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ABSTRACT OF THE DISSERTATION 

 

Large-scale spatiotemporal neuronal activity dynamics predict cortical viability in a 

rodent model of ischemic stroke 

 

By 

 

Ellen G. Wann 

 

Doctor of Philosophy in Biological Sciences 
University of California, Irvine, 2017 

Professor Ron Frostig, Chair 
 
 
Stroke is the fifth leading cause of death in the United States and frequently results in 

long-term disability (Benjamin et al., 2017). Improved stroke treatments are necessary as 

current therapeutic strategies are only effective for a subset of stroke patients and only 

reduce damage or its functional consequences. Our previous research demonstrated a 

novel ischemic stroke treatment in rodents in which intermittent sensory (whisker) 

stimulation delivered within 2 h (early stimulation) after distal permanent Middle Cerebral 

Artery occlusion (pMCAo) evokes neuronal activity that induces retrograde reperfusion 

via collateral blood vessels and protects the ischemic cortex from infarct. However, the 

same intermittent sensory stimulation results in exacerbated damage if delivered 3 or 

more hours after pMCAo (late stimulation) (Davis et al., 2011; Lay et al. 2010; Lay et al. 

2011). The function of evoked neuronal activity in this model highlights the relevance of 

neuronal activity in the outcome of ischemic stroke, a role that has not received much 

attention in pre-clinical and clinical stroke research. Characterizing acute ischemic 

neuronal activity dynamics is additionally important for understanding the temporal and 



 

xii 

 

spatial development of ischemic pathophysiology. The main hypothesis of the 

dissertation was that particular features of post-ischemic neuronal activity 

critically predict the fate of the ischemic cortex. Using a 32 microelectrode array 

spanning depths of primary somatosensory cortex (S1) and neighboring cortical regions, 

electrophysiological recordings generated for the first time a continuous spatiotemporal 

profile of local field potentials (synaptic potentials recorded as local field potentials, LFP) 

and multi-unit activity (action potentials, MUA) from the MCA territory before (baseline) 

and directly after (0-5 hours) distal MCA occlusion in early stimulation, late stimulation, 

pMCAo alone, and surgical sham animals. Although evoked activity persisted for hours 

after pMCAo, spatiotemporal analyses revealed that large-scale spontaneous neuronal 

activity was disrupted after ischemic onset. In infarcted (pMCAo alone and late 

stimulation) animals, abnormal temporal coordination (synchrony) of large-scale neuronal 

activity and its underlying oscillations continued throughout the acute ischemic period. 

Conversely, the effects of ischemia on spatiotemporal synchrony were reversed over the 

course of the protective early sensory stimulation treatment. If translatable to human 

EEG, insights gained from evaluating neuronal activity dynamics and identifying 

electrophysiological signatures of acute ischemia may be potentially useful for 

supplementing diagnostic strategies and facilitating stroke treatment administration.
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CHAPTER 1: Introduction 

 

A. Stroke 

 

Stroke has been a common affliction for centuries, and many renowned historic 

scientists including Hippocrates and Galen have sought to study it. Originally, the 

condition was referred to by the Greek word ‘apoplexy,’ meaning a disease that strikes 

suddenly like lightning (Pound et al., 1997). In 1658, Johann Jakob Wepfer provided the 

first insight into the etiology of stroke when publishing his observations from cadaver 

dissections and arterial dye injections of stroke patients. Wepfer hypothesized that stroke 

symptoms resulted from either the blockage or bleeding of a major brain blood vessel 

(Karenberg, 2004). 

Wepfer’s initial characterization of blood flow abnormalities remain recognized 

today, and strokes are broadly categorized as either cell death due to ischemia (i.e., a 

blockage of a major blood vessel) or due to hemorrhage (i.e., rupturing of a major blood 

vessel). Thus, stroke is currently defined as brain or spinal cord damage due to a 

disruption of the tissue’s blood supply (Caplan, 2000).    

