGD (Table 9). The average 

membrane potential of 15 newly acquired SCNs was -57 ± 3.3 mV (97% of control SCN 

neurons). Input resistance and action potential amplitude were 900 ± 523 MΩ (100% control) 

and 71 ± 9.0 mV (93 % control). 

Simultaneous Imaging of Recorded SCN Region 

Simultaneous light transmittance imaging (40x magnification) of the SCN during whole-

cell recording demonstrated an increase in ∆LT (not shown) corresponding with AD onset in the 
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single cell (Fig. 12A). The mean AD onset time measured during light transmittance imaging 

was 431 ± 63 seconds (n = 7). Upon return of control aCSF, SCNs displayed rapid repolarization 

of membrane potential, which often displayed a hyperpolarizing undershoot (asterisk, Fig. 12A) 

before returning to baseline potential. 

 

SCN Neurons and Ouabain 

Exposing a SCN slice to 100 µM ouabain for 10 minutes, elicited a gradual 

depolarization of the SCN neuron, similar to OGD (Fig. 12C). As with OGD, the neuron resisted 

initial depolarization after reaching a plateau potential, before depolarizing to a maximum– 21 

mV.  Upon return of control aCSF, the SCN neuron could no longer be maintained (asterisk, Fig. 

12C). 

 

SCNs and Elevated Extracellular K
+
 

Brief exposure (3 minutes) of an SCN slice to 52 mM [K+]o elicited depolarization of the SCN 

neuron, accompanied by cessation of action potential firing before reaching a plateau depolarization of -

32 mV (Fig. 12D). Upon return of control aCSF, the SCN neuron repolarized to its original resting 

potential level.  No SD was generated. 

 

3.5 Discussion 

The Diencephalon and Ischemic Vulnerability 
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In response to global ischemia, thalamic neurons in rat (Kawai et al., 1992; Pulsinelli et 

al., 1982) and dog (Sieber et al., 1995) show vulnerability along with cortex, hippocampus and 

basal ganglia. Interestingly, despite similar reductions in blood flow, brainstem neurons showed 

little or no damage (Sieber et al., 1995).   

Using whole-cell patch and 2-photon microscopy, we have previously reported a 

dramatic difference in response to OGD between susceptible pyramidal neurons in neocortex and 

resilient hypothalamic neurons in supraoptic nucleus (SON) (Brisson and Andrew, 2012). In the 

current study we report a similar dramatic difference between thalamic neurons and directly 

adjacent hypothalamic neurons. Neurons within both the paraventricular nucleus (PVN) and 

suprachiasmatic nucleus (SCN) demonstrate marked resilience to OGD.  They recover 

membrane potential, input resistance and action potential amplitude following OGD exposure. 

Moreover, newly acquired neurons could be readily obtained in the hypothalamic slice following 

OGD, a feat not possible in adjacent thalamus, even following up an hour of recovery in control 

aCSF. This is because we show that thalamic neurons, like those of neocortex (Anderson et al., 

2005), hippocampus (White et al., 2012) and striatum (Centonze et al., 2001) undergo strong and 

irreversible AD that kills neurons in these brain slices.   

 In contrast, following 10 or 15 minutes of OGD, hypothalamic neurons in both PVN and 

SCN, recover ~ 80 % average membrane potential. Substantial recovery of mean input resistance 

and action potential amplitude were also observed. Unlike PVN and SCN, no new neurons could 

be obtained in thalamus post-OGD, even following up to 1 hour recovery in control aCSF. We 

have previously reported similar susceptibility of layer V pyramidal neurons in neocortical brain 



 

70 

 

slices (Brisson and Andrew, 2012). In contrast to thalamus, new neurons in PVN and SCN could 

be readily obtained following OGD exposure, as previously reported in SON (Brisson and 

Andrew, 2012). Resting membrane potentials, input resistance and action potential amplitudes 

were similar to neurons not previously exposed to OGD, further indicating excellent recovery 

from OGD.  

Imaging changes during Light transmittance  

 In contrast to hypothalamus, a robust AD measured with current clamp could be 

consistently evoked in the adjacent midline thalamus following 10 minutes of OGD. 

Simultaneous whole-cell recordings during light transmittance (LT) imaging confirm rapid 

depolarization of the recorded neuron coinciding with passage of the AD wave. As AD 

approached the hypothalamus, it slowed and was usually joined by a separate smaller wave 

initiating in the lateral hypothalamus that simultaneously converged upon the PVN. These results 

are consistent with [K
+
]o measurements during terminal anoxia in rat, where a rapid increase (30 

– 50 mM) in [K
+
]o was observed in midline thalamus in contrast to a slower small rise (6 – 10 

mM) in lateral hypothalamus (Bureš and Burešová, 1981). Simultaneous whole-cell recordings 

of parvocellular neurons during OGD, confirm only a gradual depolarization of the recorded 

neuron as AD slowly converges upon the PVN. Gradual depolarization of MNCs in PVN was 

also observed during OGD in the current study. The reversible increase in light transmittance 

observed in PVN during OGD likely involved the swelling of astrocytes that quickly recover 

(Risher et al., 2009) by the time of measurement at 15 minutes post-OGD. In contrast MNC 

somata display no swelling during or after OGD as observed with 2-PLSM (Brisson and 
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Andrew, 2012). Simultaneous whole-cell recordings of SCN neurons during OGD also showed 

gradual depolarization of the recorded neuron coinciding with AD onset in the single cell. AD 

onset in SCN (434 seconds) was later in contrast to PVN (298 seconds), where AD invaded from 

ventral hypothalamus.  

Elevated extracellular K
+
 evokes SD in thalamus but not adjacent hypothalamus 

Brief exposure of diencephalic slices to 52 mM [K
+
]o, caused rapid depolarization that 

quickly approached zero millivolts in neurons of midline thalamus. Whole-cell voltage clamp 

recordings of thalamic neurons in lateral geniculate nucleus confirm a sudden large inward 

current driving SD in response to hypoxia (Erdemli and Crunelli, 1998). SD can be induced in 

thalamus in response to intracerebral injections of KCl (Fifková, 1964) or electroconvulsive 

shock (Bureš and Burešová, 1981). In both cases SD was stronger in midline thalamus, 

compared to lateral or posterior regions. Intrinsic white matter lamina of the thalamus was 

suggested as a mechanism preventing propagation of SD in lateral and posterior regions. Despite 

apparent continuity of gray matter between midline thalamus and adjacent hypothalamus, no 

propagation of SD was observed into hypothalamus (Bureš and Burešová, 1981; Fifkov , 1964). 

Moreover, direct injection of KCl into hypothalamus could not elicit SD, except for a small 

signal detected in the lateral hypothalamic region (Fifková, 1964). Our hypothalamic results 

during OGD are also in agreement with the pattern of AD propagation during terminal anoxia 

(Bureš and Burešová, 1981). In hypothalamus we found that, neurons in PVN and SCN did not 

undergo an additional rapid depolarization representative of electrophysiological SD, despite a 

long exposure (3 min) to 52 mM [K
+
]o. These results are consistent with previous observations in 
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supraoptic MNCs of the hypothalamus (Brisson and Andrew, 2012) and brainstem of the adult 

rat (Richter et al., 2008), which do not undergo SD but can generate weak AD.  

Blocking Na/K-ATPase with ouabain mimics OGD in thalamus and hypothalamus 

 Exposure of the diencephalic slice to 100 µM ouabain evoked depolarization similar to 

OGD in all neuronal types tested.  In thalamus, an initial slow rise in membrane potential was 

followed by a rapid depolarization to near zero millivolts. Similarly voltage clamp recordings of 

thalamic neurons in medial geniculate body (MGB), revealed a sudden large inward current 

representative of AD, in response to Na
+
/K

+
 ATPase inhibitors strophanthidin or dihydro-

ouabain (Senatorov and Hu, 1997). As during OGD, hypothalamic neurons in the current study 

only gradually depolarized following ouabain exposure. So as is consistently observed in 

innumerable intracellular and imaging studies (e.g. Jarvis et al., 2001) ouabain exposure re-

iterates the OGD response by inducing failure of the Na
+
/K

+
 pump. However, there can be 

differences in the recovery observed because of the slow washout of ouabain from slices 

(Brisson and Andrew, 2012), compared to the rapid re-infusion of oxygen and glucose. Our 

results highlight the importance of the Na
+
/K

+
 ATPase pump during in vitro ischemia. Whether 

differences in pump density or isoform distribution exist between thalamic and hypothalamic 

neurons that determine selective vulnerability to ischemia will require further investigation. 
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Table 5. Whole-cell recording  data from anteromedial ventral (AMV) midline thalamic neurons in 

response to 10 min OGD.  

Newly acquired neurons could not be obtained post-OGD.  For abbreviations see Table 1. 

OGD Dur. 
(min) 

Rmp 
(mV) 

Rmp Post-OGD 
(mV) 

Max Depol. 
(mV) 

AP Ampl. 
(mV) 

Rin  (MΩ) AD Onset (s) 
AD Rate 
(mV/s) 

10 -73 lost -2 74 66 256 1.44 

10 -66 lost -1 83 65 209 3.98 

10 -69 lost -2 85 117 216 2.3 

10 -67 lost -4 77 71 193 1.76 

10 -74 lost -2 82 64 190 2.57 

10 -70 lost -4 72 79 193 1.33 

10 -71 lost -2 83 73 244 1.72 

10 -74 lost -6 83 74 258 1.25 

10 -74 lost -7 70 81 189 2.65 

10 -69 lost -3 70 124 215 1.05 

10 -66 lost -9 83 81 220 1.98 

MEAN -70  -4 78 81 217 2.0 

STDEV (±) 3.5  2.5 5.9 20 26 0.8 

 

 

Table 6. Whole-cell recording  data from additional midline thalamic neurons in response to OGD.  

Eleven midline thalamic  neurons from the lateral (n = 3), interoanteromedial (n =3), anteromedial (n = 1) 

and submedius thalamic nucleus (n = 1) were recorded during 10 minutes of OGD. Newly acquired 

neurons could not be obtained post-OGD. Only one thalamic recording was maintained for the duration of 

the experiment, which did not recover. For abbreviations see Table 1. 

OGD Dur. 
(min) 

Rmp 
(mV) 

Rmp Post-
OGD (mV) 

Max Depol. 
(mV) 

AP Ampl. (mV) Rin  (MΩ) AD Onset (s) 
AD Rate 
(mV/s) 

10 -70 lost -8 62 203 298 2.38 

10 -72 lost -3 66 45 210 9.8 

10 -72 lost -3 52 75 22 15.7 
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10 -70 lost -4 70 100 257 8 

10 -70 lost -3 62 135 255 6.2 

10 -67 lost -2 45 208 242 2.8 

10 -64 0 0 59 222 216 1.2 

MEAN -69  -3.3 59 141 243 6.6 

STDEV (±) 2.9  2.4 8.5 71 31 5.1 
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Table 7. Whole-cell recording data from MNCs of PVN in response to OGD.  

Eight MNCs were recorded during 10 minutes of OGD. Three newly acquired neurons were recorded 

post-OGD. For abbreviations see Table 1.  

*, AD onset values were obtained from PVN parvocellular imaging data. 
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10 0 -51 lost N/A -15 83 N/A N/A 483 N/A N/A - -54 88 666 

10 0 -48 -43 89.6 -14 93 67 72 581 560 96 - -51 83 780 

10 0 -44 -38 86.4 -7 92 72 78 692 523 76 - -50 93 577 

10 0 -56 -42 75.0 -4 78 77 99 387 308 80 - - - - 

10 0 -50 lost N/A -17 85 N/A N/A 834 N/A N/A - - - - 

10 0 -55 lost N/A 0 87 N/A N/A 390 N/A N/A - - - - 

10 0 -53 -45 84.9 -2 85 68 80 426 439 103 - - - - 

10 0 -50 lost N/A -12 84 N/A N/A 340 N/A N/A - - - - 

MEAN -51 -42 84 -9 86 71 82 517 458 89 298* -52 88 674 

STDEV (±) 3.9 2.9 6.3 6.5 4.9 4.5 11.5 173 112 13 57 2.1 5.0 102 
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Table 8. Whole-cell recording data from parvocellular neurons of PVN in response to OGD.  

Twelve parvocellular neurons were recorded during 10 minutes of OGD. Eleven newly acquired neurons 

were recorded post-OGD. For abbreviations see Table 1. 

 *,  % Rin values could only be obtained for two neurons.  % Rin recovery was 86% compared to post-

OGD recordings (not shown). 
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10 0 -53 Lost N/A -3 87 N/A N/A 544 N/A N/A 300 -49 83 675 

10 0 -53 lost N/A -2 75 N/A N/A 944 N/A N/A 312 -47 86 445 

10 0 -44 lost N/A -8 72 N/A N/A 826 N/A N/A 220 -44 89 513 

10 0 -54 -44 81 -2 87 86 99 670 445 66 324 -48 78 440 

10 0 -43 -40 93 -10 72 N/A N/A 608 N/A N/A 250 -45 71 900 

10 0 -47 lost N/A -8 72 N/A N/A 677 N/A N/A 383 -44 70 858 

10 0 -52 lost N/A -10 88 N/A N/A 1158 N/A N/A N/A -43 72 562 

10 0 -51 lost N/A -7 70 N/A N/A 558 N/A N/A N/A -41 89 544 

10 0 -52 -31 60 -6 86 78 91 415 492 119 N/A -45 88 615 

10 0 -50 lost N/A -4 75 N/A N/A N/A N/A N/A N/A -31 78 492 

10 0 -45 lost N/A -7 90 N/A N/A 916 N/A N/A N/A -52 73 592 

10 0 -43 lost N/A -1 89 N/A N/A 426 N/A N/A N/A - - - 

MEAN -49 -38 78 -6 80 82 95 704 469 92* 298 -44 80 603 

STDEV (±) 4.2 6.7 17.0 3.2 8.1 5.7 5.8 233 33 37 57 5.4 7.6 154 
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Table 9. Whole-cell recording data from SCN neurons in response to OGD.  

SCN neurons were recorded during 10 (n = 8) or 15 (n = 10) minutes of OGD. Fifteen newly acquired 

neurons were recorded post-OGD. For abbreviations see Table 1. *,  increased % Rin values may reflect 

broad Rin range of heterogeneous cell types in SCN. 
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15 0 -47 -55 87 -17 71 N/A N/A 1017 969 95 448 -61 76 1254 

15 0 -40 lost N/A -25 69 N/A N/A 414 lost N/A 445 -59 72 359 

15 0 -46 -52 83 -2 75 N/A N/A 686 N/A N/A N/A -56 66 367 

15 0 -49 -52 78 -13 87 43 49 850 900 106 N/A -59 77 756 

15 0 -40 -43 73 -20 80 N/A N/A 747 664 89 422 -51 66 2300 

15 0 -50 lost N/A -25 77 33 43 400 N/A lost N/A -59 63 916 

15 0 -43 -55 95 -25 72 N/A N/A 703 N/A N/A 360 -56 59 658 

15 0 -50 -55 82 -8 80 N/A N/A 676 N/A N/A 500 -60 83 791 

15 0 -50 -64 100 -23 72 49 68 851 1063 >115 503 -53 56 1229 

15 0 -41 lost N/A -25 88 N/A N/A 912 lost N/A N/A -50 56 1347 

10 0 -50 -47 66 -13 76 N/A N/A 872 N/A N/A N/A -59 74 1185 

10 0 -45 -26 27 lost 78 N/A N/A 824 N/A N/A N/A -59 81 748 

10 0 -44 -40 59 -25 99 N/A N/A 873 N/A N/A 340 -58 72 319 

10 0 -39 -55 100 -24 68 61 90 395 451 114 N/A -58 79 945 

10 0 -44 -53 89 -16 56 34 61 608 678 112 N/A -57 78 325 

10 0 -52 -70 100 -19 72 57 79 1499 1261 84 N/A - - - 

10 0 -42 lost N/A -21 67 N/A N/A 1370 lost N/A N/A - - - 

10 0 -43 lost N/A -25 85 N/A N/A 676 lost N/A N/A - - - 

MEAN -45 -37 81 -19 76 46 65 799 855 100* 431 -57 71 900 

STDEV (±) 4.1 10.9 21.8 6.9 10 12 18 293 275 15 63 3.3 9.0 523 
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Chapter 4 

Projection Neurons in Brainstem Intrinsically Resist acute Stroke Injury 

while Projection Neurons in CA1 Hippocampus and Striatum Do not Survive 

4.1 Summary 

Here we compared susceptibility to simulated stroke between projection neurons of the 

striatum and hippocampus with projection neurons of brainstem (midbrain/pons and medulla). 

