
 

 

 

IMAGING SPREADING DEPOLARIZATION IN THE BRAINSTEM 

 

By 

 

Yi-Ting Hsieh 

 

 

 

 

A thesis submitted to the Graduate Program in Neuroscience  

in conformity with the requirements for the  

Degree of Master of Science  

 

 

Queen’s University 

Kingston, Ontario, Canada 

September, 2012 

 

 

Copyright © Yi-Ting Hsieh, 2012 

  



ii 
 

Abstract 

 

When the brain is deprived of blood flow for many minutes as during heart attack or near 

drowning the resulting global ischemia often leads to coma or a persistent vegetative state where the 

‘higher’ brain shuts down while brainstem function is maintained. Is there evidence that brainstem 

gray matter is hardier under ischemic condition than higher brain regions? 

Within two minutes of global ischemia or focal stroke, a sudden loss of neuronal and glial 

membrane potential induces anoxic depolarization (AD) that propagates across gray matter of the 

cerebral hemispheres at 2-5 mm/min. It induces terminal neuronal damage, forming the initial 

ischemic core. In healthy gray matter, a milder version termed spreading depression (SD) does not 

cause tissue damage and generates the migraine aura, often a marching sensory deficit preceding the 

pain. AD and SD have been well studied in the cerebral and cerebellar cortices, but not the in the 

brainstem. We induced AD in coronal brain slices of mouse using oxygen/glucose deprived (OGD) 

saline. SD was induced by briefly elevating the extracellular K
+
 concentration. AD or SD propagation 

was imaged as a moving front of elevated light transmittance (LT) in cerebral and cerebellar cortices. 

Most ventral brainstem areas did not support AD or SD but in the dorsal brainstem some LT mini-

fronts were observed in the superficial superior colliculus (SC), edges of inferior colliculus (IC), 

periaqueductal gray (PAG), tegmental nucleus (TN) and solitary nucleus (SolN). Their AD/SD 

characteristics were compared to those in the ‘higher’ brain regions. Although time of onset was not 

different, the present AD and SD propagated more slowly in brainstem gray matter. A non-specific 

glutamate receptor antagonist kynurenic acid (KYNA) successfully blocked the SD but not AD in 

PAG, TN and SolN. Two-photon laser scanning microscopy (2-PLSM) of live YFP
+
 mice brain slices 

showed that pyramidal neurons in ‘higher’ hippocamal CA1 irreversibly swelled and formed dendritic 

beads while neurons in the ‘lower’ mesencephalic trigeminal nucleus (Mes) of the midbrain-pons did 

not significantly swell or display any sign of injury.  Finally, dendritic beading was induced in intact 

mouse neocortex and hippocampus by cardiac perfusion with OGD saline or ice-cold saline. However, 

dendrites in the brainstem from the same mice showed no obvious beading. Taken together, our study 
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supports the concept that most brainstem regions are comparatively resistant to AD/SD compared to 

the ‘higher’ regions of cerebral and cerebellar cortices.   
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Chapter 1 

 

Introduction 

 

Spreading depression (SD) is a wave of neuronal and glial depolarization that slowly migrates across 

the gray matter of the central nervous system at a rate of 2-5 mm/min. During this event, there is a rapid 

increase in both extracellular potassium concentration ([K
+
]e) and intracellular sodium concentration which 

cause the neurons to depolarize. Water is proposed to flow into the cells, resulting in neuronal swelling and 

shrinkage of the extracellular space. SD was first described as a propagating wave of electrical silence by 

Leao in 1944. SD also generates microvascular changes, which are marked by a brief spreading hyperemia 

followed by a longer lasting spreading oligemia in the cerebral cortex (Tietjen, 2007). The SD event does 

not induce neural injury (Lauritzen, 1987; Nedergaard and Hansen, 1988). SD events have been shown in 

various ‘higher’ brain regions, especially neocortex (Leao, 1944), hippocampus (Snow et al., 1983), 

striatum (Joshi and Andrew, 2001) and cerebellar cortex (Hamann et al., 2005). In the clinic, SD-like 

events are associated with migraine aura (Lauritzen and Olesen, 1984).  

In more metabolically stressful conditions, an SD-like event occurs immediately at the onset of 

traumatic brain injury (Strong et al. 2002), spontaneous intracerebral hemorrhage (Fabricius et al., 2006), 

and ischemic stroke (Dohmen et al., 2008; Nedergaard and Hansen, 1993). This was first shown in 1947 

when Leao recorded propagating electrical silence similar to normoxic SD in the cerebral cortex following 

2-5 min of global ischemia. It lasted as long as the ischemic period. This depolarization was later on 

referred to as ischemic or anoxic depolarization (AD) because the electrical silence resulted from the 

depolarization of neurons to levels causing sodium channel inactivation and no action potential can be 

induced (Martin et al., 1994). AD is an important early process evoked by ischemia which is characterized 

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

+
 ATPase pump as 

ATP is depleted (Kaminogo et al., 1998). Following ischemic stroke, AD is induced in what becomes the 

ischemic core, the initial region of acute neuronal death. The core’s border can generate recurring AD-like 
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events that propagate into the metabolically compromised gray matter surrounding the core (the penumbra). 

These peri-infarct depolarizations (PID) (Hossmann, 1994; Obrenovitch, 1995; Back et al., 1996) recur 

during the first 1-48 hours post-stroke (Back et al., 1994; Nallet et al., 1999; Nedergaard and Astrup, 1986; 

Rother et al., 1996; Strong et al., 1996; Dreier et al., 2011). The repeated recovery causes metabolic stress 

that recruits stressed neurons, thereby expanding the original acute injury (Back et al., 1994; Dietrich et al., 

1994; Dijkhuizen et al., 1999; Hossman, 1996; Nedergaard, 1996). PIDs may continue along a decreasing 

gradient of metabolic stress and into uncompromised gray matter as SD where repolarization is swift and 

metabolism is normal, so no damage arises. Each PID causes a complete but transient loss of membrane 

potential, synaptic failure, and block of axonal conduction. Each recovery increases the energy demand 

and oxygen consumption, which in turn increases the metabolic stress in that brain region that leads to 

neuronal damage in the penumbra zone (Strong and Dardis, 2005; Takano et al., 2007). 

AD and SD are related phenomena. They are similar in their rate of propagation across the cortex as 

measured by the spread of the elevated light transmittance (LT) front (Jarvis et al., 2001) as well as in their 

associated dramatic changes of intra/extracellular ion concentrations (Kraig and Nicholson, 1978; Hansen 

and Zeuthen, 1981). Their ultimate effect depends upon the metabolic state of the gray matter through 

which the signal propagates because recovery from AD or SD is energy-dependent. It requires sufficient 

cerebral blood flow and intact neurovascular coupling to match the increased demand for ATP and restore 

ion gradients by the Na
+
/K

+
 pump (Somjen, 2001). During SD, regional cerebral blood flow increases in 

order to meet this demand, thus preventing neural damage (Lauritzen, 1994). In contrast, when AD is 

induced following ischemia, the lack of ATP evokes a paradoxical decrease of cerebral blood flow caused 

by local vasoconstriction (‘inverse neurovascular coupling’) that promotes neuronal damage (Sonn and 

Mayevsky, 2000; Shin et al., 2005). 