Although a basic understanding of brain blood flow disturbances has been known 

for centuries, physicians were diagnostically limited in localizing stroke and assessing 

type and severity of stroke until the invention of imaging techniques (i.e., CT, PET, MRI) 

in late 20th century. Advances in diagnostics have also revealed risk factors associated 

with stroke (e.g., hypertension, smoking, obesity, and diabetes), demonstrating the 

heterogeneity of stroke patients (Dirnagl et al., 1999). Despite the many forward strides 
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in the stroke field, no established therapeutic is effective in the diverse stroke patient 

population. 

Indeed, of many drugs tested, only one pharmacological intervention for acute 

ischemic stroke has been approved by the FDA (Sahota and Savitz, 2011). Intravenous 

tissue plasminogen activator (tPA) restores vascular reperfusion by dissolving the 

obstruction. Its efficacy is constrained by a narrow administration time window (within 

approximately 6 hours of ischemic onset), the unresponsiveness of larger obstructions, 

and increased risk of hemmorage. In fact, only 13 to 50% of intracranial artery 

occlusions, including MCA M1 blockages, are responsive to tPA (De Silva et al., 2010; 

Sandercock et al., 2012; Ribo et al., 2006). Using tPA with concurrent endovascular 

thrombectomy via stent retriever, increases responsiveness to treatment but 

implementation requires extensive expertise (Saver et al., 2015). Considering the 

limited reliability and applicability of existing neuroprotective agents, therapeutic 

strategies currently focus on rehabilitating lost function after stroke damage (Sahota and 

Savitz, 2011). Increased understanding of the acute post ischemic period is necessary 

for developing improved neuroprotective agents, aiding the administration of current 

neuroprotective interventions, and providing insight about how functions decline after 

ischemic onset.  

Improved treatment of stroke is particularly imperative given that 33 million people 

worldwide are affected by stroke each year. On average, in the United States, a person 

suffers from a stroke every 40 seconds and someone dies from a stroke every 4 minutes. 

Stroke often results in long-term disability and an increased risk of suffering from recurrent 

strokes as well as other afflictions including epilepsy, dementia, and depression. The 
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medical complications and prolonged effects of stroke cost Americans approximately $34 

billion each year (Mozaffarian et al., 2015). 

Complete protection from impending stroke damage is a particularly desirable 

treatment goal considering the life-long physical, emotional, and financial burden often 

associated with stroke. Our laboratory has established a potential non-pharmacological, 

non-invasive sensory stimulation therapy that surprisingly results in complete 

neuroprotection. The following experiments are the first to examine the interaction 

between sensory stimulation treatment and post-ischemic (0-5 hours) neuronal activity 

and provide a valuable way of assessing the efficacy of early sensory stimulation 

treatment. Understanding the time course and spatiotemporal characteristics of post-

ischemic neuronal activity is critical to determine when functional deficits evolve in this 

stroke model and which functions are preserved in protected animals. 

 

B. The healthy brain 
 
 

Neurovascular coupling 
 

Neuronal activity, the subject of our studies’ measures, is tightly coupled with local 

blood flow in the brain, because neurons are highly dependent on the nutrients (e.g., 

oxygen and glucose) in blood. When neurons are active, blood flow increases locally to 

meet increased metabolic demands and to remove metabolic waste from the area. Roy 

and Sherrington first proposed a tight coupling between neuronal activity and blood flow 

in 1890, suggesting that active neurons must release a vasoactive agent to signal local 

blood flow (Roy and Sherrington, 1890). In the 125 years since Roy and Sherrington’s 

work, evidence increasingly indicates that neurotransmitter release plays a significant role 
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in triggering local blood flow but also demonstrates that neurovascular coupling is 

dependent on an intricate system of interactions beyond that accounted for by a 

vasoactive agent acting on an artery (Rossi et al., 2007; Drake and Iadecola, 2007). 

Additionally, the dependency between neuronal activity and local blood flow is the basis 

for all functional, hemodynamic imaging techniques including functional magnetic 

resonance imaging (fMRI), positron emission tomography (PET), and intrinsic signal 

optical imaging (ISOI). Changes in blood flow, blood oxygenation, and blood glucose 

levels reliably but indirectly measure underlying neuronal activity and contribute 

significantly to our understanding of brain function. The tight coupling between neuronal 

activity and local blood flow is critical for understanding how early sensory stimulation 

may result in neuroprotection. 