Whole-cell recordings showed that striatal neurons and CA1 pyramidal neurons underwent a 

robust AD to near-zero millivolts during 10 minutes of OGD and do not recover. No new 

neurons could be patched following a single 10 minute exposure to OGD. In contrast, brainstem 

neurons from the locus ceruleus (LC) and mesencephalic (MES) nucleus of the midbrain/pons 

gradually depolarized during OGD, resisted initial depolarization and reached a plateau as action 

potentials inactivated, before continued depolarization to near-zero millivolts. Upon return of 

control aCSF, LC neurons repolarized to their near-original resting potentials and recovered 

input resistance and action potential amplitude. In contrast, immediately adjacent MES neurons 

only depolarized several millivolts and even repolarized during OGD, representing a degree of 

OGD resilience not seen in any other neuronal types tested. Moreover, following return of 

control aCSF MES neurons demonstrated near-complete recovery and could even survive 

multiple OGD exposures. Neurons from nuclei of the dNTS and DMV in the medulla oblongata 

also gradually depolarized, with recovery upon return of control aCSF. As in midbrain/pons, new 

neurons could be readily patched in a slice previously exposed to OGD, with resting parameters 



 

79 

 

similar to neurons not previously exposed to OGD. Exposing neurons to ouabain resulted in 

depolarization similar to OGD in all neuronal types tested. Briefly elevated [K
+
]o evoked 

spreading depression (SD) in neurons of striatum and hippocampus but not of brainstem. 

Therefore, the inability to generate SD is correlated with weak AD in brainstem regions as also 

observed in Manuscripts 1 and 2. Finally, 2-PLSM confirmed swelling and dendritic beading of 

CA1 hippocampal neurons during OGD, while MES neurons resisted swelling and appeared 

uninjured. These results show that lower neurons gradually depolarize and resist complete 

depolarization during OGD and may even hyperpolarize, suggesting regional variability of 

Na
+
/K

+
 pump strength under ischemia. This would help maintain vital brainstem processes while 

higher brain regions shut themselves down.  Discovering how hypothalamic and brainstem 

neurons intrinsically resist ischemia (perhaps by expressing pump isoforms that better function 

under OGD) will provide valuable insight into the stroke vulnerability displayed by `higher’ 

brain neurons of cerebral cortex, striatum and thalamus. 

4.2 Introduction 

There is some clinical evidence that brainstem is less susceptible to injury from global 

ischemia than the cerebral cortex/striatum (Young, 2009), but this could simply reflect better 

regional vascularization of `lower` brain regions (Curras-Collazo et al., 2002).  We have 

previously shown that hypothalamic neurons of SON are intrinsically resistant to simulated 

ischemia in brain slices independent of blood flow, in contrast to neocortical pyramidal neurons 

(Brisson and Andrew, 2012).  Imaging changes in light transmittance showed a weak AD in 

hypothalamus in response to OGD in contrast to a robust AD in neocortex (Brisson and Andrew, 
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2012). Moreover, exposure of hypothalamic slices to elevated extracellular potassium does not 

induce spreading depression (SD), a consistent and robust event in neocortex (Brisson and 

Andrew, 2012; Anderson and Andrew, 2002).  Our previous light transmittance imaging work 

showed that brainstem can support a weak AD in response to OGD, similar to hypothalamus 

(Brisson et al., 2009). In addition, like hypothalamus, adult rat brainstem does not support SD 

(Richter et al., 2008). Here we ask is there a relationship that exists between weak AD and the 

ability to generate SD?  Moreover, is there a difference that exists between higher brain regions 

known to generate a robust AD/SD?  In this manuscript, independent of blood supply, we show 

projection neurons in `higher` brain (cerebral cortex and striatum) are intrinsically susceptible to 

acute injury from ischemia, while hypothalamic and brainstem neurons in midbrain-pons and 

medulla strongly resist such stress. Coronal slices from adult rat were exposed to 10 min of 

oxygen/glucose deprivation (OGD). Intracellular whole-cell patch recordings were made in 

slices of cerebral cortex (neocortex; CA1), striatum, hypothalamus (PVN; SCN), midbrain-pons 

(MES; LC) and medulla (dNTS; DMV). The use of slices ruled out that regional blood flow 

differences influenced susceptibility to simulated ischemia. We present evidence that brainstem 

resistance to injury from global ischemia can be largely explained by the resident neurons` 

intrinsic ability to maintain functioning in a low-oxygen/low-glucose environment. 

 

4.3 Materials and Methods 

The dissection, brain slice preparation, patch recordings and imaging techniques were 

identical to those described in Manuscript 1. 
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4.4 Results 

4.4.1 CA1 Pyramidal Neurons 

 Nine CA1 pyramidal neurons were monitored by whole-cell patch during simulated 

stroke (Fig. 13; Table 10).  The patch pipette was visually placed within layer CA1 and 

pyramidal somata targeted based on the triangular shape and diameter of 15 to 20 µm. The 

average resting membrane potential was -63 ± 2.5 mV (Table 10). Mean action potential 

amplitude and input resistance were 84 ± 13.4 mV and 99 ± 18 MΩ, respectively, as reported in 

other studies (White et al., 2012; Tanaka et al., 1997). Figure 13B illustrates a typical response of 

a CA1 neuron to a hyperpolarizing and depolarizing current step. 
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Figure 13. CA1 pyramidal neurons undergo terminal AD induced by OGD or ouabain  

exposure. 

A) Whole-cell recording of CA1 neuron in response to 10 minutes of OGD. The neuron initially 

hyperpolarizes before undergoing a rapid AD (arrow) to near-zero millivolts from which it does not 

recover. B) Typical voltage responses of a CA1 neuron in response to hyperpolarizing and depolarizing 

current pulses. C) Whole-cell recording of CA1 neuron exposed to 10 minutes of 100 µM ouabain. The 

neuron initially slightly depolarizes, firing a series of action potentials that inactivate before rapid AD 

(arrow) from which the neuron does not recover.  

 

 Exposing hippocampal slices to 10 minutes of OGD elicited an abrupt AD (arrow, Fig. 

13A) in CA1 neurons that reached zero millivolts in all cells tested. Mean AD onset time was 

343 ± 85 seconds, with an average rate of 3.0 ± 0.9 mV/s during the fast component of the AD. 

Seven of the 10 cells tested during OGD responded with an initial hyperpolarization of 

membrane potential as typically reported in other studies (Tanaka et al. 1997). The mean 

membrane potential following up to 20 minutes recovery in control aCSF was -20 ± 7.4 mV, 
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representing an average 10 % recovery in membrane potential (Table 10). Input resistance was 

very low but not measured post-OGD as the recordings often could not be held. As with 

neocortical PyNs, no new recordings could be acquired in the CA1 stratum pyramidale post-

OGD as the neurons were now all permanently depolarized. 

Exposing a CA1 neuron to 100 µM ouabain for 10 minutes, elicited an abrupt AD (arrow 

Fig. 13C) that approached zero millivolts similar to OGD. During the slow phase of the initial 

depolarization, the CA1 neuron abruptly depolarized, occasionally firing a series of action 

potentials, followed by Na
+
 channel inactivation, before undergoing the rapid depolarization of 

AD.  

 

4.4.2 Neostriatal Projection Neurons 

 Ten neostriatal neurons were monitored by whole-cell patch during simulated stroke (Fig. 

14A; Table 11). The patch pipette was visually placed within the neostriatum and cells targeted 

based on their diameter of 10 to 15 µm. Spiny projection (SP) neurons were identified based on 

their delayed excitation (asterisk, Fig. 14B) and tonic firing in response to a depolarizing 

stimulus (Centonze et al., 2001). The average resting membrane potential of the 10 cells was -70 

± 3.0 mV. Input resistance and action potential amplitude were 55 ± 18 MΩ and 81 ± 9.1 mV, 

respectively, as reported in other studies (Moriguchi et al., 2002). 
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Figure 14. Neostriatal neurons undergo terminal AD induced by OGD or ouabain and generate 

spreading depression.  

A) Whole-cell recording of a neostriatal neuron in response to 10 minutes of OGD. The neuron slowly 

depolarizes before undergoing a rapid AD to near-zero millivollts. Upon return to control aCSF, the 

neuron initially repolarizes, but does not recover. B) Typical delay (arrowhead) to tonic firing of a 

neostriatal neuron in response to a depolarizing current pulse. C) Neostriatal neuron in response to 52 mM 

[K
+
]o. The neuron rapidly depolarizes reaching a brief plateau (arrowhead) before undergoing the 

additional rapid depolarization of SD. After depolarizing to near-zero millivolts, control aCSF was 

immediately returned to the slice (arrow), allowing the neuron to repolarize to baseline potential. D) 

Neostriatal neuron in response to 10 minutes of ouabain exposure. The neuron slowly depolarizes before 

undergoing a rapid AD to near-zero millivolts, from which it does not recover. 
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 Exposing neostriatal slices to 10 minutes of OGD, elicited an abrupt anoxic 

depolarization that approached zero millivolts in all cell types tested (Fig. 14A).  Mean AD onset 

was 287 ± 23 mV with an average rate of 3.0 ± 0.8 mV/s during the fast component of the AD 

(Table 11). Upon reintroduction of control aCSF neostriatal cells repolarized at a mean rate of 

0.31 ± 0.20 mV/s an initial repolarization not seen in pyramidal neurons of the hippocampus and 

neocortex. However, the membrane potential then deteriorated further towards 0 mV. The 

average membrane potential following return of control aCSF was -20 ± 16.9 mV, representing a 

29 % recovery (Table 11). Input resistance varied post-OGD displaying a mean 28 % recovery. 

As with PyNs of the neocortex and hippocampus, no action potentials could be evoked in 

neostriatal neurons following OGD. No newly acquired recordings could be obtained following a 

single 10 minute exposure further indicating neuronal injury. 

 Exposing a neostriatal slice to 100 µM ouabain for 10 minutes elicited an abrupt AD 

similar to OGD in the recorded neostriatal cell that approached zero millivolts (Fig. 14D). As 

with OGD, no substantial recovery was recorded.  

 Brief exposure (100 seconds) of a neostriatal slice to 52 mM [K
+
]o resulted in a rapid 

depolarization of membrane potential to near zero millivolts in the recorded neostriatal cell (Fig. 

14C). A brief plateau was observed (asterisk) at -31 mV during initial depolarization, before a 

second more rapid depolarization, typical of spreading depression, to near zero millivolts. Upon 

return of control aCSF (arrow), membrane potential returned to resting levels.  

 

4.4.3 Neurons in Trigeminal Mesencephalic (MES) Nucleus 
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 Fourteen neurons from the MES nucleus were monitored by whole-cell patch during 

simulated stroke (Fig. 15A; Table 12). The patch pipette was visually placed within the 

mesencephalic nucleus and the cells targeted based on their large diameter of 25 to 50 µm and 

round/ellipsoid shape (Yoshida and Oka 1997). Mesencephalic neurons were further identified 

by the presence of strong action potential accommodation and pronounced inward rectification 

(arrow, Fig. 15B) in response to depolarizing and hyperpolarizing current steps, respectively. 

The majority of mesencephalic neurons tested were silent at resting membrane potential (Fig. 

15A), however some MES neurons fired oscillating bursts of action potentials (Fig. 15C1). The 

average resting membrane potential of the 14 mesencephalic neurons tested was -53 ± 2.3 mV 

(Table 12). Mean input resistance and action potential amplitude were 48 ± 41 MΩ and 75 ± 7.1 

mV, respectively, as reported in other studies (Yokomizo et al., 2005; Yoshida and Oka, 1997).  
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Figure 15. MES neurons dramatically resist depolarization in response to OGD or ouabain and do 

not generate spreading depression.  

A) Whole-cell recording of MES neuron in response to 10 minutes of OGD. The neuron slightly 

depolarizes followed by active repolarization during OGD. With return to control aCSF, the MES neuron 

displays a hyperpolarizing undershoot (arrowhead) and returns to near resting potential. B) MES neurons 

show strong spike accommodation in response to a depolarizing current step (top trace) and strong inward 
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rectification (arrow) in response to a hyperpolarizing current step (bottom trace). C) Whole-cell recording 

of a MES neuron in response to three multiple 10 minute OGD exposures. C1) The neuron initially 

displays spontaneous bursting that eventually inactivates followed by active repolarization during OGD. 

Following return of control aCSF the neuron displays a hyperpolarizing undershoot as in A, before 

regaining full membrane potential. At the end of the recording direct current was stepped incrementally to 

demonstrate bursting. C2) In response to a 2
nd

 10 minute OGD exposure the MES neuron initially 

hyperpolarizes (double arrow) before firing a series of action potentials that inactivate as in C1, followed 

by active repolarization during OGD. The neuron again shows pronounced repolarization and a 

hyperpolarizing undershoot upon return to control aCSF, before returning to resting potential.  

Incremental current steps show firing and strong accommodation without bursting. C3) As above the 

MES neuron initially hyperpolarizes, inactivates and actively repolarizes during OGD, followed by a brief 

hyperpolarizing undershoot upon return to control aCSF. Holding current steps show firing and strong 

accommodation without bursting. D) Whole-cell recording of MES neuron in response to 10 minutes of 

ouabain exposure. The neuron slightly depolarizes during OGD, notably with no repolarization and with 

no hyperpolarizing undershoot upon return to control aCSF. Slow ouabain washout blocks the 

hyperpolarization. E) MES neuron response to 3 minutes of 52 mM [K
+
]o. The neuron depolarizes, 

reaching a plateau of ~ - 20 mV as action potentials inactivate. No SD is generated. Upon return of 

control aCSF the neuron returns to near-baseline.  

 

 Exposing MES slices to 10 minutes of OGD, elicited only a slight depolarization of 

mesencephalic neurons, reaching a mean maximal -42 ± 11.5 mV (Fig. 15A; Table 12).  Mean 

AD onset time was 301 ± 60 seconds. The majority of mesencephalic neurons were silent during 

AD, however some fired a brief series of action potentials that exhibited strong spike 

accommodation/inactivation (compare Figs. 15A and C1). Remarkably, all mesencephalic 

neurons tested resisted further depolarization by actively repolarizing their membrane potential 

during OGD.  Upon return of control aCSF, mesencephalic neurons rapidly repolarized their 

membrane potential, which often displayed a hyperpolarizing undershoot (asterisk, Fig. 15A) 

before returning to baseline levels. The average resting membrane potential of 12 mesencephalic 

neurons that were  maintained following 10 minutes of OGD was -50 ± 6.0 mV, a 93 % recovery 

of membrane potential (Table 12). Input resistance and action potential amplitude were 38 ± 24 

MΩ (86 % recovery) and 72 ± 12.7 mV (95 % recovery), respectively. 
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As in hypothalamus, healthy mesencephalic neurons could be readily patched following 

10 minutes of OGD (Table 12). Their average resting membrane potential (n = 7) was -52 ± 2.4 

mV, representing 99 % recovery of membrane potential, compared to MES neurons not 

previously exposed to OGD. Input resistance and action potential amplitude were 48 ± 23 MΩ 

(100% recovery) and 73 ± 6.2 mV (97% recovery), respectively.  

MES Neurons and Multiple OGD 

Exposing MES slices to 10 minutes of OGD elicited only minimal depolarization, so 

MES neurons were subjected to additional 10 minute OGD exposures (Fig. 15C). The recordings 

in Figures 15C are from the same mesencephalic neuron maintained for the duration of the 

experiment. At rest the recorded MES neuron exhibited oscillating bursts of action potentials 

(not shown).  In response to the first 10 minute OGD, the mesencephalic neuron depolarized to -

31 mV, with accompanying action potential inactivation. AD onset, measured at the start of 

depolarization (arrow, Fig. 15C1) was 315 seconds. During OGD, the mesencephalic neuron 

resisted further depolarization by actively repolarizing. Upon return of control aCSF, the 

mesencephalic neuron underwent a rapid repolarization, followed by a hyperpolarizing 

undershoot before returning to its original potential. Near the end of the recording, direct current 

was incrementally stepped to depolarizing levels to demonstrate the ability to continue its 

oscillatory bursting (not shown).  Upon cessation of direct current injection, membrane potential 

returned to -50 mV, representing full recovery (see Fig. 15C2).  