It is clear that spreading depolarizations under metabolic stress greatly enhance acute neuronal 

damage. It is also apparent from the thousands of patients who have suffered global ischemia and lie in a 

comatose or persistent vegetative state that the brainstem better resists ischemia than ‘higher’ brain regions 
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that are required for awareness and wakefulness. Thus we hypothesize that brainstem gray matter is 

comparatively protected during ischemia because it resists spreading depolarization.  

 

Cerebral Cortex vs Brainstem 

Although AD or SD can be easily elicited in the cerebral cortex, a very few studies of the brainstem 

gray matter have considered it resistant to SDs. Bures et al. (1974) suggested that brain tissue susceptible 

to SDs should have a high density of neurons, a small extracellular space, a low density of myelin, a large 

enough volume of brain tissue that reacts to the eliciting stimulus, and a relatively homogeneous brain 

tissue without boundaries that would hinder propagation of SDs. The brainstem is an inhomogeneous 

structure of more or less densely packed neurons together with myelinated boundaries. It should be devoid 

of SDs, and indeed, Somjen et al. (1992) listed the brainstem as a structure with low susceptibility to SDs 

along with the cerebellar cortex and the spinal cord. However, strong AD has been recorded in slices of 

cerebellum (Hamann et al., 2005) and spinal cord gray matter (Li and Stys, 2002). One report has shown 

that SD can occur in brainstem but only in infant rats (Funke et al., 2009), a finding that extended earlier 

observations from in vivo recordings (Richter et al., 2003, 2008). 

While the cellular structure of the CNS region is an important consideration, it turns out that a 

‘higher’ brain structure, the striatum fits the description of the brainstem architecture described above yet it 

supports strong SD and AD (Joshi and Andrew, 2001). Recently our lab has determined that a crucial 

property determining a region’s susceptibility or resilience to spreading depolarizations is the intrinsic 

properties of the resident neurons (Brisson and Andrew, 2012; Andrew et al., 2012; Brisson et al., 2012). 

Whole-cell recordings showed that brainstem neurons can repolarize during OGD saline exposure and 

successfully recovered post-OGD, while the pyramidal neurons in the CA1 hippocampus did not recover 

(Brisson, 2012). In addition, detailed analysis of current clamp recordings from ‘higher’ gray matter in 

cerebral cortex, striatum, hippocampus, and thalamus show strong AD compared to weak AD in seven 

regions of hypothalamus and brainstem (Brisson, 2012). This thesis provides independent and supporting 

imaging evidence for this scenario.  
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AD and migraine-related SD have been well studied in the cerebral cortex (neocortex and 

hippocampus) but far less so in other CNS regions.  The biological purpose of AD and SD, as well as the 

basic underlying mechanism driving these depolarizations, are still poorly understood.  Much research has 

focused on cortical pyramidal neurons as the prototypical neuron representing how CNS neurons generate 

AD or SD.  But this susceptibility appears to diminish rostro-caudally as suggested by several independent 

lines of research (Bures and Buresova, 1981; Sieber et al., 1995; Martin, 1999; Aminoff, 2007). Certainly 

the brainstem can undergo occlusive stroke. However we propose that to maintain vital functions, our 

brainstem does not generate potent AD. In support, there is limited and diverse evidence that AD is 

comparatively weak in hindbrain (Bures and Buresova, 1981; Sieber et al., 1995; Martin, 1999; Aminoff, 

2007). Sieber et al. (1995) showed a gradual decreased neuronal injury from ‘higher’ brain (neocortex, 

hippocampus and cerebellar cortex) to the ‘lower’ brain (basal ganglia and brainstem) following global 

ischemia. Our previous studies also show that AD and SD are relatively weak in brainstem slices 

compared to cortex and striatum (Brisson et al., 2009; Brisson and Andrew, 2010, 2011). On this basis we 

predict that ‘higher’ brain regions generate the strongest spreading depolarization while brainstem regions 

generate weaker and more easily survivable spreading depolarizations. 

In the present study, we test the propensity of brainstem gray matter to generate AD and SD and the 

effect of a non-specific glutamate receptor (GluR) antagonist kynurenic acid on brainstem AD and SD 

compared to ‘higher’ brain regions. SD in normally metabolizing cortical tissue is blocked by N-methyl-D-

aspartate receptor (NMDAR) antagonists in vivo (Hernandez- Caceres et al., 1987; Marrannes et al., 1988; 

Lauritzen and Hansen, 1992; Nellgard and Wieloch, 1992; Koroleva et al., 1998) and in hippocampal and 

neocortical slices (Somjen, 2001; Footitt and Newberry, 1998). In contrast, NMDAR antagonists cannot 

block AD in ischemic tissue as shown in several intact animal studies (Hernandez-Caceres et al., 1987; 

Koroleva et al., 1998; Lauritzen and Hansen, 1992; Marrannes et al., 1988; Nedergaard and Hansen, 1988; 

Nellgard and Wieloch, 1992) and in brain slices (Jarvis et al., 2001; Obeidat et al., 2000; Joshi and 

Andrew, 2001). 
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As an apparent contradiction, studies recording in hippocampal and cerebellar slices have shown that 

AD is associated with a large glutamate-evoked inward current, which can be blocked by a cocktail of 

agents blocking NMDA, a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA) and kainate 

receptors (Ben-Ari, 1990; Rossi et al., 2000; Hamann et al., 2005). However the need for a “soup” of 

drugs, all at high concentration, calls into question whether the block is specific to the receptors implicated 

because the effects are not reversible. 

Spreading depolarization can be induced experimentally by various noxious conditions, including 

mechanical damage, electrical stimulation, hypo-osmolality, hyperthermia, chemical agents such as 

potassium, glutamate, acetylcholine, inhibitors of the sodium pump, acute hyper-excitability, in particular 

status epilepticus, hypoxia, hypoglycemia and ischemia (Leao, 1947; Somjen, 2004; Hossmann et al., 

1994). In the present study, we induced SD using elevated [K
+
]e, and induced AD using oxygen/glucose 

deprivation (OGD). We image various brainstem regions in live brain slices for evidence of evoked SD or 

AD. We used the C57 black mouse and the C57B YFP
+
 transgenic variant which produces YFP-positive 

neurons for fluorescence and two-photon microscopy studies. AD and SD in the brainstem are compared to 

other brain regions (cortex, hippocampus, and cerebellum) based on their change in light transmittance, 

propagation rate and onset time. We use the two-photon laser scanning microscopy to study the neuronal 

swelling of the mesencephalic nucleus in midbrain-pons following AD as compared to CA1 pyramidal 

neurons in the hippocampus. We also utilize fluorescent microscopy to investigate the dendritic beading, 

an indicator of post-AD injury, in the neocortex, hippocampus and brainstem. We propose that by 

observing spreading depolarizations in ‘lower’ regions of the CNS which may be less susceptible to such 

events, we can gain information as to how the brain naturally resists AD and associated stroke injury.  
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Chapter 2 

 

2.1 Methods 

 

The Live Mouse Brain Slice Preparation 

All procedures were carried out under protocols approved by Queen’s University Animal Care 

Committee as submitted by Dr. David Andrew and Dr. Al Jin. C57 black mice (21+ days old) were 

decapitated using a guillotine. The brain was removed and placed in ice-cold, oxygenated (95 % O2/5 % 

CO2) sucrose artificial cerebrospinal fluid (aCSF) composed of (in mM) 240 sucrose, 3.3 KCl, 26 

NaHCO3, 1.3 MgSO4, 1.23 NaH2PO4, 11 D-glucose, and 1.8 CaCl2. Coronal slices (350 µm) were cut in 

the sucrose aCSF using a vibratome (Leica VT1200 S) and then incubated in regular aCSF (equimolar 

NaCl replacing sucrose above) at room temperature for at least half hour prior to experimentation.   