Vasculature and the Posterior Medial Barrel Subfield 
 

 Blood is supplied to the cerebrum via three major arteries: the anterior, middle, 

and posterior cerebral arteries (ACA, MCA, and PCA respectively). Each artery delivers 

blood to specific cortical and subcortical regions with overlap between artery territories 

occurring at branch extremities. The MCA is particularly susceptible to ischemic stroke 

due to the curvature of its branching increasing the likelihood of obstructions in blood flow. 

In fact, nearly 90% of strokes are ischemic and the majority of strokes occur in the Middle 

Cerebral Artery (MCA) (Benjamin et al., 2017). The MCA provides blood flow to motor, 

somatosensory, and auditory cortices in both hemispheres (Figure 1.1) in addition to 

languages areas in the left hemisphere. We utilized a rat model of ischemic stroke in the 

MCA, because the MCA provides blood to analogous regions of the rat and the human.  
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Figure 1.1.  Dye outlines the branches of the rat MCA which provide blood flow to M1, S1, and A1. Our 
ischemic model involves a distal permanent occlusion of the MCA (see label). 
 

 Furthermore, experimental manipulations of the rat MCA are aided by the location 

of the artery on the surface of the cortex. The M1 segment of the rat MCA is easily 

accessible with minimal surgical damage to cortex and is a main bifurcation point from 

which all cortical MCA branches stem (Wang-Fischer, 2009). The cortical area receiving 

blood flow from the rat MCA M1 segment is also easily accessible for observation of 

neuronal activity and blood flow. Our laboratory modeled ischemic stroke in the rat by 

mechanically occluding the M1 segment of the (distal) MCA.  
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Within the MCA territory, ischemic effects in somatosensory cortex are of particular 

interest. The rodent somatosensory cortex is comprised of the Posterior Medial Barrel 

Subfield (PMBSF), a highly organized, topographic region in which each whisker 

corresponds to a structural column (barrel) (Woolsey and Van der Loos, 1970). 

Stimulating a whisker results in a reliable cortical response in the same location each trial 

(Figure 1.2). Evoked cortical activity can, thus, be induced and assessed in rodent models 

to determine if and when MCA blood flow disturbance affects neuronal function.  

Collateral vasculature 

 Collateral vessels are networks of alternative, indirect channels that stabilize 

cerebral blood flow when major arteries fail. Collateral vessels provide blood flow 

redundancy and their compensatory reperfusion after ischemia is critical for offsetting 

potential injury. The ACA, MCA, and PCA trees of the cerebral artery are interconnected 

at branch extremities via collateral vessels called leptomeningeal anastomoses (LMA) 

(Brozici et al., 2003). Blood flows bidirectionally in LMAs depending on the hemodynamic 

and metabolic demands of the connected artery territories (Shuaib et al., 2011). In 

humans and rats, LMAs are more prevalent and larger in diameter between the ACA and 

Figure 1.2. In PMBSF, the whiskers are 
arranged into five rows: A, B, C, D, and 
E. Whisker columns are designated 
numerically in the caudal to rostral 
direction. The most caudal column of 
whiskers are 
designated from dorsal to ventral with 
the Greek letters α, β, γ, δ. Each whisker 
is somatotopically represented in layer 
IV of the somatosensory PMBSF cortex. 
Each anatomically discrete barrel in 
layer IV corresponds to a single whisker. 
The whiskers are also represented 
somatotopically by functional columns 
that extend throughout all cortical layers 
(Fox, 2008).  
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the MCA as compared to the PCA and the MCA (Figure 1.3). The ACA to MCA similarities 

of LMAs in rats and humans are one of many examples demonstrating how collateral 

networks in rats resemble that of humans and act as an appropriate model of human 

collateral function (Liebeskind et al., 2003). 

 

 

Figure 1.3. Human intracranial arterial collateral networks in frontal (B) and lateral (C) views. Note the 
LMAs between the ACA and the MCA (2), and between the PCA and the MCA (3). (Adapted from Shuaib 
et al., 2011). 
 