In response to a second exposure to OGD for 10 minutes, the MES neuron initially 

hyperpolarized (double arrow, Fig. 15C2), before depolarizing to -42 mV, with accompanying 
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action potential inactivation.  AD onset was 117 seconds later than the first OGD exposure 

(compare Figs. 15C1, 2). As above, the mesencephalic neuron hyperpolarized during OGD. 

Upon return of control aCSF, the neuron rapidly repolarized, followed by a hyperpolarizing 

undershoot. Incremental injection of a direct current step induced a burst of action potentials that 

then accommodated. To elicit a second burst of action potentials, stronger injection of current 

was required, again leading to accommodation. Of note the oscillatory bursting could not be 

evoked with direct current injection suggesting some deterioration. Without holding current the 

membrane potential returned to -68 mV, near its original resting potential (see Fig. 15C3).  

In response to a third OGD, the neuron again initially hyperpolarized, before depolarizing 

to -44 mV, with accompanying action potential inactivation. AD onset occurred 177 seconds 

later than the first  OGD exposure (compare Figs. 15C1, 3). As above, the neuron actively 

hyperpolarized during OGD. Upon return of control aCSF it rapidly repolarized, again followed 

by a brief hyperpolarizing undershoot. Incremental injection of a direct current step evoked a 

burst that eventually accommodated. As above, oscillatory bursting behaviour could not be 

evoked with direct current injection. Without holding current membrane potential returned to the 

original level of -54 mV.  

 

MES Neurons and Ouabain 

Exposing MES slices to 100 µM ouabain for 10 minutes, caused a gradual depolarization 

of mesencephalic neurons (n =3), similar to OGD (Fig. 15D). As with OGD, the recorded 

mesencephalic neuron resisted further depolarization during ouabain exposure, reaching a 
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maximal depolarization of -39 mV. Upon return of control aCSF, membrane potential slowly 

returned to -44 mV (92 % recovery), likely reflecting the slow washout of ouabain.  Input 

resistance and action potential amplitude were 48 MΩ (79 % recovery) and 48 mV (80% 

recovery), respectively. Two other mesencephalic neurons recorded during 10 minutes 100 µM 

ouabain exposure responded similarly to OGD (not shown), but could not be maintained for the 

duration of the experiment. Following 20 minutes of recovery in control aCSF, two newly 

acquired mesencephalic neurons were obtained with resting membrane potential, input resistance 

and action potential amplitude similar to MES neurons not exposed to ouabain (not shown). 

 

MES Neurons and Elevated Extracellular K
+
 

A three minute exposure of the MES slice to 52 mM [K+]o elicited depolarization of 

mesencephalic neurons (n = 3) to -19 mV with loss of action potential firing (Fig. 15E).  Interestingly, 52 

mM [K+]o  elicited much stronger depolarization than either OGD or ouabain (above). Upon return of 

control aCSF, all MES neurons returned to their original resting membrane potential. No SD was 

generated. 

 

2-PLSM confirms OGD-induced injury of CA1 pyramidal neurons but not MES neurons 

In response to 10 minutes of OGD CA1 pyramidal neuronal somata swell and show 

dendritic beading (small arrows, Fig. 16-1), from which they do not recover (not shown). In  

contrast MES neuronal somata resist swelling after exposure to 10 or 15 minutes of OGD, with 
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minor swelling of primary processes (arrowheads, Fig. 16-2). Figure 16-3 shows a distribution of 

% change of cross-sectional somata area for CA1 and MES neurons, demonstrating dramatic 

swelling of CA1 cell bodies in contrast to MES neurons. 
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Figure 16. OGD injures CA1 PyNs but not MES neurons. 

Volume responses to OGD of YFP neurons monitored in real time with 2-PLSM. 1) Three CA1 PyN cell 

bodies display swelling and dendritic beading (arrows). Both denote acute damage caused by 10 minutes 

OGD. There is no recovery (not shown). 2) Neuronal cell bodies in the MES nucleus resist swelling after 

10 and 15 minutes OGD. Their primary processes display minor swelling by 10 minutes (arrowheads). 3) 

A range of swelling responses by MES neurons to 10 minutes OGD is minimal compared to the range 

displayed by CA1 neurons. Results are similar to Brisson and Andrew (2012) comparing neocortical 

PyNs and hypothalamic MNCs. 

 

4.4.4 Neurons in Locus Ceruleus (LC) 

 Eight neurons from the LC were whole-cell patched during simulated stroke (Fig. 17A; 

Table 13). The patch pipette was visually placed within the LC and the cells targeted based on 
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their elongated shape and diameter of 20 µm (Henderson et al. 1982). LC neurons were 

identified by a characteristic delay in action potential firing (A-type K
+
 current) in response to a 

depolarizing current step from holding potentials below -70 mV (asterisk, Fig. 17B). In response 

to a hyperpolarizing current step, LC neurons also displayed a characteristic delay in return to 

membrane potential (arrow, Fig. 17B). At rest, LC neurons had pronounced hyperpolarizing after 

potentials (HAPs, not shown). The average resting membrane potential of the 8 LC neurons 

tested was -48 ± 2.8 mV (Table 13). Mean input resistance and action potential amplitude were 

219 ± 88 MΩ and 95 ± 6.4 mV, respectively, as reported in other studies (Henderson et al., 1982; 

de Oliveira et al., 2011).  
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Figure 17. LC neurons resist depolarization in response to OGD or ouabain and do not generate 

spreading depression.  

A) Whole-cell recording of LC neuron in response to 10 minutes of OGD. During initial OGD, the neuron 

briefly hyperpolarizes as action potentials inactivate before reaching a plateau. The neuron then continues 

to depolarize to near-zero millivolts. Upon return to control aCSF, the LC neuron slowly repolarizes 

spontaneously fires. B) Typical voltage response of an LC neuron to hyperpolarizing and depolarizing 

current pulses, showing characteristic delayed firing (arrowhead) when depolarized from negative holding 

potentials and a characteristic delay in return to baseline potential (arrow) following a hyperpolarizing 

pulse. C) LC neuron in response to 10 minutes of ouabain exposure. As during OGD, the neuron 

gradually depolarizes, reaching a brief plateau before continuing to near-zero millivolts. Upon return to 

control aCSF the neuron is lost (not shown).  D) LC neuron in response to 3 minutes of 52 mM [K
+
]o. The 

neuron plateaus but does not generate the additional depolarization of SD. Upon return to control aCSF 

the neuron regains membrane potential and spontaneous action potential firing.  

 

LC Neurons and OGD 
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 Exposing midbrain slices to 10 minutes of OGD, elicited gradual depolarization of LC 

neurons to -28 ± 3.5 mV. Action potential firing ceased due to Na
+
 channel inactivation (Fig. 

17A). After this plateau, LC neurons resisted further depolarization (≤ 10 mV) for an average 

duration of 57 ± 21 seconds, before further depolarizing to -4 ± 4.6 mV (Table 13). Mean AD 

onset was 298 ± 57 seconds as measured in adjacent MES neurons (see Table 12). The average 

membrane potential of 6 LC neurons that were maintained following 10 minutes of OGD 

exposure was -40 ± 10.1 mV, representing 87 % recovery (Table 13). Mean input resistance was 

229 ± 57 MΩ, an increase that was likely caused by partial pipette block during cell swelling. 

Action potential amplitude was 79 ± 11 mV (83 % recovery).  

Newly Acquired LC Neurons 

Since the majority of LC neurons could be maintained following 10 minutes of OGD 

exposure, only 1 newly acquired LC neuron was obtained (Table 13). Its resting membrane 

potential  was -51 mV, representing full recovery  compared to LC neurons not previously 

exposed to OGD. Input resistance and action potential amplitude were 534 MΩ and 90 mV, 

respectively.  

LC Neurons and Ouabain 

Exposing a midbrain slice to 100 µM ouabain for 10 minutes, gradually depolarized the 

LC neuron, similar to OGD (Fig. 17C). As with OGD, the recorded LC neuron resisted further 

depolarization during ouabain exposure, maintaining a plateau depolarization of -25 mV before 
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depolarizing to a maximal - 2 mV.  Upon return of control aCSF (20 minutes), the LC neuron did 

not fully recover its membrane potential. 

LC Neurons and Elevated Extracellular K
+
  

  A three minute exposure to 52 mM [K
+
]o elicited depolarization of the LC neuron and 

action potential cessation, before reaching a plateau depolarization of -11 mV. (Fig. 17D). Upon 

return of control aCSF, the LC neuron repolarized to its original resting potential level. No SD 

was generated. 

 

4.4.5 Dorsal Nucleus Tractus Solitarius (dNTS) 

 Thirty-one neurons from dNTS were whole-cell patched during simulated stroke (Fig. 

18A; Table 14). The patch pipette was visually placed within the dNTS and the cells targeted 

based on their diameter of 15 to 20 µm. Neurons from the dNTS were further categorized into 

bursting (n = 9, lower trace, Fig. 18B), regular firing (n = 10, middle trace) or delayed firing (n = 

12, asterisk, upper trace) cell types in response to a depolarizing current step (Paton et al. 1993). 

Rebound depolarization following a hyperpolarizing current step was recorded in the majority of 

dNTS neurons tested (not shown).  The average resting membrane potential of 31 dNTS neurons 

was – 48 ± 4.5 mV (Table 14). Mean input resistance and action potential amplitude were 785 ± 

470 MΩ and 86 ± 10.1 mV, respectively, as reported in other studies (Vincent and Tell, 1999). 
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Figure 18. Dorsal nucleus tractus solitaries (dNTS) neurons resist depolarization in response to 

OGD or ouabain and do not generate spreading depression. 

 A) Whole-cell recording of dNTS neuron in response to 10 minutes of OGD. The neuron gradually 

depolarizes reaching a plateau that is maintained during OGD. Upon return of control aCSF the neuron 

returns to near resting potential with spontaneous action potential firing. B) Typical response of 3 dNTS 

neurons to depolarizing current steps, displaying either delayed firing (arrowhead, top trace), regular 

firing (middle trace) or burst firing (bottom trace). C) dNTS neuron in response to 10 minutes of ouabain 

exposure. The neuron gradually depolarizes before reaching a plateau,similar to OGD. Upon return to 

control aCSF the recording is lost (asterisk). D) dNTS neuron in response to 3 minutes of 52 mM [K
+
]o.  

It depolarizes to a plateau as action potentials inactivate. No SD is generated. Upon return of control 

aCSF, the neuron repolarizes to near-baseline.  

 

dNTS neurons and OGD 



 

98 

 

 Exposing dNTS neurons of all types to 10 (n = 15) or 15 (n = 16) minutes of OGD, 

elicited either a gradual depolarization (n = 7, Fig. 18A) or a brief initial hyperpolarization (n = 

24, not shown) as in DMV neurons (compare Figs. 18A and 19A). The mean plateau 

depolarization of dNTS neurons was -32 ± 5.6 mV with Na
+
 channel inactivation halting 

discharge. After reaching a plateau depolarization, dNTS neurons resisted further depolarization 

for an average 45 ± 14 seconds, before depolarizing -10 ± 7.8 mV (Table 14). Mean AD onset 

was 322 ± 87 seconds, measured at the start of depolarization > 10 mV above resting membrane 

potential. The average membrane potential of seventeen dNTS neurons that were maintained 

following 10 or 15 minutes of OGD was -36 ± 11.6 mV, representing a 75 % recovery (Table 

14). Input resistance and action potential amplitude were 676 ± 346 MΩ (57 % recovery) and 62 

± 10.5 mV (73 % recovery). 

Newly Acquired dNTS Neurons 

 As in the adjacent DMV nucleus, healthy neurons from the dNTS could be readily 

patched following either 10 or 15 minutes of OGD. The average resting membrane potential of 

12 dNTS neurons that were newly acquired following 10 or 15 minutes of OGD exposure was -

45 ± 3.1 mV, a 95 % recovery compared to neurons not previously exposed to OGD (Table 14). 

Mean input resistance and action potential amplitude were 701 ± 386 MΩ (89 % recovery) and 

69 ± 13.6 mV (80 % recovery), respectively. 

dNTS Neurons and Ouabain 
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Exposing a medullary slice to 100 µM ouabain for 10 minutes, elicited a gradual 

depolarization of the recorded dNTS neuron in Figure 18C, similar to OGD. As with OGD, the 

recorded dNTS neuron resisted depolarization during ouabain exposure, maintaining a brief 

plateau depolarization level of -39 mV, before depolarizing to - 9mV.  Upon return of control 

aCSF, the patch could no longer be maintained (asterisk, Fig. 18C) to demonstrate full recovery. 

dNTS Neurons and Elevated Extracellular K
+
 

 A three minute exposure to 52 mM [K
+
]o elicited depolarization of a recorded dNTS 

neuron with loss of action potential firing, before reaching a plateau depolarization of -30 mV 

(Fig. 18D). Upon return of control aCSF, the dNTS neuron repolarized to its original resting 

membrane potential.  No SD was generated. 

 

4.4.6 Dorsal Motor Vagal (DMV) Nucleus 

 Twelve neurons from the DMV nucleus were whole-cell patched during simulated stroke 

(Fig. 19A; Table 15). The patch pipette was visually placed within the DMV nucleus and the 

cells targeted based on their ellipsoid shape and large diameter of 20 µm (Cowan and Martin 

1992). DMV neurons were identified based on a characteristic delay in action potential firing (A-

type K
+
 channel) in response to a depolarizing current step from holding potentials below -70 

mV (asterisk, Fig. 19B). In response to a hyperpolarizing current step, DMV neurons also 

displayed a characteristic delay in return to baseline potential (arrow). The average resting 

membrane potential of the 12 DMV neurons tested was -46 ± 1.4 mV (Table 15). Mean input 
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resistance and action potential amplitude were 265 ± 75 MΩ and 94 ± 5.3 mV, respectively, as 

reported in other studies (Gao et al., 2009). 
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Figure 19. DMV neurons resist depolarization in response to OGD or ouabain and do not generate 

spreading depression.  

A. During initial OGD, the DMV neuron briefly hyperpolarizes before continued depolarization to a 

plateau and then to near-zero millivolts. Back in control aCSF, the neuron repolarizes to baseline. B) 

Typical response of DMV neuron to current steps. When depolarized from negative holding potentials, 

DMV neurons display characteristic delayed firing (arrowhead) as well as a delay in return to baseline 

following a hyperpolarizing current step (arrow). C) DMV neuron in response to 10 minutes of ouabain 

exposure. The neuron gradually depolarizes to a plateau before continuing to ~ -10 mV. Upon return to 

control aCSF the neuron starts repolarizing but the recording is lost (not shown). D) DMV neuron in 

response to two 3-minute exposures of 52 mM [K
+
]o. The neuron gradually depolarizes, reaching a 

plateau as action potentials inactivate. No SD is generated. Following return to control aCSF the neuron 
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repolarizes with spontaneous firing. During a second exposure of 52 mM [K
+
]o the neuron again plateaus  

without generating SD. In control aCSF, it repolarizes to near its original resting potential. 

 

DMV Neurons and OGD 

 Exposing medullary slices to 10 minutes of OGD, elicited either a gradual depolarization 

(n = 5, not shown) or a brief hyperpolarization of DMV neurons (n = 7, Fig. 19A) that had a 

mean duration of 154 ± 44 seconds before an average plateau depolarization of -28 ± 2.1 mV 

was reached. Concurrently action potential firing ceased due to Na
+
 channel inactivation. DMV 

neurons that hyperpolarized in response to OGD had a delay to onset of the plateau 

depolarization by 93 seconds in comparison to gradually depolarizing DMV neurons. After 

reaching the plateau depolarization, DMV neurons resisted further depolarization (≤ 10 mV) for 

an average duration of 76 ± 30 seconds, before depolarizing to -1 ± 1.4 mV (Table 15). Mean 

AD onset was not directly tested in DMV neurons, but was similar to adjacent neurons of the 

solitary tract, which underwent AD at 322 ± 87 seconds (see Table 14).  