 

Experimental Solutions 

The aCSF was prepared by dissolving in double-distilled water (in mM) 120 NaCl, 3.3 KCl, 26 

NaHCO3, 1.3 MgSO4, 1.23 NaH2PO4, 11 D-glucose, and 1.8 CaCl2. The pH was 7.3-7.4 with an 

osmolarity of 292-295 mOsm. The aCSF was used for incubation and as a vehicle to administer 

experimental solutions. For high-K aCSF, 26 mM KCl replaced equimolar NaCl. In oxygen/glucose 

deprivation (OGD) studies, the glucose concentration was reduced from 11 to 1 mM. NaCl was added to 

the aCSF to balance osmolality. In addition, 95 % O2/5 % CO2 bubbling of aCSF was substituted by 95 % 

N2/5 % CO2. In kynurenic acid studies, kynurenic acid (2 mM) (Aldrich-Sigma Chemical Co) was added 

to the aCSF as required.  

 

Imaging Changes in Light Transmittance  

Signals were generated by changes in light transmittance (∆LT) within living tissue (Fig. 1). Using 

previously described techniques (Jarvis et al., 2001), individual slices were transferred to a recording 
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chamber with aCSF flowing at a rate of 3-4 ml/min and the temperature at 34 ± 1°C. The slice was held 

down at its edges using small pieces of silver wire or net on the top. The slice was viewed with a 1.25 x or 

2.5 x objective lens of an inverted light microscope (Zeiss Axiovert TV 100) or an upright microscope 

(Zeiss Examiner D1). The light traversed a band-pass filter which transmitted red to near-infrared light 

(690-1,000 nm). Video frames were acquired using a 12-bit digital camera (Hamamatsu C4742-95) set to 

an exposure time of 0.05 s. Each image of a video series consisted of 16 averaged frames acquired at 20 

Hz using Imaging Workbench (IW6) software (INDEC BioSystems, Santa Clara, CA). The first averaged 

image in a series served as a control (Tcont), which was subtracted from each subsequent experimental 

image of that series (Texp). The resulting series of subtracted images revealed changes in light 

transmittance (LT) over time. Each subtracted image was divided by the gain of the intrinsic optical signal. 

The gain was set at one by using the IW6 software.  The change in light transmission was displayed using 

a pseudocolour intensity scale. The black and white image in bright field was displayed using a gray 

intensity scale. Zones of interest (ZOIs) were selected to quantify and graphically display the experimental 

data and were saved as an Excel file. A graphics program (CorelDRAW) was used to import and label 

figures. The data from the LT imaging experiments were analyzed such that changes in LT of a given ZOI 

were expressed as percent changes of the Tcont for that region, taken from the control image. That is ΔLT = 

[(Texp - Tcont)/ Tcont] × 100 = ΔT/T %.  

 

Two-Photon Laser Scanning Microscopy (2-PLSM)  

Neocortical and brainstem slices (350 μm thick) were taken from C57 black mice of the B6.Cg-Tg 

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

fluorescent protein (YFP). An imaging chamber was mounted on a fixed stage of an upright Axioscope II 

FS microscope (Carl Zeiss, Jena, Germany). The brain slice preparation was the same as above. A live 

slice was transferred to the chamber with aCSF solution running through the chamber following with 10 

min OGD and 10-15 min aCSF. Images were taken before and immediately after 10 min OGD and after 

10-15 minutes return to aCSF. YFP
+
 neurons were imaged with appropriate filter sets using a Zeiss LSM 
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710 NLO meta multiphoton system coupled to a Coherent Ti: Sapphire laser. Three dimensional image 

stacks of optical sections were taken at 3.0-μm increments using a Zeiss 40 x or 63 x water-immersion 

objective. Data acquisition and analyses were controlled by Zeiss LSM software. 

 

Fluorescent Microscopy of Fixed Tissue 

Several paradigms were tested in C57 black mice with YFP
+
 neurons to induce and maximize 

dendritic beading: 1) The mouse was cardiac perfused with 4 % paraformaldehyde for 10 minutes at a flow 

rate of 4 ml/min. The mouse brain was quickly removed and cut in phosphate buffered saline (PBS) at 100 

µm using a vibratome (Leica VT1000S), slices quickly mounted and cleared on slides. 2) The mouse was 

cardiac perfused with OGD aCSF followed by a 15 min static flow period under a heat lamp to maintain 

body temperature. The brain was then removed and placed in 4 % paraformaldehyde for 10 minutes. Slices 

(200 µm) were cut in the PBS using a vibratome. 3) The mouse was cardiac perfused with 25 min OGD 

aCSF (4 ml/min) before dissection. The brain was removed and placed in the 4 % paraformaldehyde for 10 

minutes and then slices (200 µm) cut in PBS. Once the images were taken, the slices were put back into 4 

% paraformaldehyde and incubated at room temperature overnight. After 24 hours of fixation, slices were 

imaged again. 4) The mouse brain was quickly removed and cut in ice-cold aCSF. The slices were then 

incubated in ice-cold aCSF for 30 minutes which is reported to induce beading (Kirov et al., 2004) 

following 10 min of 4 % paraformaldehyde fixation before slide mounting imaging. 5) The mouse was 

anesthetized and underwent MCAO for 30 minutes. The brain was then removed, sliced and fixed for 10 

min in 4 % paraformaldehyde before imaging. All slices were cut in coronal section and mounted on slides 

using glycerol/PBS or Fluoro-Gel with TES buffer. The images were taken with a Zeiss fluorescent 

microscope (Imager A1) with AxioVision software.  

Middle Cerebral Artery Occlusion (MCAO) 

Focal cerebral ischemia was induced in C57 black mice with YFP
+
 neurons by intraluminal occlusion 

of the middle cerebral artery (MCA) for 30 minutes. This protocol has been approved by the Queen’s 
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University Animal Care Committee. Regional cerebral blood flow reduction was observed using laser 

Doppler flowmetry. After the 30 minutes focal stroke with approximately 30 % residual CBF, the mice 

were decapitated by guillotine. 

 

Statistical Analysis  

SigmaStat (Systat, San Jose, CA) was used to compute unpaired two sample t-test or Mann-Whitney-

Wilcoxon test if the normality or equal variance test failed to test the effect of kynurenicic acid on AD or 

SD properties. A one way analysis of variation (ANOVA) followed by Tukey’s post hoc method was used 

to compare the difference between responding regions. The significance criterion was set at P < 0.05 and 

all data were presented as mean ± standard deviation. 