Directly after ischemic onset, rat collateral vessels vasodilate, reducing vessel 

resistance and increasing blood flow. As blood flow increases through their plumbing, 

collateral vessels increase in length and tortuosity (Coyle and Heistad, 1991). No 

available imaging technique can assess collateral blood flow in humans, but robust 

collaterals are associated with improved ischemic patient prognosis. Although collateral 

vessels potentially limit the extent of ischemic damage in both rodent models and 

humans, collateral networks and their ability to reperfuse ischemic tissue varies widely 

between individuals.  Several systemic conditions including preexisting circulatory and 

pulmonary issues might adversely influence the recruitment of collateral vessels during 

ischemia (Shuaib et al., 2011). Likewise, in our stroke model, patent collateral vasculature 
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is necessary for early sensory stimulation to be neuroprotective (Lay et al., 2010). During 

early sensory stimulation, blood flow is enhanced and directed from MCA branch 

extremities backward toward the blockage site at the M1 segment (distal) of MCA (Lay et 

al., 2011). It is, thus, implied that evoked activity modulates collateral reperfusion and 

augments the effectiveness of post-ischemic collateral recruitment. Enhanced post-

pMCAo spatiotemporal synchrony and underlying oscillations may be relevant to the 

compensatory effects of collateral reperfusion after pMCAo alone but an experimental 

setup allowing for both blood flow and neuronal activity recordings would be necessary 

to understand the relationship.  

The role of collateral vasculature in our model is consistent with ischemic stroke 

therapeutic strategies that focus on recruiting and stabilizing collateral blood flow. Despite 

the promise of modulating collateral blood flow, other interventions have only shown 

reduced ischemic damage or behavioral improvements. The distinction between our 

model of neuroprotection and other therapeutics may be that collateral flow is promoted 

directly after ischemic onset in our model and, thereby, collateral flow better compensates 

for deficiencies prior to the irreversible progression of ischemic damage. If collateral flow 

commences too long after the stroke, the return of blood flow to the ischemic region could 

promote damage due to reperfusion injury. Reperfusion injury occurs when oxygenated 

blood interacts with reactive oxygen species in the ischemic region and results in 

inflammation, blood brain barrier disruption, and cell death (Nour et al., 2012). Evoking 

activity by late sensory stimulation may result in reperfusion injury via enhanced collateral 

blood flow after prolonged blood flow deficit. Discussed experiments do not directly 
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assess reperfusion injury in this model but describe the neuronal activity dynamics 

contributing to neurovascular coupling in the acute post-pMCAo period.   

 

C. Rodent models of ischemic stroke 

 

 When considering the effects of ischemia on brain structure and function, it is 

essential to be mindful of the model used and cautious of generalized interpretations to 

the human condition or across models. Specifically, models commonly mimic particular 

aspects of ischemic stroke but not all ischemic stroke patients experience ischemia 

similarly. Therefore, no one animal model sufficiently imitates human ischemic stroke. 

Although ischemic stroke has been studied in numerous species, rodents are commonly 

used models that fittingly mimic human cerebral vasculature.  

Two major factors distinguish between rat models of focal MCA ischemia: duration 

of ischemia (temporary or permanent occlusion) and location of occlusion (proximal or 

distal MCA branch). A frequently used model of temporary proximal MCA occlusion is the 

intraluminal filament method in which a filament is inserted into the internal carotid artery 

and advanced to occlude MCA blood flow. Although the intraluminal filament method 

reliably results in infarct, the technique induces severe ischemia resulting in high mortality 

rates, atypical of the infarct severity seen in human patients. Mechanical occlusions to 

proximal MCA also model severe ischemic conditions and involve invasive craniotomies 

to access the proximal branch of the MCA. Mechanical manipulations can either induce 

permanent (e.g., ligation suture) or temporary (e.g., snare ligature or clamp occlusion) 

ischemia. Although temporary blood flow obstruction decreases infarct severity, releasing 
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blocked blood flow using a mechanical approach oftentimes results in additional damage 

as blood reperfuses more quickly than normal. Therefore, temporary ischemic models are 

confounded by reperfusion damage and unrepresentative of human stroke (Dirnagl, 

2010).   