Newly Acquired DMV Neurons 

Despite approaching zero millivolts, post-OGD DMV neurons began actively 

repolarizing but recordings could not be maintained.  As in brainstem and hypothalamus, newly 

acquired DMV neurons could be readily obtained following 10 minutes of OGD exposure (Table 

15). The average resting potential of 10 DMV neurons that were newly acquired following 10 

minutes of OGD was -45 ± 2.7 mV, representing a 98 % recovery compared to neurons not 

previously exposed to OGD (Table 15).  Mean input resistance and action potential amplitude 

were 265 ± 75 MΩ (95 % recovery) and 69 ± 9.6 mV (73 % recovery), respectively.  
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DMV Neurons and Ouabain 

 Exposing the medullary slice to 100 µM ouabain for 10 minutes, elicited a gradual 

depolarization of a DMV neuron similar to OGD (Fig. 19C). As with OGD, the DMV neuron 

resisted fast depolarization during ouabain exposure, maintaining a brief plateau depolarization 

level of -23 mV, before depolarizing to a maximal - 7 mV. The DMV neuron slowly recovered 

to -34 mV following 20 minutes of recovery in control aCSF. Further recovery of DMV neurons 

was not directly tested.  

DMV Neurons and Elevated Extracellular K
+
 

 Three minutes of 52 mM [K
+
]o elicited depolarization of DMV neurons that reached a 

mean plateau of -29 ± 2.1 mV as action potential firing ceased due to Na
+
 channel inactivation. 

(n = 8, Fig. 19D). Upon return of control aCSF, all DMV neurons repolarized to their original 

resting  levels and usually regained some action potential firing. The recorded DMV neuron in 

Figure 19D was subjected to two separate 52 mM [K
+
]o exposures (3 minutes) that reached 

respective plateau depolarizations of -32 and -28 mV. Upon return to control aCSF the recorded 

DMV neuron repolarized to its original resting potential in both cases, and regained action 

potential firing (second exposure).  No SD was generated.  

 

4.5 Discussion 

 

Intrinsic properties of hippocampal, striatal and brainstem neurons during OGD 
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 Striatum and hippocampus along with neocortex and cerebellum are particularly 

vulnerable to ischemia (Memezawa et al., 1992; Koroleva et al., 2000; Dijkhuizen et al., 1999; 

Sieber et al., 1995; Kawai et al., 1992). Ten minutes of OGD causes irreversible loss of field 

potential and membrane potential changes in rat slices containing both neostriatal spiny 

projection neurons (Centonze et al., 2001) and hippocampal CA1 pyramidal neurons (Tanaka et 

al. 1997; Anderson et al. 2005). During global ischemia, these same regions display damage, 

while a limited number of comparative studies show brainstem neurons appear less damaged 

despite similar reductions in blood flow (Sieber et al., 1995; Wytrzes et al., 1989).  In the current 

study, we demonstrate resilience of brainstem neurons compared to susceptible striatal and 

hippocampal projection neurons. The use of brain slice means that these differences are 

independent of blood flow.  

 

Neurons in Midbrain/ Pons 

 We found that in response to 10 minutes of OGD, brainstem slices of the midbrain/pons 

containing neurons of adjacent locus ceruleus (LC) and mesencephalic (MES) trigeminal 

nucleus, recovered between an average of 80 to 100 % of their membrane potential, input 

resistance and action potential amplitude. Moreover, newly acquired neurons could be readily 

obtained in LC and MES, with membrane potentials, input resistance and action potential 

amplitudes similar to neurons not previously exposed to OGD. Some MES neurons could also 

withstand multiple OGD exposures, showing only slight depolarization and with near-complete 

recovery of baseline parameters.  
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MES neurons are primary sensory neurons similar to dorsal root ganglia (DRG) neurons 

in the periphery, which are clearly the most resistant to metabolic stress. Following 2 hours of 

hypoxia, peripheral DRG axons showed no change in action potential amplitude or membrane 

depolarization, in contrast to central projections of this same axon, which rapidly depolarize and 

show reduced action potential amplitude (Utzschnieder et al., 1991). Also, DRG somata do not 

increase their firing rate in response to hypoxia (Burchiel, 1984; Urban and Somjen, 1990) and 

can survive hypoxic exposures of up to 88 minutes in DRG explants (Urban and Somjen, 1990). 

Of note, oxygen partial pressure measured in DRG was similar to hippocampal slices where CA1 

pyramidal neurons completely depolarize within minutes of oxygen deprivation (Urban and 

Somjen, 1990).  

Most neurons in the ‘higher’ brain regions of hippocampus, neocortex and striatum show 

marked sensitivity to hypoxia (Ballyni and Muller, 2002). These regions support strong AD 

which suggest that these resiong support SD (below) compared to brainstem (Richter et al., 

2008), hypothalamus (Brisson and Andrew, 2012) and DRG (Urban and Somjen, 1990) where 

SD does not occur. Central axonal projections are ensheathed by oligodendrocytes, which are 

more sensitive to hypoxia than Schwann cells in periphery (Utzschnieder et al., 1991). When 

both oxygen and glucose is reduced in isolated DRG’s, extracellular field potentials disappear 

(Urban and Somjen, 1990), reflecting susceptibility to OGD. The restricted extracellular space of 

the CNS, may have also led to larger increases in [K
+
]o, thereby augmenting depolarization 

(Utzschnieder et al., 1991). Although MES neurons are derived from neural crest cells in the 
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periphery, they migrate into the CNS (Zhang et al., 2012) and so are subjected to similar levels 

of [K
+
]o during OGD.  

Despite lower [K
+
]o in brainstem during OGD, LC neurons gradually depolarized to near 

zero millivolts in contrast to adjacent MES neurons, which reached a plateau depolarization of -

42 mV compared to CA1 neurons where [K
+
]o reaches 25 mM (Martin, 1999) resulting from 

their mass depolarization to 0 mV.  

MES neurons are completely ensheathed by fibrous astrocytes (Copray et al., 1990), in 

contrast to other brainstem neurons, which may help isolate MES neurons from elevated [K
+
]o 

during OGD and thereby attenuate depolarization. Remarkably, after reaching a plateau 

potential, all MES neurons tested in the current study actively repolarized during OGD, often 

returning to baseline potentials. Similar results have been observed in DRG neurons in response 

to hypoxia (Urban and Somjen, 1990). An outwardly rectifying potassium channel was suggested 

as a possible mechanism for this repolarization in DRG neurons, which may counteract the large 

inward current typically observed during hypoxia and OGD (Urban and Somjen, 1990). Several 

outwardly rectifying K
+
 channels have been proposed to counteract ischemic or hypoxic 

conditions in pyramidal neurons (Rosen and Morris, 1991; Krnjevic and Xu, 1990), DRG 

neurons (Urban and Somjen, 1990), and others (for review see Krnjevic, 2008). However, all of 

these currents in higher neurons that oppose Na
+
/K

+
 ATPase pump failure are activated early (1-

2 min) in the period of metabolic stress and are quickly overcome as the pump shuts down. The 

active hyperpolarizations that we record during and immediately after OGD in lower neurons are 

much more robust, remaining active during the entire OGD period and /or generating a 
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hyperpolarizing undershoot when oxygen and glucose are restored. The fact that ouabain 

treatment does not elicit these hyperpolarizations indicates that ouabain reduces pump efficiency 

enough to inhibit them. With OGD on the other hand, the pump in lower neurons appears to have 

evolved machinery to continue functioning [at least for many minutes] under ischemic 

conditions.  

Neurons in Medulla Oblongata 

 In response to 10 minutes of OGD, medullary slices containing neurons of dorsal motor 

nucleus of the vagus (DMV) and dorsal nucleus tractus solitarius (dNTS), also showed marked 

recovery following OGD. We found that neurons of the dNTS recovered > 70 % of their mean 

membrane potential and action potential amplitude post-OGD. Recovery of mean whole-cell 

input resistance varied, possibly reflecting a deteriorating patch and/or the heterogeneity of this 

nucleus. Adjacent DMV neurons could not be maintained for the duration of the experiment, but 

did start to actively repolarize upon return of control aCSF, demonstrating initial signs of 

recovery. In support newly patched neurons could be readily obtained in both DMV and dNTS in 

medullary slices exposed to OGD.  Membrane potentials, input resistance and action potential 

amplitudes were similar to neurons not previously exposed to OGD.   

In response to initial OGD, neurons of the DMV and dNTS either depolarized or briefly 

hyperpolarized, followed by progressive depolarization. Similar results have been observed in 

DMV neurons during OGD (Martin, 1999) and LC neurons during hypoxia (Yang et al., 1997). 

Of note, DMV neurons showed a sustained hyperpolarization during hypoxia alone for periods of 

up to 30 minutes (Cowan and Martin, 1992). But during OGD, we and others (Martin, 1999; 
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Muller and Ballayni, 2003) found that DMV neurons undergo near-complete depolarization, 

reflecting eventual Na
+
/K

+
 ATPase pump failure. An initial hyperpolarization was observed in 

some LC neurons of the current study (above) during OGD. This initial hyperpolarization may 

be neuroprotective, inhibiting action potentials and decreasing metabolic activity (Yang et al., 

1997). In the current study, a 90 second delay in commencement of a plateau depolarization was 

observed in DMV neurons that hyperpolarized during initial OGD compared to gradually 

depolarizing neurons. This initial hyperpolarization mediated by KATP channels (Yang et al., 

1997) however, is also observed in CA1 pyramidal neurons during OGD (Tanaka et al., 1997), 

but does not protect these neurons from a strong irreversible AD. Moreover, the ionic 

mechanisms underlying AD have been attributed to a non-selective cation conductance that can 

only be attenuated by a cocktail of non-specific ion channel blockers (Muller and Somjen, 1998).  

In contrast to neocortex, hippocampus and striatum which depolarized quickly with rapid 

spike inactivation, brainstem neurons typically depolarized slowly from more positive resting 

potentials and fired during OGD onset. This gradual depolarization may activate brainstem 

neurons in cardio-respiratory centers that could aid a subject during hypoxia (Yang et al., 1997) 

or ischemia. Indeed, the LC projects to a number of brain regions involved in circulatory 

regulation including hypothalamus, nucleus of the solitary tract, nucleus ambiguous and dorsal 

motor nucleus of the vagus (Yang et al., 1997).  This neuronal resilience helps to maintain vital 

functions during metabolic stress.  

Blocking Na/K-ATPase with Ouabain mimics OGD 
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 Exposure of brainstem and cerebral slices to 100 µM ouabain evoked depolarization 

similar to OGD in all neuronal types tested. In pyramidal neurons of neocortex and hippocampal 

CA1 field, ouabain induced a rapid depolarization to near zero millivolts, as reported in other 

studies (White et al., 2012; Brisson and Andrew, 2012). As during OGD, brainstem neurons in 

the current study only gradually depolarized following ouabain exposure. So as is consistently 

observed in innumerable intracellular and imaging studies (e.g. Jarvis et al., 2001) ouabain 

exposure re-iterates the OGD response by inducing failure of the Na
+
/K

+
 pump. However, 

differences exist in the recovery observed in lower neurons because of the slow washout of 

ouabain from slices (Brisson and Andrew, 2012). These results highlight the importance of the 

Na
+
/K

+
 ATPase pump during ischemia. Whether differences in pump density or isoform 

distribution exist between brainstem and ‘higher’ neurons that promote select vulnerability are 

important questions that require further investigation. 

An important finding of this paper is that brainstem neurons display particularly strong 

hyperpolarizations during or immediately after OGD.  These events are consistently blocked by 

100 µM ouabain. Several outwardly rectifying K
+
 channels have been proposed to counteract 

ischemic or hypoxic conditions in pyramidal neurons (Rosen and Morris, 1991; Krnjevic and Xu, 

1990), in DRG neurons (Urban and Somjen, 1990), and in other neurons (for review see 

Krnjevic, 2008). The initial hyperpolarization may be mediated by KATP channels in LC neurons 

(Yang et al., 1997) and also in CA1 pyramidal neurons during OGD (Tanaka et al., 1997). These 

currents in higher neurons that oppose Na
+
/K

+
 ATPase pump failure during OGD are usually 

activated early (1-2 min) in the period of metabolic stress and are quickly overcome as the pump 
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shuts down. Moreover, these K
+
 currents do not protect neurons for long from AD which is a 

non-selective cation conductance that can only be attenuated by a cocktail of non-specific ion 

channel blockers (Muller and Somjen, 1998). 

 The active hyperpolarizations that we record during and immediately after OGD in lower 

neurons are much more robust, remaining active during the entire OGD period or generating a 

hyperpolarizing undershoot when oxygen and glucose are restored. The fact that ouabain 

treatment blocks these hyperpolarizations indicates that ouabain reduces pump efficiency enough 

to inhibit them. With OGD on the other hand, the pump in lower neurons appears to have 

evolved machinery to continue functioning (at least for many minutes) and even evoke 

hyperpolarization under ischemic conditions. So again, our results point to intrinsic differences 

in the Na
+
/K

+
 ATPase pump among CNS neurons. 

 

SD Recorded in Hippocampal and Striatal Neurons but not Brainstem Neurons 

 Brief exposure of slices to 52 mM [K
+
]o caused a rapid depolarization representing SD 

that quickly approached zero millivolts in neostriatal projection neurons. Previous studies have 

shown that a robust SD can be evoked in hippocampus and striatum in response to intracerebral 

injections of KCl (Fifková, 1964), electroconvulsive shock (Bureš and Burešovã, 1981), hypoxia 

(Aitken and Schiff, 1986; Muller and Somjen, 1998), OGD (Joshi and Andrew, 2001) or elevated 

extracellular K
+
 in brain slices (Anderson and Andrew, 2005). Brainstem, neurons did not 

undergo this additional rapid depolarization comprising SD, despite longer exposure (3 min) to 

52 mM [K
+
]o. These results are consistent with previous observations in SON of hypothalamus 
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(Brisson and Andrew, 2012) and brainstem of the adult rat (Richter et al., 2008), where 

brainstem neurons do not generate SD. MES neurons depolarized to a greater degree (-20 mV) in 

response to 52 mM [K
+
]o, following the Nernst equation for potassium. In contrast, MES neurons 

active Na
+
/K

+
 ATPase pump during OGD or ouabain maintains their resting potential near -40 

mV.  In the 7 neuronal types we recorded in brainstem, all displayed weak AD and failed to 

generate SD. 

 

 
Table 10. Whole-cell recording data from hippocampal CA1 pyramidal neurons in response to 

OGD.  

Nine CA1 neurons were recorded during 10 minutes of OGD.  Newly acquired neurons could not be 

obtained post-OGD. For abbreviations see Table 1. 

OGD 
Dur. 
(min) 

[Gluc.] 
(mM) 

Rmp 
(mV) 

Rmp 
Post-
OGD 
(mV) 

% Rmp 
Recov. 

Max 
Depol. 
(mV) 

AP 
Ampl. 
(mV) 

Rin  
(MΩ) 

Rin 
Post-
OGD 
(MΩ) 

% Rin 
Recov. 

AD 
Onset 

(s) 

AD Rate 
(mV/s) 

10 0 -64 -4 6.3 0 83 126 N/A N/A 241 2.8 

10 0 -58 -4 6.9 0 95 74 N/A N/A 305 4.07 

10 0 -67 -4 6.0 0 101 84 N/A N/A 425 2.48 

10 0 -65 0 0.0 0 83 90 N/A N/A 430 2.4 

10 0 -63 -19 30.2 0 67 111 N/A N/A 279 2.85 

10 0 -61 -4 6.6 0 101 85 N/A N/A 428 2.64 

10 0 -62 0 0.0 0 83 90 N/A N/A 436 1.78 

10 0 -62 -19 30.6 0 66 116 N/A N/A 279 2.7 

10 0 -62 -3 4.8 0 73 111 N/A N/A 260 4.8 

MEAN -63 -6 10 0 84 99 N/A N/A 343 3 

STDEV (±) 2.5 7.4 11.8 0 13.4 17.7 N/A N/A 84.5 0.9 
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Table 11. Whole-cell data from neostriatal projection neurons in response to OGD.  

Ten neostriatal neurons were recorded during 10 minutes of OGD. Newly acquired neurons could not be 

obtained post-OGD. For abbreviations see Table 1. 

OGD 
Dur. 
(min) 

[Gluc.] 
(mM) 

Rmp 
(mV) 

Rmp 
Post-
OGD 
(mV) 

% Rmp 
Recov. 

Max 
Depol. 
(mV) 

AP 
Ampl. 
(mV) 

Rin  
(MΩ) 

Rin 
Post-
OGD 
(MΩ) 

% Rin 
Recov. 