 

 

2.2 Results  

 

Imaging Anoxic Depolarization in the Brainstem 

Anoxic depolarization (AD) was induced by 10 min oxygen/glucose deprivation (OGD) and was 

detected by collecting the light transmitted (LT) through a brain slice (Fig. 1A). An increase in the LT 

measured from baseline, represents an increase in tissue volume caused cell swelling. As the AD 

propagates through the gray matter, increase in light transmittance (LT) represented by blue-green-yellow 

pseudocoloring may be followed by an LT decrease, illustrated by magenta pseudocoloring (Fig. 1B), 

representing dendritic damage. Dendritic beading scatters light, thereby reducing LT. There were a toal of 

34 mice used. Eight brains were deemed damaged during the dissection so the data from those mice were 

omitted.  

Our imaging shows that AD induced by 10 minutes of OGD does not evolve in most brainstem 

regions except some dorsal regions including the superficial layer of superior colliculus (SC), and 

occasionally inferior colliculus (IC), periaqueductal gray (PAG) and tegmental nucleus (TN) (Fig. 2A, B). 
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The mean peak LT increase at the AD front was 27.8 ± 12.4 % (n = 34) in SC and 29.4 ± 20.4 % (n = 28) 

in PAG which were comparatively smaller than the neocortex (34.0 ± 14.2 %, n = 37) and CA1 (47.3 ± 

13.4 %, n = 20) of hippocampus (Fig. 3A, B). In more caudal slices, the mean peak LT in the brainstem 

region IC (18.0 ± 6.8 %, n = 14) and TN (31.3 ± 9.2 %, n = 18) were also smaller than the cerebellar cortex 

(44.3 ± 19.9 %, n = 23) (Fig. 3B). As we sampled in more caudal brainstem slices, it was more difficult to 

induce AD. In a few slices, ADs were observed in solitary nucleus (SolN) with a mean peak LT of 34.1 ± 

8.9 % (n = 7). The mean LT peak for brainstem was significantly different from CA1 (p < 0.05). 

AD in SC (mean AD onset = 3.1 ± 1.2 min, n = 35) tended to initiate prior to that in CA1 (4.3 ± 1.1 

min, n = 20) and neocortex (4.2 ± 0.9 min, n = 24) (Fig. 4A). There were also few slices in which AD 

started at about the same time or after the neocortex. In one slice, the AD initiated in the neocortex and 

appeared to spread to SC which was likely the result of local K
+
 release from the adjacent neocortex. In 

addition, there were a few slices where AD initiated in the intermediate layer of SC and spread to the 

superficial layer. 

AD onset in PAG was 3.0 ± 0.8 min (n = 27) which was similar to superior colliculus. Most AD in 

PAG was initiated in dorsolateral PAG and propagated medially toward the cerebral aqueduct. AD was 

also observed in substantia nigra in 5/8 slices with an AD onset of 3.9 ± 0.4 min and a mean peak LT of 

30.4 ± 2.5 % (data not shown). In addition, there was no AD observed in the red nucleus (n = 12). Unlike 

SC, AD onset in inferior colliculus (3.1 ± 1.0 min, n = 17) was later than the cerebellar cortex (2.1 ± 1.2 

min, n = 30). Most AD in IC was generated only near the edge (Fig. 2B), however there were 2 slices 

which AD initiated in the middle of IC and spread outward. Tegmental nuclei which are located beneath 

the fourth ventricle (Fig. 2B) had a mean AD onset at 4.0 ± 1.0 min OGD (n = 16). AD in TN usually 

spread laterally. The mean AD onset in the solitary nuclei was 2.4 ± 1.9 min (n = 6). Brainstem regions 

(except TN) had an earlier onset time than the neocortex and hippocampus (p < 0.05).  

AD propagation rate varied among specific regions. The mean AD propagation rate in SC (1.9 ± 2.1 

mm/min, n = 11) was similar to neocortex (1.9 ± 1.2 mm/min, n = 10) but slower than the hippocampus 

(2.5 ± 1.4 mm/min, n = 9). On the other hand, AD in the PAG propagated at a much slower speed (0.3 ± 
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0.2 mm/min, n = 8) compared to the above three regions (Fig. 4B). AD spread through cerebellar cortex at 

an average of 1.5 ± 1.4 mm/min (n = 12). In addition, AD speed in the IC (0.4 ± 0.7 mm/min, n = 7) and 

TN (0.3 ± 0.1 mm/min, n = 6) were slower than then cerebellar cortex but similar to the PAG (Fig. 4B). 

AD propagated in PAG, IC and TN at a slower rate than the neocortex and CA1 (p < 0.05). 

To test for the glutamate receptor-mediated component of AD and SD, two mM kynurenic acid 

(KYNA) was applied 10-15 minutes before, during and after OGD (number of mice = 6). KYNA had no 

significant effect on the mean peak LT at the AD front in most brain regions (except the IC, n = 4) (Fig. 

3C). Although the mean LT peak in IC was significantly higher than the control (p < 0.05), this difference 

might be caused by chance, because of the small sample size. AD onset was delayed in most responding 

regions in the presence of KYNA except IC (Fig. 4A). AD onset in the neocortex (n = 6), CA1 (n = 5), SC 

(n = 6), PAG (n = 5) and cerebellar cortex (n = 7) with kynurenic acid treatment was significantly longer 

than the control (p < 0.05). Moreover, KYNA decreased the mean AD propagation rate in most regions 

(neocortex, CA1, SC, cerebellar cortex, IC, TN) (Fig. 4B), but only the difference in neocortex and 

cerebellar cortex was significant (P < 0.05). Note that 1 of 2 SolN slices showed AD while the other did 

not.  

 

Imaging Spreading Depression in the Brainstem 

Spreading depression (SD) was induced by exposing the brain slices to 26 mM K
+
 aCSF for 3-4 

minutes (number of mice = 15, 1/15 was damaged) was damage. Figure 6A illustrates the time course of 

light transmittance change during an SD event. The wave was similar to AD in that there was a dramatic 

focal increase in LT initially that propagated, followed by a decrease in LT and then a return to baseline, 

resulting in a wave-like propagation across the brain slice (Fig. 5A-C). The ∆LT for SD in the brainstem 

relative to other brain regions were similar to AD described above. The CA1 (46.5 ± 10.1 %, n = 14) and 

cerebellar cortex (54.0 ± 20.8 %, n = 25) had a higher mean LT peak among all detected regions. The 

mean LT peak in SC was 34.9 ± 11.3 % (n = 25) which was similar to the neocortex (33.9 ± 14.4 %, n = 

20). PAG had a mean LT peak of 29.3 ± 17.6 % (n = 20). In addition, there was little difference in the 
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mean LT peak among IC (32.4 ± 11.3 %, n = 11), TN (30.1 ± 7.3 %, n = 21) and SolN (32.0 ± 13.0 %, n = 

13) (Fig. 6B). Furthermore, cerebellar cortex and CA1 had the highest mean LT peak in both AD and SD. 

In contrast to AD, there was no obvious difference of the SD onset times among the responding 

regions (Fig. 7A). SD initiated in the SC after an average of 1.7 ± 0.5 min (n = 24) of exposure to 26 mM 

K
+
 which was similar to the neocortex (1.8 ± 0.5 min, n = 24). PAG had a mean SD onset of 1.9 ± 0.5 min 

(n = 19) which was the same as the IC (1.9 ± 0.4 min, n = 14). In addition, CA1 (2.1 ± 0.6 min, n = 16), 

TN (2.3 ± 0.4 min, n = 15) and SolN (2.0 ± 0.4 min, n = 9) display a later SD onset than cerebellar cortex 

(1.4 ± 0.3 min, n = 29) and the above regions.  