Many therapeutic interventions that decrease infarct damage in animal models 

have proven ineffective in clinical trials, indicating that traditional animal models 

inaccurately represent the human ischemic condition (Dirnagl et al., 1999). The 

discrepancy may in part be attributed to the extreme ischemic conditions usually modeled 

in animal experiments. A circumscribed infarct location and size can be achieved using 

the less invasive, rose bengal photothrombotic technique in which rose bengal is injected 

intravenously and activated by directed light (514 -590 nm) to clot at a particular location 

within MCA. The relevance of photothrombotic ischemic models is, however, questioned 

because the development of stroke damage after photothrombosis is distinct from human 

ischemia (Dirnagl, 2010).  

We utilized a permanent, mechanical occlusion (double ligation suture knot and 

subsequent transection) of the distal MCA (the M1 segment of MCA) in order to study the 

early progression of ischemic damage in a mild, human-like stroke model (Davis et al., 

2013). The distal location of the MCA occlusion in our model is much more accessible 

than proximal MCA and requires only a minimal craniotomy and a less invasive 

procedure. The occlusion of MCA is permanent to avoid confounds related to perfusion 

injury. Additionally, the pattern of ischemic progression is similar to the human condition 

in our mechanical occlusion model. Utilizing more diverse, milder animal models of 
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ischemia like ours is necessary to mimic human ischemia accurately and understand 

stroke presentation differences in the human population.  

 

D. The spatiotemporal development of ischemic damage 

 

Mechanisms of cellular damage in ischemic stroke 

Following blood flow perturbation, brain (stroke) damage develops via a 

complicated sequence of pathophysiological events that progress over time and space 

(Dirnagl et al., 1999). These studies aim to map the development of neuronal activity 

dysfunction in the minutes and hours after focal MCA ischemia as blood flow deficiency 

increasingly affects more surrounding tissue (Figure 1.4).  

  

 

 

 
 
 
 
 
 
 
 
 
 

 
Figure 1.4. An illustration of the ischemic core (dark grey) relative to the peri-infarct (light grey) that demonstrates how 

functional impairment proceeds damage after ischemic onset (Dirnagl et al., 1999). 
 
 

Ischemic stroke is usually caused by either thrombosis or embolism. Thrombotic 

ischemia is most prevalent and is attributed to a localized blockage of blood flow (e.g., 

plaque build-up or vessel wall widening). In contrast, embolic ischemia occurs when 

material or gas from another region of the body (e.g., the heart) obstructs blood flow to 
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the brain. In the rat, both of these kinds of focal ischemia result in a similar pattern of 

damage in which brain regions most deprived of blood flow are central to the consequent 

cell death (Wang-Fischer, 2009).   

The brain requires high levels of oxygen and glucose to function. When the brain 

is starved of these nutrients by an obstruction of blood flow, energetics necessary to 

maintain ionic gradients (i.e., increased intracellular Ca2+, Na+, Cl- and increased efflux of 

K+) are impaired. Subsequently, neurons and glia depolarize, and excitatory amino acids, 

particularly glutamate, are released extracellularly. Concurrently, energy-dependent 

processes, including presynaptic excitatory neurotransmitter reuptake, are slowed, 

increasing the buildup of synaptic glutamate (Dirnagl et al., 1999). The accumulation of 

extracellular glutamate activates NMDA, AMPA, and metabotropic glutamate receptors 

which leads to intracellular Ca2+ overload (Doyle et al., 2008). As a universal second 

messenger, Ca2+ then initiates numerous cytoplasmatic and nuclear cascades that 

profoundly contribute to tissue damage (Dirnagl et al., 1999). The activation of glutamate 

receptors and its consequences are, thus, significant factors instigating ischemic tissue 

damage (Doyle et al., 2008; Dirnagl et al., 1999). The energy failure and excitotoxicity 

that ensues from a blood vessel blockage occurs heterogeneously across the affected 

tissue, meriting repeated and widespread sampling of ischemic development.           