AD 
Onset 

(s) 

AD Rate 
(mV/s) 

10 0 -71 0 0 0 63 61 N/A N/A 255 3.3 

10 0 -76 -47 62 0 83 60 N/A N/A 325 2.05 

10 0 -75 -11 15 0 89 48 36 75 266 3.05 

10 0 -70 -41 59 0 75 33 31 94 263 1.15 

10 0 -70 -2 3 0 76 70 11 16 288 2.28 

10 0 -68 -31 46 0 81 64 103 >115 281 2.21 

10 0 -70 0 0 0 79 61 N/A N/A 279 1.59 

10 0 -68 -27 40 0 79 84 139 >115 302 3.6 

10 0 -67 -26 39 0 86 45 32.5 72 299 3.5 

10 0 -69 -19 28 0 97 25 84 >115 314 2.5 

MEAN -70 -20 29 0 81 55 62 64 287 3 

STDEV (±) 3.0 16.9 23.6 0 9.1 17.6 46.9 33.6 22.8 0.8 

 

 

 
Table 12. Whole-cell data from trigeminal mesencephalic (MES) neurons in response to OGD.  

Fourteen MES neurons were recorded during 10 minutes of OGD. Seven newly acquired neurons were 

recorded post-OGD. For abbreviations see Table 1. 
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R
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10 0 -48 lost N/A -33 82 lost N/A 143 lost N/A 228 -49 74 33 

10 0 -58 -58 100 -78 75 82 100 17 12 71 334 -51 70 83 
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10 0 -55 -52 95 -40 82 82 100 32 30 94 300 -56 85 19 

10 0 -53 -44 83 -39 56 42 75 35 32 91 426 -49 N/A 55 

10 0 -54 -56 104 -33 82 85 100 18 19 106 241 -52 70 66 

10 0 -54 -42 78 -35 77 82 100 52 58 112 315 -52 71 55 

10 0 -55 lost N/A -36 71 lost N/A 38 lost N/A 350 -53 68 26 

10 0 -54 -39 72 -39 73 70 96 24 66 >115 385 - - - 

10 0 -54 -53 98 -31 77 65 84 36 N/A N/A 315 - - - 

10 0 -54 -52 96 -42 67 65 97 52 87 >115 233 - - - 

10 0 -52 -52 100 -46 74 68 92 32 26 81 270 - - - 

10 0 -53 -51 96 -41 80 83 100 42 19 45 318 - - - 

10 0 -50 -45 90 -46 80 N/A N/A 138 N/A N/A 243 - - - 

10 0 -53 -55 104 -44 75 73 97 12 29 >115 250 - - - 

MEAN -53 -50 93 -42 75 72 95 48 38 86 301 -52 73 48 

STDEV (±) 2.3 6.0 10.2 11.5 7.1 12.7 8.1 41 24 23 60 2.4 6.2 23.1 

 

 
Table 13. Whole-cell recording data from locus ceruleus (LC) neurons in response to OGD.  

Eight LC neurons were recorded during 10 minutes of OGD. One newly acquired neuron was recorded 

post-OGD. For abbreviations see Table 1. *, % Rin recovery values likely involved partial pipette block. 

† , AD onset values were obtained from adjacent MES nucleus. 
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10 0 -50 -45 90 -14 87 78 90 263 251 95 - -51 90 534 

10 0 -52 -35 67.3 -2 92 95 100 254 317 >115 - - - - 

10 0 -50 -48 96 0 97 86 89 143 189 >115 - - - - 

10 0 -47 lost N/A -7 95 lost N/A 304 lost N/A - - - - 

10 0 -48 -47 97.9 -1 89 81 91 181 212 >115 - - - - 

10 0 -44 lost N/A -5 97 lost N/A 353 lost N/A - - - - 
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10 0 -50 -45 90 -4 108 68 63 158 175 111 - - - - 

10 0 -45 -22 48.9 -1 97 64 66 98 N/A N/A - - - - 

MEAN -48 -40 82 -4 95 79 83 219 229 100* 301† -65 90 534 

STDEV (±) 2.8 10.1 19.4 4.6 6.4 11.4 15.0 88 57 11 60 - - - 

 

 

 
Table 14. Whole-cell recording data from dorsal nucleus tractus solitaries (dNTS) neurons in 

response to OGD.  

Thirty-one neurons were recorded during 10 (n = 15) or 15 (n = 16) minutes of OGD. Twelve newly 

acquired neurons were recorded post-OGD. For abbreviations see Table 1. 
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15 0 -50 -14 28 -2 110 62 56 475 N/A N/A 247 -38 70 N/A 

15 0 -45 lost N/A N/A 98 N/A N/A 1062 N/A N/A 391 -44 68 N/A 

15 0 -42 -25 60 -1 66 68 100 2037 N/A N/A 449 -46 61 -625 

15 0 -44 -35 80 -18 83 65 78 1797 660 37 368 -46 69 N/A 

15 0 -50 -30 60 -12 89 74 83 1029 1375 >115 409 -45 39 N/A 

15 0 -42 -41 98 -2 64 40 63 1400 620 44 479 -45 77 1369 

15 0 -47 lost N/A N/A 94 N/A N/A 720 N/A N/A 286 -47 89 450 

15 0 -45 lost N/A N/A 80 N/A N/A 316 N/A N/A 259 -42 67 N/A 

15 0 -60 lost N/A N/A 79 N/A N/A 418 N/A N/A 294 -48 86 N/A 

15 0 -40 lost N/A N/A 87 N/A N/A 766 N/A N/A 195 -50 56 500 

15 0 -45 -30 67 -18 91 47 52 573 274 48 282 -43 80 932 

15 0 -49 -30 61 -25 88 N/A N/A 276 N/A N/A 245 -47 63 331 

15 0 -53 -35 66 -20 90 56 62 744 782 105 392 - - - 

15 0 -47 -20 N/A -9 80 N/A N/A 519 N/A N/A 254 - - - 

15 0 -44 lost N/A N/A 89 N/A N/A 870 N/A N/A 155 - - - 
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15 0 -50 lost N/A N/A 70 N/A N/A 528 N/A N/A 324 - - - 

10 0 -43 lost N/A N/A 81 N/A N/A 773 N/A N/A 411 - - - 

10 0 -49 lost N/A N/A 88 N/A N/A 755 N/A N/A 348 - - - 

10 0 -43 -20 N/A -9 81 N/A N/A 367 N/A N/A 314 - - - 

10 0 -43 -45 100 0 101 76 75 493 469 95 338 - - - 

10 0 -52 -50 96 -17 99 58 59 1709 604 35 424 - - - 

10 0 -50 -44 88 -19 77 61 79 904 N/A N/A 191 - - - 

10 0 -48 -22 N/A -10 83 N/A N/A 566 N/A N/A 454 - - - 

10 0 -50 -49 98 -7 84 64 76 807 300 37 392 - - - 

10 0 -48 -50 N/A -3 90 N/A N/A 1584 N/A N/A 368 - - - 

10 0 -57 lost N/A N/A 87 N/A N/A 826 N/A N/A 444 - - - 

10 0 -49 lost N/A N/A 99 N/A N/A 372 N/A N/A 254 - - - 

10 0 -53 -53 100 -6 83 52 63 607 999 >115 232 - - - 

10 0 -48 lost N/A N/A 74 N/A N/A 485 N/A N/A 251 - - - 

10 0 -52 lost N/A N/A 84 N/A N/A 264 N/A N/A 249 - - - 

10 0 -50 lost N/A N/A 94 N/A N/A 298 N/A N/A 284 - - - 

MEAN -48 -36 75 -10 86 62 73 785 676 57 322 -45 69 701 

STDEV (±) 4.5 11.6 23 7.8 10.1 10.5 13.4 470 346 30 87 3.1 13.6 386 

 

 

 
Table 15. Whole-cell recording data from the dorsal motor nucleus of vagus (DMV) in response to 

OGD.  

Twelve DMV neurons were recorded during 10 minutes of OGD. Ten newly acquired neurons were 

recorded post-OGD. For abbreviations see Table 1.  

* AD onset values were obtained from adjacent dNTS. 
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10 0 -45 lost N/A -2 95 N/A N/A 297 N/A N/A - -44 60 207 

10 0 -48 lost N/A -4 85 N/A N/A 461 N/A N/A - -44 67 383 

10 0 -48 lost N/A 0 100 N/A N/A 277 N/A N/A - -40 53 218 

10 0 -48 lost N/A 0 96 N/A N/A 252 N/A N/A - -47 74 215 

10 0 -47 lost N/A -3 101 N/A N/A 227 N/A N/A - -42 67 355 

10 0 -48 lost N/A -2 98 N/A N/A 284 N/A N/A - -46 71 326 

10 0 -47 lost N/A -2 102 N/A N/A 259 N/A N/A - -44 65 207 

10 0 -45 lost N/A 0 93 N/A N/A 255 N/A N/A - -47 78 183 

10 0 -44 lost N/A 0 91 N/A N/A 200 N/A N/A - -48 88 290 

10 0 -45 lost N/A -2 87 N/A N/A 182 N/A N/A - -47 69 N/A 

10 0 -46 lost N/A 0 92 N/A N/A 225 N/A N/A - - - - 

10 0 -46 lost N/A 0 93 N/A N/A 425 N/A N/A - - - - 

MEAN -46 N/A N/A -1 94 N/A N/A 278 N/A N/A 322* -45 69 265 

STDEV (±) 1.4 N/A N/A 1.4 5.3 N/A N/A 84 N/A N/A 87 2.7 9.6 75 
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Chapter 5 

General Discussion 

 

5.1 Brainstem/Hypothalamic Neurons Survive OGD but not ‘Higher” Brain Neurons  

This thesis demonstrates a marked difference in susceptibility to in vitro ischemia 

between projection neurons in ‘higher’ brain regions of neocortex, hippocampus, striatum and 

thalamus and neurons in the ‘lower’ brain regions of hypothalamus and brainstem. The data 

comparing the three papers comprising this thesis are summarized in Figures 20, 21 and Table 

16. Specifically, neurons in higher brain undergo a rapid anoxic depolarization (AD) with a near-

complete loss of membrane potential during OGD. These neurons could not recover from only 

10 minutes of OGD, even following extended recovery in control aCSF. Moreover, additional 

neurons could not be patched following a single OGD insult because cells remained depolarized. 

This vulnerability has been demonstrated in innumerable stroke and brain slice studies of 

neocortex and hippocampus, invariably focusing on the pyramidal neuron. Thus this neuron has 

come to represent exquisite CNS sensitivity to ischemia.  
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Figure 20. Summary Diagram of Responses of Higher Brain Neurons to Simulated Stroke. 
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Figure 21. Summary Diagram of Hypothalamic and Brainstem Neuron Responses to Simulated 

Stroke. 
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At the same time there has been consistent but scattered evidence that reduction in blood 

flow during global ischemia spares brainstem neurons while higher brain regions are injured 

(Aminoff, 2007; Sieber et al., 1995; Wytrzes et al., 1989). Here we show that brainstem and 

hypothalamic neurons are nothing like pyramidal neurons in that they resist simulated ischemia 

independent of blood flow. Neurons of hypothalamus and brainstem depolarize slowly from 

more positive resting potentials during OGD, with firing that slowly evolves to a plateau as 

action potentials inactivate. The neurons then resist total depolarization to varying degrees 

depending on the neuron type. Simultaneous light transmittance (LT) imaging during whole-cell 

recording of neurons in lower brain, confirm a weak wave of elevated LT that slowly propagates 

through the slice, coinciding with gradual AD onset in the single cell. Following return to control 

aCSF, neurons in brainstem and hypothalamus recover their membrane potential, input resistance 

and action potential amplitude. Moreover, newly acquired neurons can be readily patched in all 

regions of brainstem and hypothalamus following OGD. They display healthy parameters similar 

to neurons not previously exposed to OGD.  Some neurons can even survive multiple OGD 

exposures. Two-photon microscopy confirms this resilience as neurons in hypothalamus 

(specifically SON) and brainstem (specifically MES nucleus) resist swelling during and 

following OGD.   

In contrast, neurons in ‘higher’ brain rapidly depolarize during OGD, briefly reaching a 

plateau depolarization (1-2 seconds), before continued depolarization to near-zero millivolts. 

These results are consistent with an abrupt rise in [K
+
]o measured in higher brain regions and 

thalamus during terminal anoxia (Bureš and Burešovã, 1981). In this thesis simultaneous LT 
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imaging during whole-cell recording of neurons in neocortex, CA1, striatum and thalamus, 

confirm a wave front of increased light transmittance propagating across the slice that coincides 

with AD onset in the single cell. None of these neuronal types recover. Similar 

recording/imaging results have also been observed in CA1 pyramidal neurons during OGD, 

coinciding with AD onset (White et al., 2012). Our two-photon microscopy confirms injury of 

pyramidal neurons in neocortex (Brisson and Andrew, 2012) and hippocampus (unpublished 

observations) as neurons swell and dendrites bead in response to OGD. Similar results using 2-

PLSM have been reported in neocortical pyramidal neurons both in brain slices (Andrew et al., 

2007) and in vivo (Murphy et al., 2008).  

In summary, our results show that in response to OGD, projection neurons rostral to the 

thalamus are acutely injured from a strong AD that rapidly depolarizes neurons, from which they 

cannot recover in slices. In contrast neurons of hypothalamus and brainstem gradually depolarize 

during OGD, resist complete depolarization and show marked recovery when oxygen and 

glucose is restored. These results are consistent with vulnerability of neurons in higher brain 

regions to global ischemia in contrast to brainstem where little or no injury was observed 

(Aminoff, 2007; Sieber et al., 1995; Wytrzes, 1989). 

 

5.2 Ouabain Exposure Mimics OGD in All Neuronal Types Tested 

 We found that exposure of brain slices to 100 µM ouabain mimicked the depolarizing 

phase of OGD in all neuronal types tested in both higher and lower brain. In higher brain, 

ouabain exposure induced a rapid depolarization that briefly plateaued, before continuing to 
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near-zero millivolts. In the brain slice, an increased wave of light transmittance, representative of 

AD, propagates through the slice coinciding with AD onset in the single cell (Obiedat et al., 

2000; Basarsky et al, 1998). Strong inhibition of the Na
+
/K

+
 ATPase with a high concentration of 

ouabain (100 µM) mimics the rapid depolarization of AD in rat hippocampus (Balestrino et al., 

1999, White et al., 2011), and in rat and mouse neocortex and striatum (Jarvis et al., 2001; Joshi 

and Andrew, 2001; Anderson et al., 2005).  

 In contrast, neurons of brainstem and hypothalamus only gradually depolarize in response 

to 100 µM ouabain, but reached a similar plateau depolarization to that recorded in higher 

neurons or during OGD. Resistance to complete depolarization varied during ouabain as with 

OGD, depending on the neuronal type. Following return to control aCSF, a rapid repolarization 

typical of some lower brain neurons (MNCs, MES and SCN neurons) was not observed 

following ouabain exposure, likely reflecting the slow washout of ouabain from the slice. For 

this reason, full recovery was not recorded in lower neurons. Recovery was observed in some 

MNCs following 50 minutes of perfusion in control aCSF. It is apparent that ouabain is more 

effective at inhibiting the pump in higher neurons than lower neurons and particularly in MES 

neurons. This is emphasized by the fact that in this thesis a hyperpolarization undershoot of 

membrane potential was observed following OGD in lower neurons, most prominent in MNCs, 

SCN and MES neurons.   

 These results indicate that throughout the brain, ouabain mimics the electrophysiological 

onset, the elevated [K
+
]e profile, the time course of elevated [Ca

2+
]i, the AD propagation rate and 

the post-AD neuronal injury by inhibiting the Na
+
/K

+
 ATPase pump (Tanaka et al., 1997; Jarvis 
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et al., 2001; Gottron & Lo, 2010).  Ouabain treatment effectively reiterates OGD. Both 

treatments evoke strong AD in higher brain (Tanaka et al., 1997; Balestrino et al., 1999; Jarvis et 

al., 2001), but weak AD in brainstem and hypothalamus. It has been assumed that CNS neurons 

in general are vulnerable to ischemia, so the idea that Na
+
/K

+
 ATPase pump efficiency varies 

among brain regions has yet to be explored in any detail. 