Spreading depression tended to propagate at a faster speed than AD in all observed regions. SD speed 

in brainstem regions were 1.9 ± 1.2 mm/min (n = 8) in SC, 1.4 ± 1.5 mm/min (n=7) in IC, 0.7 ± 0.2 

mm/min (n=5) in PAG and 0.5 ± 0.2 mm/min (n = 6) in TN. These rates were much slower than the 

‘higher’ brain regions, neocortex (4.1 ± 0.8 mm/min, n = 9), CA1 (3.4 ± 2.0 mm/min, n = 5) and cerebellar 

cortex (2.6 ± 2.3 mm/min, n = 9).  

SD spread through SC and IC at similar speeds. PAG, TN and IC had slower SD propagation rates 

compared to neocortex (p < 0.05) (Fig. 7B). Comparatively the propagation rate was: neocortex > CA1 > 

cerebellar cortex > SC > IC > PAG > TN. The small size of the solitary nuclei made it difficult to measure 

an accurate AD/SD propagation rate.  

In the presence of kynurenic acid, it did not significantly affect on the mean peak LT in neocortex (n 

= 4), CA1 (n = 3), SC (n = 7), cerebellar cortex (n = 6) or IC (n = 4) (number of mice = 7). SD onset in the 

cerebellar cortex and neocortex were delayed by KYNA compared to control (P < 0.05). Kynurenic acid 

did not alter SD onset in CA1, SC or IC (Fig. 7A). In addition, the SD propagation rate tended to decrease 

in most regions including neocortex (n = 5), CA1 (n = 3), SC (n = 5), cerebellar cortex (n = 5) and IC (n = 

2) but only the propagation in neocortex was significantly different (P < 0.001) (Fig. 7B). In some 

cerebellar and IC slices, we detected increases in LT but without obvious SD propagation (not shown). No 

SD was observed after KYNA treatment in PAG (6/6 slices) and SolN (5/5 slices). Only 1/9 TN slices 

displayed SD with kynurenic acid treatment.  
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Two-Photon Laser Scanning Microscopy (2PLSM) of YFP
+ 

Neurons 

In the YFP
+
 mouse brainstem, the only consistently and strongly positive neuronal cell bodies were in 

mesencephalic trigeminal nucleus (Mes). Their large size range of 20-40 µm also made them easier to 

image. Our experiments focused on the mesencephalic nucleus in the midbrain-pons. Live YFP
+ 

brain 

slices from 4 mice were exposed to 10 min OGD to induce AD. We sampled 60-120µm deep into each 

slice, hence the imaged neurons were distant from the sliced surface which reduced the chance of injury 

from slicing. We also examined in the CA1 pyramidal cells of hippocampus (number of mice = 2) to 

compare to the mesencephalic nucleus. Images were taken of the same optical section stacks before and 

after 10 min OGD (Fig. 8A, B). We quantified neuronal volume change following 10 minutes of OGD by 

measuring the cross-sectional (XS) area of the soma. Neuron recovery post-OGD was also observed after 

10-15 min aCSF exposure but swelling did not recover (not shown). The distribution of CA1 and 

mesencephalic neuronal responses are shown in Figure 8C following 10 minutes of OGD. The CA1 

pyramidal neurons swelled an average of 26 ± 13 % (n = 25) while the mesencephalic neurons only 

slightly swelled 3 ± 5 % (n = 24). The percentage change in the CA1 cell body cross-sectional area was 

significantly higher than the mesencephalic neurons at p < 0.001. The lack of swelling by mesencephalic 

neurons supported our imaging evidence that AD is weak in the brainstem and that brainstem neurons are 

minimally injured as a result.  

 

Fluorescence Microscopy of YFP
+ 

Neurons 

We attempted to induce reliable dendritic beading in the neocortex and hippocampus and then look 

for similar injury in brainstem nuclei in the same mouse brain. Therefore these nuclei were exposed to the 

same treatment that damaged cerebral cortical neurons. C57 Black YFP
+
 mice were used to observe 

neurons under fluorescent microscopy. We tried several paradigms to mimic the global ischemia effect that 

elicits beading of pyramidal cell dendrites. One successful way of inducing AD injury in mice was 

transcardial perfusion with OGD aCSF followed by a static flow period for 15 minutes while keeping the 
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mouse warmed (number of mice = 2). The brain was then quickly removed and vibratomed. Slices were 

lightly fixed for 10 minutes using 4 % paraformaldehyde and slide-mounted before immediate imaging 

under the fluorescent microscope. Distinct dendritic beading was shown in pyramidal cell dendrites in the 

neocortex and CA1 (Fig. 10A, B) whereas the control slices showed normal, healthy-looking dendrites 

with spines intact (Fig. 9). However the beading distribution was not uniform across the cerebral cortex as 

expected, but was more dramatic in CA1 and in lateral neocortex compared to the medial region. Moreover 

there could be more obvious beading on one side of the neocortex than the other. In contrast, there was no 

visible dendritic beading observed in the brainstem (Fig. 10C).  

Following ischemia for 15 or 30 minutes, YFP fluorescence was generally reduced throughout the 

brain, making it difficult to visualize brainstem dendrites which were not that bright or numerous, even in 

control tissue. The fact that ischemia caused fading of the YFP signal was apparent from both brighter 

control slices (Fig. 9) or from brains exposed to ice-cold aCSF and immediately imaged (Fig.11). Thirty 

minutes of ice-cold aCSF incubation for brain slices also induced cell body swelling and abundant 

dendritic beading (Fig. 11) (number of mice = 2).  

Dendritic beading was also induced by continuous 10 or 25 minutes of cardiac perfusion with OGD 

aCSF. Ten minutes caused a mild dendritic beading by the pyramidal neurons in the neocortex (data not 

shown) (number of mice = 1), and 25 minutes OGD cardiac perfusion caused dramatic dendritic beading 

(Fig. 12A) (number of mice = 1). No beading was observed in the brainstem (data not shown) but again 

fading caused by ischemia, especially for 25 minutes, was significant.  

Following overnight paraformaldehyde fixation, the dendritic beading in the neocortex was reduced 

dramatically (Fig. 12B), presumably because dendrites tended to shrink over hours. Hence we usually 

fixed slices for only 10 minutes before mounting on a slide and observing under fluorescence.  

We carried out some separate experiments where MCAO was induced in the mouse for 30 minutes 

followed by 10 minutes fixation (number of mice = 2). We found that the side of neocortex ipsilateral to 

the lesion displayed dendritic beading while the contralateral side showed no or little beading (Fig. 13A, 
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B). These preliminary observations showed dendritic beading in the region expected but the acute ischemic 

injury did not appear to involve all neurons in the region. 