 

5.3 Regional Variation in the Pump 

 The major finding of this thesis is that variation in Na
+
/K

+
 ATPase isoform distribution, 

modification or regulation contributes to regional differences in pump function and susceptibility 

to metabolic challenge. This has been suggested in several studies. In layer V of neocortex, fast-

spiking (FS) interneurons display 3-7 fold larger resting Na
+
/K

+
 ATPase activity compared to 

neighbouring PyNs of the same region (Anderson et al., 2010). The authors hypothesized that FS 

interneurons possess stronger Na
+
/K

+
 ATPase activity, due to their ability to sustain high 

frequency action potentials with minimal spike frequency accommodation. In hippocampal 

subiculum, interneurons were shown to be more sensitive to ouabain than pyramidal neurons of 

this region (Richards et al., 2007). Differences in Na
+
/K

+
 ATPase activity were also hypothesized 

between dorsal and ventral neurons of the medial geniculate body (MGB) in thalamus, in 

response to pump inhibitors strophanthidin or dihydro-ouabain (Senatorov and Hu, 1997). Using 

fluorescent monoclonal antibodies targeted to specific pump isoforms, the authors showed that 

ventral MGB neurons were more susceptible to inhibition than dorsal neurons, which they 

attributed to differences in membrane pump density. In a mouse model of focal cerebral 
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ischemia, Na
+
/K

+
 ATPase pump isoforms in neocortex showed a reduction in pump efficiency 

for up to 6 hours post-stroke (Jamme et al., 1999). Notably no changes in protein or mRNA were 

detected, suggesting intrinsic modification of pump isoforms. Similar results were obtained in 

the rat following middle cerebral artery occlusion (Mintorovitch et al., 1994, Yang et al. 1992). 

Finally, decreased activity of the Na
+
/K

+
 ATPase α2 isoform was associated with type 2 familial 

hemplegic migraine, which may contribute to spreading depression in migraine (Segall et al., 

2005).  

Intrinsic properties of specific pump isoforms undoubtedly contribute to differences in 

susceptibility to ischemia. Briefly the α1 isoform has steep voltage dependence in neurons, 

allowing it to respond with fast activation after short bursts of action potentials (Dobretsov and 

Stimers, 2005). In contrast the rate of the α3 isoform is almost independent of voltage, making it 

ideal to remove intracellular Na
+
 during periods of prolonged depolarization (Dobretsov and 

Stimers, 2005) and therefore presumably during OGD. The shallow voltage dependence, low 

Na
+ 

and high ATP affinity of the α3 isoform (Blanco, 2005) should allow the Na
+
/K

+
 ATPase to 

rapidly restore membrane potential under these conditions. In addition, the α2 isoform, which is 

predominately found in glia (McGrail et al., 1991), is important for regulating neuronal 

excitability by controlling extracellular K
+
 levels after strong depolarization (Blanco, 2005). A γ 

isoform subunit has also been identified, and although it is not essential for basic pump 

expression or activity, it can modulate the function of the pump by increasing its affinity for ATP 

(Gottron and Lo, 2010, Therien et al., 1999). The increased ATP affinity of the γ subunit has 

been hypothesized to allow the α1β1 Na
+
/K

+
 ATPase isozyme to function more efficiently in the 
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low-oxygen and energy compromised environment of the renal medulla (Blanco, 2005). An 

isozyme with similar function may account for ischemic resistance in lower neurons. Further 

important work is required to resolve the localization, modification, regulation and specific 

function of the different Na
+
/K

+
 ATPase isoforms and their role during ischemia. 

 

5.4 Biphasic Depolarization in Response to Metabolic Challenge: A Focus on the Plateau 

Depolarization 

In the current study neurons from both higher and lower brain undergo a biphasic 

depolarization in response to 10 minutes of OGD (Fig. 22). During the first phase, neurons from 

higher brain rapidly depolarize briefly reaching a plateau at ~ - 20 mV as Na
+
 and K

+
 equilibrate, 

following their concentration gradients. A similar plateau depolarization has been observed in a 

model neuron after weakening of the Na
+
/K

+
 ATPase pump or reducing glial [K

+
]o buffering 

capacity (Somjen, 2001). In contrast, neurons from hypothalamus and brainstem depolarized 

slowly from more positive resting potentials, but reached a similar plateau as action potentials 

inactivated. Notably MES neurons resisted this initial depolarization and actively repolarized 

during OGD.  
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Figure 22. Summary Diagram of Responses by Projection Neurons to Simulated Stroke.  

Neurons from both higher brain and hypothalamus/brainstem undergo a biphasic depolarization in 

response to 10 minutes of OGD. During the first phase, neurons from higher brain rapidly depolarize 

briefly reaching a plateau at ~ -20 mV before continuing to depolarize to near-zero millivolts, 

representing Na
+
/K

+
 ATPase failure. In contrast, neurons from hypothalamus and brainstem depolarized 

slowly from more positive resting potentials, but reached a similar plateau as action potentials inactivated 

(not shown). These neurons resisted further depolarization to varying extents depending on the neuronal 

type. Notably, MES neurons resisted strong depolarization and actively repolarized during OGD (green 

dashed line).  Upon return to control aCSF, neurons from hypothalamus and brainstem exhibited marked 

recovery of membrane potential, input resistance and action potential amplitude in contrast to neurons of 

higher brain that did not recover. 

 

 During the second phase of the biphasic depolarization neurons from higher brain 

continue to depolarize to near-zero millivolts during OGD. In contrast, neurons in lower brain 

resist complete depolarization to varying degrees, depending on the cell type. Upon return to 

control aCSF, neurons from hypothalamus and brainstem exhibited marked recovery of 

membrane potential, input resistance and action potential amplitude in contrast to neurons of 

higher brain that did not recover. 
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 Ouabain exposure mimics the biphasic depolarization seen during OGD in all neuronal 

types tested, suggesting that the Na
+
/K

+
 ATPase pump is responsible for susceptibility or 

resistance to complete depolarization.  

 In response to elevated [K
+
]o a similar biphasic depolarization was observed in higher but 

not lower neurons. In higher neurons, elevated [K
+
]o resulted in an initial depolarization (first 

phase) that reached a plateau as action potentials inactivated. The second phase of the 

depolarization coincided with an increased wave of LT representative of SD that propagated 

through the slice. In contrast, lower neurons reached a similar plateau depolarization, but did not 

undergo the additional depolarization of SD, maintaining a plateau even in response to longer (3 

– 5 min) [K
+
]o exposures. These results are consistent with Richter et al. (2008), who show that 

SD cannot be generated in the adult rat. Similarly, exposing lower neurons of the NTS (Yang et 

al., 2005) and PVN (Bains et al., 2001) to NMDA resulted in a prolonged plateau depolarization 

without complete depolarization. In the current study, exposing MNCs of SON to elevated [K
+
]o 

during OGD could consistently drive MNCs to near-zero millivolts, however this could only be 

achieved once MNCs were sufficiently stressed from OGD (Brisson and Andrew, 2012). 

Importantly, exposing MNCs to elevated [K
+
]o during early OGD, merely resulted in a plateau 

depolarization.  

 That AD may be mediated by activation of a specific ion channel or exchanger that opens 

under pathological conditions has been popular. However, studies have shown that AD can only 

be blocked with a ‘cocktail’ of non-specific ion channel blockers (Muller and Somjen, 1998; 

Rossi et al., 2000), making the pathological channel hypothesis unlikely. We propose that 
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neurons in higher brain have a Na
+
/K

+
 ATPase pump that enables specific shutdown in response 

to metabolic challenge. In support of this shutdown hypothesis, isoforms of the Na
+
/K

+
 ATPase 

pump show reduced binding affinity for up to 6 hours following focal cerebral ischemia in the 

mouse (Jamme et al., 1999). Similar results have also been obtained in the rat following middle 

cerebral artery occlusion (Mintorovitch et al., 1994, Yang et al., 1992). 

Therefore, we propose that lower neurons resist complete depolarization during OGD, 

ouabain or elevated [K
+
]o, because of differences in their Na

+
/K

+
 ATPase pump. Lower neurons 

can resist complete shutdown of the Na
+
/K

+
 ATPase pump to preserve vital brainstem and 

autonomic functions in contrast to higher neurons whose strategy is immediate shutdown.  

 

5.5 Head Trauma and Hemorrhage as Evolutionary Pressures to Develop Spreading 

Depolarization 

 

Head Trauma with Bleeding 

In response to traumatic brain injury (TBI), the mechanical distortion of neuronal 

membranes (sheering/stretching) leads to a sudden loss of ion selectivity as Na
+
 and K

+
 flow 

down their concentration gradients, immediately depolarizing neurons (Geddes et al., 2003a,b; 

Simon et al., 2009). The overall effect of this traumatic depolarization (TD) is an immediate 

silencing of the contused region as action potentials are inactivated and membrane potential 

approaches zero millivolts. The advantage of TD for survival is that it quickly and passively 

bypasses a level of intermediate or plateau depolarization that would normally drive neuronal 
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hyperactivity. This is important because an injured, hyper-excited cortex could stimulate 

downstream cortical and subcortical regions into a state of seizure, but this does not occur 

(Dreier et al., 2012). If this intermediate or plateau depolarization is maintained, as during 

epilepsy where a transient depolarization (~ 20 mV) occurs following paroxysmal depolarization 

shifts (Kang et al., 2005), the Na
+
/K

+
 ATPase could restore membrane potential and regenerate 

another burst of seizure activity. Without immediate plasma membrane repair and energy stores 

to drive repolarization, neurons will remain partially depolarized and so hyperactive or 

epileptiform.  

Following TBI, the local traumatic depolarization (TD) can migrate into surrounding gray 

matter (Mayevsky et al. 1996; Church and Andrew 2005; Hartings et al. 2009, 2011), which can 

be induced experimentally by weight drop, controlled cortical impact, fluid percussion (Gedes et 

al. 2003a) or simply pricking cortex with a pin. This migrating peri-contusional depolarization 

(PCD) can recur which resembles spreading depression (SD) (Church and Andrew, 2005). 

So a brain bleed induces TD and PCDs which in turn cause vasoconstriction and thus a 

beneficial reduction in regional cerebral blood flow. An on-going mystery involving occlusive 

stroke is why AD and associated PIDs also cause vasoconstriction. This `inverse-neovascular 

coupling` (INC) exacerbates and expands the injury of ischemia because vasoconstriction in the 

at-risk peri-infarct tissue, prevents return of adequate blood flow and energy reserves needed to 

drive restoration of ion gradients by the Na
+
/K

+
 ATPase pump. Consequently, PIDs recur in the 

hours and days that follow TBI or stroke injury and expand the infarct core. Vasoconstriction is a 

physiological response in an attempt to counteract hemorrhage during TBI and was therefore 
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presumably under strong evolutionary selective pressure. Unfortunately during ischemic stroke 

(80 % occlusive), we propose that the brain misinterprets the reduced blood flow as arising from 

hemorrhage, leading to INC that further exacerbates the injury. In light of poor dietary factors, a 

sedentary lifestyle and increasing age of the population in modern society (Holliday, 2005), 

occlusive stroke is a recent consequence of modern life. So there has been no evolutionary 

selective pressure to deal with it. The brain assumes lost blood flow means a bleed…and so 

vasoconstricts.  

Head Trauma without Bleeding 

With strong concussion there is an abrupt loss of consciousness with the patient dropping 

motionless to the ground as when a boxer is knocked out. The cause is attributed to stretching, 

tearing, compression or deformation injuries to the neural tissue (Shaw, 2002; Giza & Hovda, 

2001). This elicits spreading depolarization, causing EEG attenuation in all frequency bands and 

transient loss of consciousness (West et al., 1982) as the Na/K pump fails (Giza & Hovda 2001). 

During concussion in the absence of any structural damage or bleeding, consciousness returns in 

1-2 minutes, the same time as it takes for cerebral tissue to recover from SD. Convulsion is very 

rare because the cortical neurons quickly depolarize to ground. West et al. (1982) outline why 

unconsciousness is not from injury to the brainstem, which is relatively protected. Conidi (2011) 

suggests that amnesia and other cognitive deficits following sports concussion result from 

posttraumatic spreading depolarization.  

 A similar shutdown strategy may be employed during reflexive or vasovagal syncope 

(fainting) in response to hemorrhage and cerebral ischemia, which is an active brainstem reflex 
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leading to loss of consciousness and shutdown of higher brain (Zurac and Bilic, 2004). Syncope 

is a highly conserved mechanism across mammalian species in response to hemorrhage, thought 

to be a protective strategy by reducing bleeding and allowing blood flow to return to the brain in 

the supine position (Diehl, 2005). As during syncope, concussion may have had the added 

benefit of immobilizing an individual to avoid the attention of enemies or predators (Alboni et 

al., 2008). This might also explain why the sight of blood-injury is the most common reason for 

emotionally-induced syncope (Diehl, 2005). Similar to concussion, syncope is evidenced by a 

flat-lining of the EEG (Gestaut and Fischer-Williams, 1957). Whether SD drives syncope is 

likely but remains to be proven.  

Therefore we propose that spreading depolarizations that occur during TBI, syncope and 

stroke are an intrinsic and immediate response of higher brain neurons. They function to 

electrically silence neuronal tissue, preventing over-excitation that might draw the attention of 

adversaries, promote bleeding and drain vital energy reserves. During TBI if the extent of the 

injury is minimal, recovery ensues similar to normally benign spreading depression. If the injury 

includes bleeding, recovery is further confounded by vasoconstriction during more prolonged 

and recurring spreading depolarizations. With stroke, these depolarizations evoke inverse 

neovascular coupling that exacerbates ischemic injury and expands the infarct core (Dreier, 

2011). 
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5.6 Where are we going? 

Our findings unequivocally show that simulated ischemia shuts down higher brain 

projection neurons, while leaving lower projection neurons comparatively spared. We propose 

that a `shutdown` strategy in higher brain regions, mediated by inhibition of the Na
+
/K

+
 ATPase 

pump has evolutionary advantages but also has consequences: vulnerability during ischemic 

insult. In contrast high-efficiency pump isoforms work during ischemia in lower brain regions to 

maintain vital brainstem and autonomic functions. Additional important research will be required 

to uncover differences in Na
+
/K

+
 ATPase pump isoform function, expression and distribution in 

higher vs lower brain regions. These differences likely mediate the selective vulnerability of 

higher brain regions to stroke injury. Discovering how `lower` brain neurons resist ischemia 

(perhaps by expressing pump isoforms that better function under OGD) will provide valuable 

insight into stroke susceptibility by higher brain neurons of cortex, striatum and thalamus. 

 

 

Table 16. Summary of whole-cell recording data from higher and lower projection neurons in 

response to OGD.  

Four types of higher brain neuron are compared to 7 types of lower neurons.  

Note the poor recovery statistics (red type) of higher neurons compared to the lower neuron statistics 

(green type). Standard deviation values not included. * DMV % recovery data were obtained from post-

OGD recordings. † Neocortical PyN and supraoptic MNC resting membrane potentials were originally 

adjusted for a + 14 mV junction potential that has since been removed. This adjustment does not affect % 

recovery of the membrane potential.  
Cell Type Cell 

no. 
Recovered cell no.  

Post-OGD 

 

Rmp 
Recov 

Max 
Depol. 
(mV) 

AP Ampl 
Recov 

% Rin 
Recov 

AD 
Onset (s) 

AD Rate 
(mV/s) 

Neocortical PYN 20 0 27% 0 0% 57% 246 1.6 
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Hippocampal 

CA1 PyN 

9 0 10% 0 0% - 343 3.0 

   

Neostriatum 10 0 
29% 0 0% 64% 287 3.0 

   

Thalamus 12 0 - -4.0 0% - 217 2.0 

   

MNC (SON) 21 11 87% -19 82% 84% 484 0.2 

   

MNC (PVN) 8 7 84% -9 82% 89% 298 - 

   

Parvocellular 

(PVN) 

12 11 78% -6 95% 92% 298 - 

   

Suprachiasm. 

Nuc 

18 15 81% -19 65% 100% 431 - 

   

Mesenceph. Nuc 14 7 93% -42 95% 86% 301 - 

   

Locus Ceruleus  8 5 82% -4 83% 100% 301 - 

   

Nuc Solitarius 31 12 75% -10 73% 57% 322 0.3 

   

Dorsal Motor Nuc 
of Vagus 

12 10 98%* -1 73%* 95%* 322 0.3 

   

 

 

  



 

133 

 

 

References 

Aitken, P.G., and Schiff, S.J. (1986). Selective neuronal vulnerability to hypoxia in vitro. Neurosci. Lett. 