 

 

2.3 Discussion 

 

Imaging Anoxic Depolarization in the Brainstem  

Our ∆LT imaging shows that a propagating front of elevated LT representing strong anoxic 

depolarization (AD) evolves in neocortex, striatum and hippocampus but not in the majority of brainstem 

regions. Exceptions are the superficial layer of superior colliculus (SC), edges of inferior colliculus (IC), 

the periaqueductal gray (PAG) and the tegmental nucleus (TN). AD was also observed in the solitary 

nucleus (SolN) in a few slices. The mean peak LT tended to be higher in neocortex, CA1 and cerebellar 

cortex than the brainstem regions of SC, PAG, IC, and TN. The signal in SC and PAG was initiated 

seconds earlier compared to the neocortex and CA1 at the same coronal level. In contrast, the onset time in 

IC and TN was after the cerebellar cortex. SolN had a similar mean AD onset to the cerebellar cortex. 

Imaging also showed that AD propagated in brainstem regions at a slower rate than neocortex, CA1, and 

cerebellar cortex except in the superior colliculus where AD propagated at a speed similar to the 

neocortex. We conclude that a few discrete regions of dorsal brainstem gray matter can support AD. While 

the threshold was not obviously different in higher gray matter, the speed of propagation is significantly 

slower and the peak signal representing cell swelling was less. 

The brainstem is obviously an important part of the CNS as axons from motor and sensory systems in 

the cerebral hemispheres pass through to and from the periphery. It plays an important role in the 

regulation of cardiac and respiratory function and is involved in maintaining consciousness and regulating 

the sleep cycle (Parvizi and Damasio, 2001). Thus, slight damage to the brainstem can lead to critical 

effects on the whole body. There is a general assumption of a rostral-caudal deterioration of the brain 

function with global ischemia (Aminoff, 2007). A study also reported that 20 minutes of global ischemia in 

http://en.wikipedia.org/wiki/Sleep_cycle
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dogs caused neuronal injury that was greater in the neocortex, hippocampus, and cerebellar cortex but 

almost absent in the brainstem (Sieber et al., 1995). AD induced by ischemia is thought to be the process 

that greatly promotes neuronal damage by increasing the metabolic demand required to repolarize. Bures 

and Buresova (1981) showed that AD was relatively weak in the brainstem and hypothalamus compared to 

cortex and striatum. Furthermore, our previous work also showed that OGD-induced AD is weak in 

brainstem slices compared to cortex and striatum as measured by whole-cell recording of neurons in 

various CNS regions as they undergo OGD (Brisson et al., 2009; Brisson and Andrew, 2010, 2011). In the 

current study, we further support this idea by showing that AD does not evolve in most brainstem regions 

except some specific dorsal regions of gray matter. In contrast ‘higher’ regions such as neocortex, CA1, 

and cerebellar cortex undergo strong AD.  

We did not observe AD in most ventral brainstem areas which included the clinically important red 

nucleus. AD induced in the superior colliculi was mainly in the superficial gray layer of SC with few 

exceptions in the intermediate gray layer. AD in the intermediate layer displayed a mild ∆LT peak which 

likely represents weak AD (Brisson et al, 2012). In addition, there were a few slices in which AD was 

initiated in neocortex and appeared to spread to SC. Superior colliculus is adjacent to the neocortex, which 

undergoes strong AD as demonstrated in many studies (Joshi and Andrew, 2001; Jarvis et al., 2001). 

Therefore it is likely that AD in the SC was promoted by AD-associated K
+
 release by the adjacent 

neocortex.  

AD usually propagated around the edge of the IC, but in two slices, AD initiated in central IC and 

spread outward. The IC is adjacent to the cerebellum where strong AD has been previously recorded 

(Hamann et al., 2005) and imaged by our laboratory. Thus, AD in the IC could be promoted by K
+
 release 

by adjacent cerebellum. However this needs to be further studied. Of note, SolN generated AD without 

adjacent cerebellar cortex.  

Andrew and Brisson (2011) have proposed that brain regions most exposed to traumatic brain injury 

(TBI) should generate the strongest spreading depolarization (AD or SD), whereas internal regions 

(brainstem) generate weaker and more easily survivable AD. A spreading depression-like event, traumatic 
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depolarization (TD), is associated with traumatic brain injury (TBI) (Strong et al., 2002). It silences the 

injured region and induces regional vasoconstriction, promoting a survival strategy (Andrew, 2011) that 

immobilizes the subject for many minutes as well as counteracting hemorrhage (Mayevsky et al., 1996; 

Church and Andrew, 2005; Hartings et al., 2009). Throughout vertebrate evolution, TBI was common. 

However until about 300 years ago, our ancestors’ lives were brief, rigorous and nutrient-poor, so few died 

from clogged brain arteries. Therefore it was more likely that natural selection favoured mechanisms to 

deal with TBI whereas no adaptive strategy to respond to occlusive stroke could have evolved. Andrew 

and Brisson (2011) have suggested that anoxic depolarization following stroke could be a recapitulation of 

TD. With a sudden loss of blood flow during stroke, the brain is only programmed to deal with TBI, hence 

it incorrectly responds with depolarization and vasoconstriction as if the region is hemorrhaging from 

trauma. If AD is indeed a rapid shut-down mechanism that mimics TD during stroke, then brain regions 

most exposed to trauma should generate robust AD while underlying vital centres (hypothalamus, 

brainstem) should display comparatively weak AD. 

In our experiments, AD was generated in the superficial layer of SC and edges of IC which lie at the 

brain surface in rodents and are exposed to the possibility of traumatic injury. Moreover, SC has evolved 

from the phylogenically prominent optic tectum which occupied an exposed position in the evolving 

vertebrate brain.  We propose that the mammalian SC’s propensity to generate robust AD represents a 

vestigial protective mechanism originally important in the optic tectum.  

 

Imaging Spreading Depression in the Brainstem 

We consistently found that spreading depression (SD) evoked by elevating [K
+
]e was induced in 

brainstem regions that also supported AD as described above. Most brainstem regions had a lower mean 

LT peak compared to neocortex, CA1, and cerebellar cortex except superficial layer of SC which was 

comparable to the neocortex. There was no dramatic difference in the initiation of SD onset among imaged 

regions. The mean SD onset in SC was statistically earlier than the cortex while IC, TN and SolN had later 

SD onset times than cerebellum. The cerebellar cortex generated AD/SD prior to all the imaged regions 
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with one of the highest mean LT peak values. The SD propagation rates in brainstem (SC, PAG, IC, and 

TN) were slower than neocortex, CA1 and cerebellar cortex. Also SD in all imaged regions had a shorter 

onset and faster propagation rate. 

        Brainstem has long been consider resistant to SD (Bures et al., 1974; Somjen et al., 1992), however a 

few reports have shown that SD can be induced in infant rat brainstem under certain experimental 

conditions such as hypoxia or superfusion of the brainstem with aCSF containing acetate instead of 

chloride ions (Funke et al., 2009; Richter et al., 2003, 2008). However our data showed that SD can be 

induced in certain areas of brainstem by elevating the [K
+
]e without such experimental conditions. Richter 

et al. (2008) demonstrated that the regional blood flow in the brainstem was transiently increased during 

SD. These studies showed that proper conditioning could make the newborn rodent brainstem susceptible 

to SD, and that SD in the brainstem causes changes in local circulation and systemic blood pressure. 

However there is no experimental evidence indicating that SD can be induced in the adult brainstem except 

for our current study. 