67, 92-96.  

Alboni, P., Alboni, M., and Bertorelle, G. (2008). The origin of vasovagal syncope: to protect the heart or 

to escape predation? Clin. Auton. Res. 18, 170-178.  

Aminoff, M. (2008). Neurology and general medicine, 4th ed. Scitech Book News 32, n/a.  

Anderson, T.R., and Andrew, R.D. (2002). Spreading depression: imaging and blockade in the rat 

neocortical brain slice. J. Neurophysiol. 88, 2713-2725.  

Anderson, T.R., Huguenard, J.R., and Prince, D.A. (2010). Differential effects of Na+-K+ ATPase 

blockade on cortical layer V neurons. J. Physiol. 588, 4401-4414.  

Anderson, T.R., Jarvis, C.R., Biedermann, A.J., Molnar, C., and Andrew, R.D. (2005). Blocking the 

anoxic depolarization protects without functional compromise following simulated stroke in 

cortical brain slices. J. Neurophysiol. 93, 963-979.  

Andrew, R.D., Labron, M.W., Boehnke, S.E., Carnduff, L., and Kirov, S.A. (2007). Physiological 

evidence that pyramidal neurons lack functional water channels. Cereb. Cortex 17, 787-802.  

Andrew, R.D., Hsieh Y-T, Brisson CD (2012). Projection neurons in brainstem and hypothalamus 

intrinsically resist acute stroke injury while projection neuronsin cortex, striatum and thalamus 

die. Soc Neurosci Abstract 2012-S-12925-SfN 

Andrew, R.D., and Dudek F.E. (1984). Spike broadening in magnocellular neuroendocrine cells of rat 

hypothalamic slices. Brain Res. 334, 176-179. 



 

134 

 

Armstrong, W.E. (1995). Morphological and electrophysiological classification of hypothalamic 

supraoptic neurons. Prog. Neurobiol. 47, 291-339.  

Armstrong, W.E., and Stern, J.E. (1997). Electrophysiological and morphological characteristics of 

neurons in perinuclear zone of supraoptic nucleus. J. Neurophysiol. 78, 2427-2437.  

Bains, J.S., Follwell, M.J., Latchford, K.J., Anderson, J.W., and Ferguson, A.V. (2001). Slowly 

inactivating potassium conductance (I(D)): a potential target for stroke therapy. Stroke 32, 2624-

2634.  

Balestrino, M., Young, J., and Aitken, P. (1999). Block of (Na+,K+)ATPase with ouabain induces 

spreading depression-like depolarization in hippocampal slices. Brain Res. 838, 37-44.  

Ballanyi, K., Doutheil, J., and Brockhaus, J. (1996). Membrane potentials and microenvironment of rat 

dorsal vagal cells in vitro during energy depletion. J. Physiol. 495 ( Pt 3), 769-784.  

Basarsky, T.A., Duffy, S.N., Andrew, R.D., and MacVicar, B.A. (1998). Imaging spreading depression 

and associated intracellular calcium waves in brain slices. J. Neurosci. 18, 7189-7199.  

Blanco, G. (2005). Na,K-ATPase subunit heterogeneity as a mechanism for tissue-specific ion regulation. 

Semin. Nephrol. 25, 292-303.  

Blanco, G., and Mercer, R.W. (1998). Isozymes of the Na-K-ATPase: heterogeneity in structure, diversity 

in function. Am. J. Physiol. 275, F633-50.  

Brenner, R.P. (1997). Electroencephalography in syncope. Journal of clinical neurophysiology : official 

publication of the American Electroencephalographic Society 14, 197-209.  

Brisson CD, Ranepura N, Lukewich M, Andrew RD. (2009). Anoxic depolarization in hypothalamic and 

brainstem slices. Soc Neurosci Abst.   

Brisson, C.D., and Andrew, R.D. (2012). A neuronal population in hypothalamus that dramatically resists 

acute ischemic injury compared to neocortex. J. Neurophysiol. 108, 419-430.  



 

135 

 

Brisson, C.D.,Hsieh Y-T,  Andrew, R.D. (2012) Robust neuronal resistance to acute ischemic 

depolarization and swelling in midbrainpons assessed with intracellular electrophysiology and 

two-photon microscopy. Soc Neurosci Abstracts 2012-S-14116-SfN 

Burchiel, K.J. (1984). Spontaneous impulse generation in normal and denervated dorsal root ganglia: 

sensitivity to alpha-adrenergic stimulation and hypoxia. Exp. Neurol. 85, 257-272.  

Bureš, J., Buresova, O., and Krivanek, J. (1974). The mechanism and applications of Leao's spreading 

depression of electroencephalographic activity. (New York: Academic Press)  

Bures, J., and Buresova, O. (1981). Cerebral [K+]e increase as an index of the differential susceptibility 

of brain structures to terminal anoxia and electroconvulsive shock. J. Neurobiol. 12, 211-220.  

Calabresi, P., Picconi, B., Saulle, E., Centonze, D., Hainsworth, A.H., and Bernardi, G. (2000). Is 

pharmacological neuroprotection dependent on reduced glutamate release? Stroke 31, 766-72; 

discussion 773.  

Catterall, W.A. (2000). From ionic currents to molecular mechanisms: the structure and function of 

voltage-gated sodium channels. Neuron 26, 13-25.  

Centonze, D., Marfia, G.A., Pisani, A., Picconi, B., Giacomini, P., Bernardi, G., and Calabresi, P. (2001). 

Ionic mechanisms underlying differential vulnerability to ischemia in striatal neurons. Prog. 

Neurobiol. 63, 687-696.  

Colonnier, M., Steriade, M., and Landry, P. (1979). Selective resistance of sensory cells of the 

mesencephalic trigeminal nucleus to kainic acid-induced lesions. Brain Res. 172, 552-556.  

Conidi FX (2011) Sports Concussion and the clinical neurologist, Part I.  Practical Neurology Sept-Oct 

2011: 40-45. 

Copray, J.C., Liem, R.S., and van Willigen, J.D. (1990). Morphological arrangement between astrocytes 

and trigeminal mesencephalic primary afferent neurons in the rat. Exp. Brain Res. 83, 215-218.  



 

136 

 

 

Cowan, A.I., and Martin, R.L. (1992). Ionic basis of membrane potential changes induced by anoxia in rat 

dorsal vagal motoneurones. J. Physiol. 455, 89-109.  

Curras-Collazo, M.C., Patel, U.B., and Hussein, M.O. (2002). Reduced susceptibility of magnocellular 

neuroendocrine nuclei of the rat hypothalamus to transient focal ischemia produced by middle 

cerebral artery occlusion. Exp. Neurol. 178, 268-279.  

Davis, S.F., Derbenev, A.V., Williams, K.W., Glatzer, N.R., and Smith, B.N. (2004). Excitatory and 

inhibitory local circuit input to the rat dorsal motor nucleus of the vagus originating from the 

nucleus tractus solitarius. Brain Res. 1017, 208-217.  

de Oliveira, R.B., Gravina, F.S., Lim, R., Brichta, A.M., Callister, R.J., and van Helden, D.F. (2011). 

Developmental changes in pacemaker currents in mouse locus coeruleus neurons. Brain Res. 

1425, 27-36.  

Del Negro, C.A., and Chandler, S.H. (1997). Physiological and theoretical analysis of K+ currents 

controlling discharge in neonatal rat mesencephalic trigeminal neurons. J. Neurophysiol. 77, 537-

553.  

Diehl, R. (2005). Vasovagal syncope and Darwinian fitness. Clinical Autonomic Research 15, 126-129.  

Dijkhuizen, R.M., Beekwilder, J.P., van der Worp, H.B., Berkelbach van der Sprenkel, J.W., Tulleken, 

K.A., and Nicolay, K. (1999). Correlation between tissue depolarizations and damage in focal 

ischemic rat brain. Brain Res. 840, 194-205.  

Dobretsov, M., and Stimers, J.R. (2005). Neuronal function and alpha3 isoform of the Na/K-ATPase. 

Front. Biosci. 10, 2373-2396.  

Dreier, J.P. (2011). The role of spreading depression, spreading depolarization and spreading ischemia in 

neurological disease. Nat. Med. 17, 439-447.  



 

137 

 

Dreier, J.P. and 10 Authors (2012). Spreading convulsions, spreading depolarization 

and epileptogenesis in human cerebral cortex. Brain 135; 259–275. 

Duchen, M.R. (1990). Effects of metabolic inhibition on the membrane properties of isolated mouse 

primary sensory neurones. J. Physiol. 424, 387-409.  

Erdemli, G., and Crunelli, V. (1998). Response of thalamocortical neurons to hypoxia: a whole-cell patch-

clamp study. J. Neurosci. 18, 5212-5224.  

Feng, G., Mellor, R.H., Bernstein, M., Keller-Peck, C., Nguyen, Q.T., Wallace, M., Nerbonne, J.M., 

Lichtman, J.W., and Sanes, J.R. (2000). Imaging neuronal subsets in transgenic mice expressing 

multiple spectral variants of GFP. Neuron 28, 41-51.  

Fifková, E. (1964). Leão's spreading depression in the thalamic nuclei of rat. Experientia 20, 635-637.  

Franco Folino, A. (2007). Cerebral Autoregulation and Syncope. Prog. Cardiovasc. Dis. 50, 49-80.  

Funke, F., Kron, M., Dutschmann, M., and Muller, M. (2009). Infant brain stem is prone to the generation 

of spreading depression during severe hypoxia. J. Neurophysiol. 101, 2395-2410.  

Gao, H., Glatzer, N.R., Williams, K.W., Derbenev, A.V., Liu, D., and Smith, B.N. (2009). Morphological 

and electrophysiological features of motor neurons and putative interneurons in the dorsal vagal 

complex of rats and mice. Brain Res. 1291, 40-52.  

Gastaut, H., and Fischer-Williams, M. (1957). ELECTRO-ENCEPHALOGRAPHIC STUDY OF 

SYNCOPE: ITS DIFFERENTIATION FROM EPILEPSY. The Lancet 270, 1018-1025.  

Geddes, D.M., Cargill, R.S.,2nd, and LaPlaca, M.C. (2003a). Mechanical stretch to neurons results in a 

strain rate and magnitude-dependent increase in plasma membrane permeability. J. Neurotrauma 

20, 1039-1049.  

Geddes, D.M., LaPlaca, M.C., and Cargill, R.S.,2nd. (2003b). Susceptibility of hippocampal neurons to 

mechanically induced injury. Exp. Neurol. 184, 420-427.  



 

138 

 

Giza CC, Hovda DA (2001) The neurometabolic cascade of concussion.  J. Athl Train. 36: 228–235.  

Goaillard, J.M., and Vincent, P. (2002). Serotonin suppresses the slow afterhyperpolarization in rat 

intralaminar and midline thalamic neurones by activating 5-HT(7) receptors. J. Physiol. 541, 453-

465.  

Gottron, M.A., and Lo, D.C. (2010). The Na
+
/K

+
-ATPase as a Drug Target for Ischemic Stroke.129-151.  

Govindaiah, G., and Cox, C.L. (2006). Modulation of thalamic neuron excitability by orexins. 

Neuropharmacology 51, 414-425.  

Hansen, A.J., and Lauritzen, M. (1984). The role of spreading depression in acute brain disorders. An. 

Acad. Bras. Cienc. 56, 457-479.  

Hastings, M.H., Winn, P., and Dunnett, S.B. (1985). Neurotoxic amino acid lesions of the lateral 

hypothalamus: a parametric comparison of the effects of ibotenate, N-methyl-D,L-aspartate and 

quisqualate in the rat. Brain Res. 360, 248-256.  

Henderson, G., Pepper, C.M., and Shefner, S.A. (1982). Electrophysiological properties of neurons 

contained in the locus coeruleus and mesencephalic nucleus of the trigeminal nerve in vitro. Exp. 

Brain Res. 45, 29-37.  

Herman, J.P., and Wiegand, S.J. (1986). Ibotenate-induced cell death in the hypothalamic paraventricular 

nucleus: differential susceptibility of magnocellular and parvicellular neurons. Brain Res. 383, 

367-372.  

Hoffman, N.W., Tasker, J.G., and Dudek, F.E. (1991). Immunohistochemical differentiation of 

electrophysiologically defined neuronal populations in the region of the rat hypothalamic 

paraventricular nucleus. J. Comp. Neurol. 307, 405-416.  

Holliday, R. (2005). Evolution of human longevity, population pressure and the origins of warfare. 

Biogerontology 6, 363-368.  



 

139 

 

Hu, B., Cunningham, J.T., Nissen, R., Renaud, L.P., and Bourque, C.W. (1992). Rat supraoptic neurons 

are resistant to glutamate neurotoxicity. Neuroreport 3, 87-90.  

Illes, P., Sevcik, J., Finta, E.P., Frohlich, R., Nieber, K., and Norenberg, W. (1994). Modulation of locus 

coeruleus neurons by extra- and intracellular adenosine 5'-triphosphate. Brain Res. Bull. 35, 513-

519.  

Jamme, I., Barbey, O., Trouve, P., Charlemagne, D., Maixent, J.M., MacKenzie, E.T., Pellerin, L., and 

Nouvelot, A. (1999). Focal cerebral ischaemia induces a decrease in activity and a shift in 

ouabain affinity of Na+, K+-ATPase isoforms without modifications in mRNA and protein 

expression. Brain Res. 819, 132-142.  

Jarvis, C.R., Anderson, T.R., and Andrew, R.D. (2001). Anoxic depolarization mediates acute damage 

independent of glutamate in neocortical brain slices. Cereb. Cortex 11, 249-259.  

Jiang, C., and Haddad, G.G. (1992). Differential responses of neocortical neurons to glucose and/or O2 

deprivation in the human and rat. J. Neurophysiol. 68, 2165-2173.  

Joshi, I., and Andrew, R.D. (2001). Imaging anoxic depolarization during ischemia-like conditions in the 

mouse hemi-brain slice. J. Neurophysiol. 85, 414-424.  

Kaminogo, M., Suyama, K., Ichikura, A., Onizuka, M., and Shibata, S. (1998). Anoxic depolarization 

determines ischemic brain injury. Neurol. Res. 20, 343-348.  

Kawahara, N., Ruetzler, C.A., and Klatzo, I. (1995). Protective effect of spreading depression against 

neuronal damage following cardiac arrest cerebral ischaemia. Neurol. Res. 17, 9-16.  

Kawai, K., Nitecka, L., Ruetzler, C.A., Nagashima, G., Joo, F., Mies, G., Nowak, T.S.,Jr, Saito, N., Lohr, 

J.M., and Klatzo, I. (1992). Global cerebral ischemia associated with cardiac arrest in the rat: I. 

Dynamics of early neuronal changes. J. Cereb. Blood Flow Metab. 12, 238-249.  



 

140 

 

Kawai, Y., and Senba, E. (1999). Electrophysiological and morphological characterization of 

cytochemically-defined neurons in the caudal nucleus of tractus solitarius of the rat. Neuroscience 

89, 1347-1355.  

Kim, Y.I., and Dudek, F.E. (1993). Membrane properties of rat suprachiasmatic nucleus neurons 

receiving optic nerve input. J. Physiol. 464, 229-243.  

Kobayashi, S., Harris, V.A., and Welsh, F.A. (1995). Spreading depression induces tolerance of cortical 

neurons to ischemia in rat brain. J. Cereb. Blood Flow Metab. 15, 721-727.  

Kolaj, M., Yang, C.R., and Renaud, L.P. (2000). Presynaptic GABA(B) receptors modulate organum 

vasculosum lamina terminalis-evoked postsynaptic currents in rat hypothalamic supraoptic 

neurons. Neuroscience 98, 129-133.  

Koroleva, V.I., and Vinogradova, L.V. (2000). Ischemic and hypoxic depolarization in the rat neocortex. 

Zh. Vyssh. Nerv. Deiat. Im. I. P. Pavlova 50, 612-623.  

Krnjevic, K. (2008). Electrophysiology of cerebral ischemia. Neuropharmacology 55, 319-333.  

Krnjevic, K., and Xu, Y. (1990). Mechanisms underlying anoxic hyperpolarization of hippocampal 

neurons. Can. J. Physiol. Pharmacol. 68, 1609-1613.  