We also found that SD was induced in solitary nucleus following about 2 min K
+
 application. SolN is 

the principal terminal field of various cardiorespiratory sensory afferents and is important in the timing of 

the sensory-evoked inspiratory/expiratory phase transition (Wasserman et al., 2000, 2002). A previous 

study has shown the propagation of so-called hypoxia-induced spreading depression (HSD) in the nucleus 

of the solitary tract (Funke et al., 2009). Note however that HSD is more like AD than SD because 

metabolic compromise is involved. HSD-induced failure of brainstem regions associated with autonomic 

control would disrupt cardiorespiratory control. Depending on the onset and duration of HSD, this event 

could be fatal. The occurrence of spreading depression in brainstem in vivo may cause the cessation of 

spontaneous breathing (Richter et al., 2003). 

In summary the onset latencies were similar between ‘higher’ and ‘lower’ regions. In contrast the 

propagation rates for both AD and SD were consistently slower in brainstem regions with the exception of 

the superior colliculus. 
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Glutamate Receptor Antagonist Effects Upon AD and SD 

Glutamate has been suggested to play an important role in supporting SD. Evidence shows that N-

methyl-D-aspartate receptor (NMDAR) antagonists can block the SD (Hernandez- Caceres et al., 1987; 

Marrannes et al., 1988; Lauritzen and Hansen, 1992; Nellgard and Wieloch, 1992; Koroleva et al., 1998; 

Somjen, 2001; Footitt and Newberry, 1998), but not AD (Hernandez-Caceres et al., 1987; Koroleva et al., 

1998; Lauritzen and Hansen, 1992; Marrannes et al., 1988; Nedergaard and Hansen, 1988; Nellgard and 

Wieloch, 1992). In our study, we tested the effect of a non-specific glutamate antagonist kynurenic acid 

(KYNA) on AD and SD. KYNA is a reported neuroprotective agent, which acts on three different 

receptors: the excitatory amino acid receptors (NMDA/AMPA), and to a lesser extent the alpha 7 nicotinic 

acetylcholine receptors and GPR35 receptors (Guo et al., 2011). 

We found that bath application of kynurenic acid before, during and after OGD, had no effect on the 

mean LT peak of AD in all regions except IC. Because of the small IC sample size, this effect might not be 

significant. Kynurenic acid only delayed AD onset in neocortex, SC, CA1, PAG and cerebellar cortex. It 

also reduced the AD propagation rate in neocortex and cerebellar cortex. In addition, 1/2 SolN slices 

showed AD. Thus kynurenic acid did not block the initiation and propagation of AD but could delay AD 

onset and slow the propagation in some regions. As with these findings, a previous study demonstrated that 

KYNA did not prevent the initiation and propagation of AD, but had a mild effect on AD onset and 

propagation rate in the neocortex (Jarvis et al., 2001). On the other hand, AD was delayed in the presence 

of kynurenic acid in hippocampus (Obeidat et al., 2000; Jarvis et al., 2001) which agrees with our 

observations.  

In the SD experiments, KYNA also had no effect on the mean LT peak in most regions including 

neocortex, SC, CA1, cerebellar cortex and IC. As expected, it significantly delayed the SD onset in 

neocortex and cerebellar cortex. Although it slowed the SD propagation rate in most regions, those effects 

were not statistically significant except in neocortex. In contrast to the AD experiments, there was no SD 

observed in the presence of KYNA in PAG, SolN and in 8 of 9 TNs. In addition, only increases in LT were 

observed in some cerebellum and IC slices during KYNA treatment suggesting that propagation was 
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blocked. Likewise a previous study showed that kynurenic acid blocked SD onset but not the generalized 

LT increase in rat neocortex (Anderson and Andrew, 2002).  

Kynurenic acid has been suggested to play an important role in spreading depression. As a 

consequence of triggered SD, increased endogenous KYNA levels were found in the ipsilateral 

hemispheres of the rat (Kiss et al., 2004). SD studies showed that KYNA can inhibit spreading depression 

in the cerebellar cortex of the turtle (Lauritzen et al., 1988) and in the adult rat neocortex (Vilagi et al., 

2001). In contrast KYNA minimally inhibits AD in the hippocampus (Obeidat et al., 2000) and cortex 

(Jarvis et al., 2001). Our evidence also showed a stronger inhibitory effect by KYNA on SD than AD. 

Thus glutamate release probably does not play a role in AD generation except in cerebellar cortex, whereas 

it seems to play an important role in K
+
-induced SD.  

In our experiments, kynurenic acid did not affect the mean peak of light transmittance in AD and SD. 

It altered the AD/SD onset latency and propagation in a few responding regions. In addition, KYNA was 

more effective on inhibiting SD than AD. In the presence of KYNA, SD was blocked in PAG, SolN, and 

TN, and non-propagating increases in LT were observed in the cerebellar cortex and IC. Our data clarifies 

why Rossi’s lab found that AD could be blocked by glutamate receptor antagonists in slices of cerebellar 

cortex (Hamann et al., 2005). It appears that cerebellar cortex is the exception in this regard. 

 

Two-Photon Laser Scanning Microscopy of YFP
+ 

Neurons 

The brainstem appears more resistant to SD/AD and so the resident neurons should be less susceptible 

to injury post-AD. Here we tested the neuronal swelling in the mesencephalic trigeminal nucleus in the 

midbrain and in CA1 following OGD-induced AD using two-photon microscopy. The imaging showed 

that live mesencephalic neurons in the midbrain only swelled 3 ± 5 % following OGD whereas the CA1 

pyramidal cells swelled dramatically and irreversibly (26 ± 13 %). Previous studies of pyramidal neurons 

in the neocortex also demonstrated dramatic cell swelling from OGD together with dendritic beading and 

spine loss, indicating neuronal damage in both mouse (Joshi and Andrew, 2001; Zhang and Murphy, 2007) 

and rat (Obeidat et al., 2000, Andrew et al., 2007). In addition, whole-cell recordings in mesencephalic 
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neurons have shown that these neurons can repolarize during OGD exposure and can survive multiple 

OGD exposures (Brisson et al., 2012). Our evidence indicates that neurons in the brainstem are less 

susceptible to OGD-induced injury and replicates a similar study by Brisson and Andrew (2012) where 

neocortical pyramidal neurons, but not hypothalamic neurons, swelled post-OGD.  

 

Fluorescent Microscopy of YFP
+
 Neurons 

Dendritic beading is the formation of focal swellings along the length of the dendritic arbor. It has 

been observed following a variety of pathologic conditions including ischemia, hypothermia, metabolic 

impairment, mild excitotoxic insult, and traumatic injury (Al-Noori and Swann, 2000; Emery and Lucas, 

1995; Hasbani et al., 2001; Kirov et al., 2004; Park et al., 1996; Swann et al., 2000). It is a key effect 

coinciding with the passage of AD but not SD, represents acute spine loss and failure of synaptic 

transmission (Obeidat et al., 2000; Andrew et al., 2007; Murphy et al., 2008; Risher et al., 2010). 