Larkman, A., and Mason, A. (1990). Correlations between morphology and electrophysiology of 

pyramidal neurons in slices of rat visual cortex. I. Establishment of cell classes. J. Neurosci. 10, 

1407-1414.  

Lauritzen, M., Dreier, J.P., Fabricius, M., Hartings, J.A., Graf, R., and Strong, A.J. (2011). Clinical 

relevance of cortical spreading depression in neurological disorders: migraine, malignant stroke, 

subarachnoid and intracranial hemorrhage, and traumatic brain injury. J. Cereb. Blood Flow 

Metab. 31, 17-35.  



 

141 

 

Lauritzen, M., and Hansen, A.J. (1992). The effect of glutamate receptor blockade on anoxic 

depolarization and cortical spreading depression. J. Cereb. Blood Flow Metab. 12, 223-229.  

Lazarov, N.E. (2007). Neurobiology of orofacial proprioception. Brain Res. Rev. 56, 362-383.  

Leao, A. (1944). Spreading depression of activity in the cerebral cortex. J. Neurophysiol. 7, 359-390.  

Levi, M. (2005). Vasovagal fainting as an evolutionary remnant of the fight against hemorrhage. Clinical 

Autonomic Research 15, 69-70.  

Li, Z., and Hatton, G.I. (1997). Reduced outward K+ conductances generate depolarizing after-potentials 

in rat supraoptic nucleus neurones. J. Physiol. 505 ( Pt 1), 95-106.  

Lipton, P. (1999). Ischemic cell death in brain neurons. Physiol Rev. 79, 1432-1568. 

MacVicar, B.A., and Thompson, R.J. (2010). Non-junction functions of pannexin-1 channels. Trends 

Neurosci. 33, 93-102.  

Martin, R.L. (1999). Block of rapid depolarization induced by in vitro energy depletion of rat dorsal vagal 

motoneurones. J. Physiol. 519 Pt 1, 131-141.  

Matsushima, K., Schmidt-Kastner, R., Hogan, M.J., and Hakim, A.M. (1998). Cortical spreading 

depression activates trophic factor expression in neurons and astrocytes and protects against 

subsequent focal brain ischemia. Brain Res. 807, 47-60.  

McGrail, K.M., Phillips, J.M., and Sweadner, K.J. (1991). Immunofluorescent localization of three Na,K-

ATPase isozymes in the rat central nervous system: both neurons and glia can express more than 

one Na,K-ATPase. J. Neurosci. 11, 381-391.  

Memezawa, H., Smith, M.L., and Siesjo, B.K. (1992). Penumbral tissues salvaged by reperfusion 

following middle cerebral artery occlusion in rats. Stroke 23, 552-559.  

Mintorovitch, J., Yang, G.Y., Shimizu, H., Kucharczyk, J., Chan, P.H., and Weinstein, P.R. (1994). 

Diffusion-weighted magnetic resonance imaging of acute focal cerebral ischemia: comparison of 



 

142 

 

signal intensity with changes in brain water and Na+,K(+)-ATPase activity. J. Cereb. Blood Flow 

Metab. 14, 332-336.  

Morris, D.C., Zhang, L., Zhang, Z.G., Lu, M., Berens, K.L., Brown, P.M., and Chopp, M. (2001). 

Extension of the therapeutic window for recombinant tissue plasminogen activator with 

argatroban in a rat model of embolic stroke. Stroke 32, 2635-2640.  

Muller, M., and Ballanyi, K. (2003). Dynamic recording of cell death in the in vitro dorsal vagal nucleus 

of rats in response to metabolic arrest. J. Neurophysiol. 89, 551-561.  

Muller, M., and Somjen, G.G. (2000). Na(+) dependence and the role of glutamate receptors and Na(+) 

channels in ion fluxes during hypoxia of rat hippocampal slices. J. Neurophysiol. 84, 1869-1880.  

Muller, M., and Somjen, G.G. (1998). Inhibition of major cationic inward currents prevents spreading 

depression-like hypoxic depolarization in rat hippocampal tissue slices. Brain Res. 812, 1-13.  

Murphy, T.H., Li, P., Betts, K., and Liu, R. (2008). Two-photon imaging of stroke onset in vivo reveals 

that NMDA-receptor independent ischemic depolarization is the major cause of rapid reversible 

damage to dendrites and spines. J. Neurosci. 28, 1756-1772.  

Nakamura, H., Strong, A.J., Dohmen, C., Sakowitz, O.W., Vollmar, S., Sue, M., Kracht, L., Hashemi, P., 

Bhatia, R., Yoshimine, T., et al. (2010). Spreading depolarizations cycle around and enlarge focal 

ischaemic brain lesions. Brain 133, 1994-2006.  

Nellgard, B., and Wieloch, T. (1992). NMDA-receptor blockers but not NBQX, an AMPA-receptor 

antagonist, inhibit spreading depression in the rat brain. Acta Physiol. Scand. 146, 497-503.  

Nieber, K., Sevcik, J., and Illes, P. (1995). Hypoxic changes in rat locus coeruleus neurons in vitro. J. 

Physiol. 486 ( Pt 1), 33-46.  



 

143 

 

Obeidat, A.S., Jarvis, C.R., and Andrew, R.D. (2000). Glutamate does not mediate acute neuronal damage 

after spreading depression induced by O2/glucose deprivation in the hippocampal slice. J. Cereb. 

Blood Flow Metab. 20, 412-422.  

Paton, J.F., Foster, W.R., and Schwaber, J.S. (1993). Characteristic firing behavior of cell types in the 

cardiorespiratory region of the nucleus tractus solitarii of the rat. Brain Res. 604, 112-125.  

Pennartz, C.M., De Jeu, M.T., Geurtsen, A.M., Sluiter, A.A., and Hermes, M.L. (1998). 

Electrophysiological and morphological heterogeneity of neurons in slices of rat suprachiasmatic 

nucleus. J. Physiol. 506 ( Pt 3), 775-793.  

Peterson, G.M., and Moore, R.Y. (1980). Selective effects of kainic acid on diencephalic neurons. Brain 

Res. 202, 165-182.  

Pisani, A., Bonsi, P., and Calabresi, P. (2004). Calcium signaling and neuronal vulnerability to ischemia 

in the striatum. Cell Calcium 36, 277-284.  

Piskorowski, R.A., and Chevaleyre, V. (2012). Synaptic integration by different dendritic compartments 

of hippocampal CA1 and CA2 pyramidal neurons. Cell Mol. Life Sci. 69, 75-88.  

Pulsinelli, W.A., Brierley, J.B., and Plum, F. (1982). Temporal profile of neuronal damage in a model of 

transient forebrain ischemia. Ann. Neurol. 11, 491-498.  

Richards, K.S., Bommert, K., Szabo, G., and Miles, R. (2007). Differential expression of Na+/K+-

ATPase alpha-subunits in mouse hippocampal interneurones and pyramidal cells. J. Physiol. 585, 

491-505.  

Richter, F., Bauer, R., Lehmenkuhler, A., and Schaible, H.G. (2008). Spreading depression in the 

brainstem of the adult rat: electrophysiological parameters and influences on regional brainstem 

blood flow. J. Cereb. Blood Flow Metab. 28, 984-994.  



 

144 

 

Risher, W.C., Andrew, R.D., and Kirov, S.A. (2009). Real-time passive volume responses of astrocytes to 

acute osmotic and ischemic stress in cortical slices and in vivo revealed by two-photon 

microscopy. Glia 57, 207-221.  

Rodgers, C.I., Armstrong, G.A., and Robertson, R.M. (2010). Coma in response to environmental stress 

in the locust: a model for cortical spreading depression. J. Insect Physiol. 56, 980-990.  

Roper, P., Callaway, J., Shevchenko, T., Teruyama, R., and Armstrong, W. (2003). AHP's, HAP's and 

DAP's: how potassium currents regulate the excitability of rat supraoptic neurones. J. Comput. 

Neurosci. 15, 367-389.  

Rosen, A.S., and Morris, M.E. (1991). Depolarizing effects of anoxia on pyramidal cells of rat neocortex. 

Neurosci. Lett. 124, 169-173.  

Rossi D.J., Oshima T., Attwell D. (2000) Glutamate release in severe brain ischaemia is mainly 

by reversed uptake. Nature 403: 316-21. 

Saver, J.L. (2006). Time is brain--quantified. Stroke 37, 263-266.  

Schubert, D., Kotter, R., Luhmann, H.J., and Staiger, J.F. (2006). Morphology, electrophysiology and 

functional input connectivity of pyramidal neurons characterizes a genuine layer va in the 

primary somatosensory cortex. Cereb. Cortex 16, 223-236.  

Schwob, J.E., Fuller, T., Price, J.L., and Olney, J.W. (1980). Widespread patterns of neuronal damage 

following systemic or intracerebral injections of kainic acid: a histological study. Neuroscience 5, 

991-1014.  

Segall, L., Mezzetti, A., Scanzano, R., Gargus, J.J., Purisima, E., and Blostein, R. (2005). Alterations in 

the alpha2 isoform of Na,K-ATPase associated with familial hemiplegic migraine type 2. Proc. 

Natl. Acad. Sci. U. S. A. 102, 11106-11111.  



 

145 

 

Senatorov, V.V., and Hu, B. (1997). Differential Na(+)-K(+)-ATPase activity in rat lemniscal and non-

lemniscal auditory thalami. J. Physiol. 502 ( Pt 2), 387-395.  

Sewards, T.V., and Sewards, M.A. (2003). Representations of motivational drives in mesial cortex, 

medial thalamus, hypothalamus and midbrain. Brain Res. Bull. 61, 25-49.  

Shaw, N.A. (2002). The neurophysiology of concussion. Prog. Neurobiol. 67, 281-344.   

Shibata, M., and Bures, J. (1974). Optimum topographical conditions for reverberating cortical spreading 

depression in rats. J. Neurobiol. 5, 107-118.  

Sieber, F.E., Palmon, S.C., Traystman, R.J., and Martin, L.J. (1995). Global incomplete cerebral ischemia 

produces predominantly cortical neuronal injury. Stroke 26, 2091-5; discussion 2096.  

Simon, C.M., Sharif, S., Tan, R.P., and LaPlaca, M.C. (2009). Spinal cord contusion causes acute plasma 

membrane damage. J. Neurotrauma 26, 563-574.  

Somjen, G.G. (2001). Mechanisms of spreading depression and hypoxic spreading depression-like 

depolarization. Physiol. Rev. 81, 1065-1096.  

Staff, N.P., Jung, H.Y., Thiagarajan, T., Yao, M., and Spruston, N. (2000). Resting and active properties 

of pyramidal neurons in subiculum and CA1 of rat hippocampus. J. Neurophysiol. 84, 2398-2408.  

Stern, J.E., and Armstrong, W.E. (1995). Electrophysiological differences between oxytocin and 

vasopressin neurones recorded from female rats in vitro. J. Physiol. 488 ( Pt 3), 701-708.  

Tanaka, E., Uchikado, H., Niiyama, S., Uematsu, K., and Higashi, H. (2002). Extrusion of intracellular 

calcium ion after in vitro ischemia in the rat hippocampal CA1 region. J. Neurophysiol. 88, 879-

887.  

Tanaka, E., Yamamoto, S., Kudo, Y., Mihara, S., and Higashi, H. (1997). Mechanisms underlying the 

rapid depolarization produced by deprivation of oxygen and glucose in rat hippocampal CA1 

neurons in vitro. J. Neurophysiol. 78, 891-902.  



 

146 

 

Therien, A.G., Karlish, S.J., and Blostein, R. (1999). Expression and functional role of the gamma subunit 

of the Na, K-ATPase in mammalian cells. J. Biol. Chem. 274, 12252-12256.  

Tobin, T., and Brody, T.M. (1972). Rates of dissociation of enzyme-ouabain complexes and K 0.5 values 

in (Na + + K + ) adenosine triphosphatase from different species. Biochem. Pharmacol. 21, 1553-

1560.  

Urban, L., and Somjen, G.G. (1990). Reversible effects of hypoxia on neurons in mouse dorsal root 

ganglia in vitro. Brain Res. 520, 36-42.  

Utzschneider, D.A., Kocsis, J.D., and Waxman, S.G. (1991). Differential sensitivity to hypoxia of the 

peripheral versus central trajectory of primary afferent axons. Brain Res. 551, 136-141.  

Van der Werf, Y.D., Witter, M.P., and Groenewegen, H.J. (2002). The intralaminar and midline nuclei of 

the thalamus. Anatomical and functional evidence for participation in processes of arousal and 

awareness. Brain Res. Brain Res. Rev. 39, 107-140.  

Van Harreveld, A., Stamm, J.S., and Christensen, E. (1956). Spreading depression in rabbit, cat and 

monkey. Am. J. Physiol. 184, 312-320.  

Vincent, A., and Tell, F. (1999). Postnatal development of rat nucleus tractus solitarius neurons: 

morphological and electrophysiological evidence. Neuroscience 93, 293-305.  

West M, Parkinson D, Havlicek V. (1982) Spectral analysis of the electroencephalographic response in 

experimental concussion in the rat. Electroencephalogr. Clin. Neurophysiol. 53:192-200. 

White, S.H., Brisson, C.D., and Andrew, R.D. (2012). Examining protection from anoxic depolarization 

by the drugs dibucaine and carbetapentane using whole cell recording from CA1 neurons. J. 

Neurophysiol. 107, 2083-2095.  

Williams, S.R., and Stuart, G.J. (2002). Dependence of EPSP efficacy on synapse location in neocortical 

pyramidal neurons. Science 295, 1907-1910.  



 

147 

 

Wytrzes LM, Chatrian G, Shaw C,Wirch AL. (1989). Acute failure of forebrain with sparing of brain-

stem function: Electroencephalographic, multimodality evoked potential, and pathologic findings. 

Archives of Neurology 46, 93-97.  

Yanamoto, H., Hashimoto, N., Nagata, I., and Kikuchi, H. (1998). Infarct tolerance against temporary 

focal ischemia following spreading depression in rat brain. Brain Res. 784, 239-249.  

Yang, G.Y., Chen, S.F., Kinouchi, H., Chan, P.H., and Weinstein, P.R. (1992). Edema, cation content, 

and ATPase activity after middle cerebral artery occlusion in rats. Stroke 23, 1331-1336.  

Yang, J.J., Chou, Y.C., Lin, M.T., and Chiu, T.H. (1997). Hypoxia-induced differential 

electrophysiological changes in rat locus coeruleus neurons. Life Sci. 61, 1763-1773.  

Yang, B., Leveck, D.E., and Ferguson, A.V. (2005). Transient potassium conductances protect nucleus 

tractus solitarius neurons from NMDA induced excitotoxic plateau depolarizations. Brain Res. 

1056, 1-9.  

Yokomizo, Y., Murai, Y., Tanaka, E., Inokuchi, H., Kusukawa, J., and Higashi, H. (2005). Excitatory 

GABAergic synaptic potentials in the mesencephalic trigeminal nucleus of adult rat in vitro. 

Neurosci. Res. 51, 463-474.  

Yoshida, S., and Oka, H. (1998). Membrane properties of dissociated trigeminal mesencephalic neurons 

of the adult rat. Neurosci. Res. 30, 227-234.  

Young G.B. (2009). Neurological prognosis after cardiac arrest. N Eng J Med. 361, 605-611. 

Yuill, E.A., Hoyda, T.D., Ferri, C.C., Zhou, Q.Y., and Ferguson, A.V. (2007). Prokineticin 2 depolarizes 

paraventricular nucleus magnocellular and parvocellular neurons. Eur. J. Neurosci. 25, 425-434.  

Zhang, B., Zhang, X.Y., Luo, P.F., Huang, W., Zhu, F.P., Liu, T., Du, Y.R., Wu, Q.H., Lu, J., Xiu, Y., et 

al. (2012). Action potential-triggered somatic exocytosis in mesencephalic trigeminal nucleus 

neurons in rat brain slices. J. Physiol. 590, 753-762.  



 

148 

 

Zhang, S., and Murphy, T.H. (2007). Imaging the impact of cortical microcirculation on synaptic 

structure and sensory-evoked hemodynamic responses in vivo. PLoS Biol. 5, e119.  

Zurac N., and Bilic E. (2004). Syncope: facts and fiction. Med Hypotheses. 63, 391-401. 