OGD-induced anoxic depolarization causes neuronal swelling and dendritic and axonal beading in 

brain slices (Obeidat et al., 2000; Andrew et al., 2007; Risher et al., 2009). In addition dendritic beading is 

also associated with spreading depression, but Risher et al. (2010) demonstrated that such effect could be 

reversible as long as sufficient residual blood flow is present. In contrast, if the energy demands for 

recovery are no longer met by the diminishing blood flow, dendrites become irreversibly damaged by the 

AD, signifying the cellular component of penumbral recruitment into the infarct core. Terminal dendritic 

beading is associated with irreversible neuronal injury during ischemia (Hsu and Buzsaki, 1993; Hori and 

Carpenter, 1994), and it is an early indication of cell death (Enright et al., 2007). Dendritic beading can be 

reversed if energy stores are not compromised. For example cold-induced beading recovered at a warmer 

temperature presumably because the Na
+
/K

+
 pump was re-started (Kirov et al., 2004). Mild beading can 

also be reversed when SD is generated in healthy tissue with sufficient blood flow (Takano et al., 2007). 

Moreover, dendritic beading is reversible if reperfusion occurs quickly after focal stroke (Zhang et al., 

2005) or after brief global ischemia (Murphy et al., 2008). However  if energy stores are severely 
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compromised, permanent dendritic beading with spine loss are signs of acute terminal injury (Obeidat et 

al., 2000; Zhang et al., 2005; Andrew et al., 2007; Davies et al., 2007; Enright et al., 2007). 

We tested several paradigms that mimic the effect of global ischemia on dendritic structure in the 

neocortex and CA1. First, mouse was transcardially perfused with OGD followed by a static flow period 

for 15 minutes. Second, brain slices were incubated in ice-cold aCSF for 30 minutes before imaging. Cold-

induced dendritic beading was previously shown in hippocampus and spinal cold (Kirov et al., 2004; 

Zhang et al., 2007). Third, 10 and 25 minutes cardiac perfusion with OGD saline in situ was carried out 

prior to dissection. All of the above experiments resulted in neuronal swelling and dendritic beading in 

neocortex but not in brainstem. However these experiments did not examine enough bright neurons with 

distinct dendrites in brainstem regions to make definite conclusions.  

We observed dendritic structure after 30 minutes MCAO and found abundant dendritic beading one 

the side of the neocortex ipsilateral to the lesion. In addition, we found that overnight paraformaldehyde 

fixation reduced the dendritic beading observed, probably because the dendrites tended to shrink by losing 

water over hours. Our study demonstrated that long period of paraformaldehyde fixation could minimize 

the dendritic beading which could be the fact that dendrites tended to shrink over hours. If beading is a 

response of neurons swollen with water then it is probable that fixation of membrane allows water to 

escape from the neuronal interior, thereby reducing swelling and beading. This explains why beading is 

not commonly described in ischemic cortex that has been fixed. 
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Chapter 3 

 

Conclusions 

 

In the present study we show that compared to ‘higher’ brain areas including cerebral and cerebellar 

cortices, most brainstem regions of gray matter are resistant to anoxic depolarization (AD) and spreading 

depression (SD). The few exceptions were in the dorsal brainstem, specifically the superior colliculus 

(SC), exterior inferior colliculi (IC), periaqueductal gray (PAG), tegmental nucleus (TN) and solitary 

nucleus (SolN). We propose that brain regions most exposed to the possibility of traumatic injury are the 

most likely to generate robust AD as a protective ‘shut-down’ mechanism in stroke. In addition SD/AD 

generated in the SC and IC could reflect their exposed position in the ‘lower’ vertebrate brain.  

In the presence of kynurenic acid (KYNA), SDs in the PAG, tegmental nucleus and solitary nucleus 

were blocked. Cerebellum and inferior colliculus also showed swelling which was non-propagating. In 

contrast, KYNA was less effective in OGD-induced AD with the exception of the cerebellar cortex. This 

helps resolve studies on these two regions where NMDA receptor antagonists were reported to inhibit AD 

in cerebellar cortex (Hamann et al., 2005) but not in hippocampus (Obeidat et al., 2000) or neocortex 

(Jarvis et al., 2001; Joshi and Andrew, 2001). 

In our two photon laser microscopy study, live neurons in the midbrain mesencephalic nucleus did not 

swell following OGD-induced AD while live pyramidal cells in the hippocampal CA1 region showed 

obvious swelling and dendritic beading. This independently supported our imaging data indicating that 

brainstem neurons are better protected from acute ischemia-induced injury than higher neurons. Moreover, 

we tested two metabolically stressful paradigms that induced dendritic beading in pyramidal neurons of 

neocortex and hippocampus in the intact animal. Dendritic beading was not observed in brainstem of these 

same mice in either treatment. Again, the brainstem appeared able to better withstand metabolic stress.  

Overall, our study shows that brainstem gray matter better resists spreading depolarizations 

particularly in ventral regions. Current-clamp experiments in our laboratory show that it is the intrinsic 
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properties of the resident neurons in ‘higher’ and ‘lower’ brain that dictate susceptibility or resistance to 

spreading depolarization (Brisson et al., 2012; Andrew et al., 2012) and nicely support the findings 

reported here.  
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   B) 

 

Figure 3. Changes in light transmittance (∆LT) in different brain regions in response to OGD. Responses 

are normalized to account for regional differences in translucency. A) Traces show the time course of ∆LT 

in regional zones of interest. The peaks represent the AD front and the negative values to the right show 

increased light scattering, implicating injury. B) Mean ∆LT values plotted across CNS regions. Peaks 

represent the average maximum increase in LT at the AD front. Troughs represent the amount of light 

scattering that develops several minutes post-OGD and implicates neuronal injury. Software problems 

precluded obtaining accurate negative LT measurements for Ncort, CA1and Cbell which were generally 

high negative values (see Figure 1B). Kynurenic acid has no significant effect on the light transmittance in 

most responding regions except the inferior colliculus (p < 0.05).  
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4A) 

  

   B) 

 

Figure 4. Anoxic depolarization (AD) characteristics in different regions and the effect of 

kynurenic acid. A) OGD-induced AD onset latency (min) in neocortex, CA1, cerebellum and 

brainstem. Kynurenic acid significantly delays the AD onset latency in neocortex, CA1, cerebellar 

cortex, SC and PAG (p < 005). B) OGD-induced AD propagation rate (mm/min) in the regions of 

brainstem with or without kynurenic acid treatment. Kynurenic acid significantly slowed AD 

propagation rate in neocortex and cerebellar cortex (p < 0.05). 
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B) 

  

Figure 6. Changes in light transmittance in different brain regions in response to [K
+
]e. Responses are 

normalized to account for regional differences in translucency. A) Traces show the time course of ∆LT in 

regional zones of interest. The peaks represent the SD front and the negative values represent increased 

light scattering which implicating injury. B) Mean LT values plotted across CNS regions. Peaks represent 

the average maximum increase in LT at the SD front. Troughs represent the amount of light scattering that 

develops several minutes post-K
+
 and implicates neuronal injury. There is no significant difference for the 

LT using kynurenic acid (p < 0.05).  
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7A) 

 

   B) 

 

Figure 7.  Spreading depression characteristics in different regions. A) K
+
-induced spreading 

depression onset latency (min) in different brain regions with or without kynurenic acid treatment. 

Kynurenic acid blocks the SD in PAG, TN, and SolN and has significant effect the SD onset 

latency in neocortex and cerebellar cortex (p < 0.05). B) K
+
-induced spreading depression 

propagation rate (mm/min) in the examined regions with or without kynurenic acid treatment. 

Propagation in neocortex is significantly slowed by kynurenic acid (p < 0.001). 
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