Infarct development in ischemic stroke   

The progression of ischemia and its relation to the development of cell death have 

been insufficiently studied in mild animal models of ischemic stroke but are necessary to 

understand the spatial and temporal evolution of stroke and accurately model the human 

condition. In traditional (severe) animal stroke models, the region central to the 
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hemodynamic deficit is considered the infarct core if its cerebral blood flow (CBF) is 

decreased by ≥80% (Iadecola, 2007). An intermediate zone referred to as the penumbra 

or peri-infarct exists between the infarct core and healthy brain tissue. In the peri-infarct 

area, blood flow is reduced but energy metabolism is partially preserved. Over time, 

damage spreads into the peri-infarct area as excitotoxicity continues. Function in the peri-

infarct region is often impaired prior to noticeable cell death (Figure 1.4). The type of cell 

death occurring in each respective infarct region also differs: necrosis (i.e. acute cell 

death) is the predominant cell death mechanism of the severely injured, infarct core 

whereas apoptosis (i.e. programmed cell death) commonly affects the peri-infarct and is 

more prevalent in mild cases of ischemia (Dirnagl et al., 1999).       

Importantly, in the peri-infarct region, function can be restored and tissue rescued 

by redirecting blood flow to the ischemic territory (Ramakrishnan et al., 2012). Both 

functional deficit severity and the development of tissue infarction are directly correlated 

with levels of residual CBF. However, when local CBF falls below a critical threshold, 

basic functions including motor control are reversibly lost in an awake, nonhuman primate 

model of snare ligature proximal MCA occlusion. In the same model, irreversible tissue 

damage develops when local CBF exceeds a lower threshold (Figure 1.5). Duration of 

ischemia additionally influences the development of tissue damage. In the nonhuman 

primate MCA occlusion model, even a moderate decrease in local CBF can result in 

irreversible damage if the MCA ischemic event is prolonged (Jones et al., 1981). 

Conversely, complete arrest of local CBF is known to result in energy failure and 

excitotoxicity within minutes and near immediate subsequent cell death in a similar MCA 

occlusion model (Astrup et al., 1981). Our rat distal MCA occlusion model results in a 
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more moderate insult than other models, explaining why the ischemia induced does not 

result in immediate irreversible damage while other models do. Slower infarct 

development allows for a more thorough study of the roles of neuronal activity in the 

progression of ischemia. The importance of spatial and temporal features in ischemic 

progression motivated the continuous, large-scale sampling of our electrophysiological 

recordings. 

 

Figure 1.5. A representation of the relationship between local CBF measured by hydrogen clearance and 
duration of ischemia observed in a nonhuman primate model of MCA occlusion. The ischemic local CBF 
threshold for loss of function (i.e. paralysis) is higher than the threshold for tissue damage (Jones et al., 
1981).  
 

Neuronal activity during ischemia  

Aberrant neuronal function is also highly correlated with the amount of residual 

blood flow in MCA ischemia. Similar to the relationship between local CBF and tissue 

infarction, at particularly low levels of local CBF cortical evoked and spontaneous 

potentials are extinguished in nonhuman primate and cat models of proximal clamp MCA 

occlusion (Astrup et al., 1981; Branston et al., 1974; Heiss et al., 1976). Severity of 

ischemia determines the rate of neuronal depression which is oftentimes reduced within 
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minutes of ischemic onset. Interestingly, evoked potentials can be rescued after MCA 

occlusion by enhancing residual blood flow and, in some cases, activity recovery can 

occur even with maintained occlusion (Branston et al., 1974). This finding is consistent 

with the important role of reperfusion in rescuing blood impoverished tissue.  

Early animal model literature documenting neuronal depression in the core and 

peri-infarct areas within minutes of ischemic onset are seemingly at odds with recent 

research describing excitotoxicity in the peri-infarct region at similar time points. 

Excitatory amino acid levels, particularly glutamate, are significantly elevated in the 

affected region of cortex within minutes after clamp occlusion of the proximal MCA 

(Takagi et al., 1993).  Indicative of another deficit contributing to excitotoxicity, other 

studies using focal photothrombotic and intraluminal methods of MCA occlusion 

demonstrate reduced area paired pulse inhibition and decreased GABAA conductance 

immediately after ischemic onset (Domann et al. 1993; Neumann-Haefelin et al. 1995). 

Excitotoxicity factors are thought to induce an increase in area spontaneous neuronal 

excitability, a physiological change observed in the days (i.e. 1+ days) after rat focal 

photothrombotic ischemia (Schiene et al., 1996).  

The time course of post-occlusion neuronal activity remained unexplored in our 

pMCAo model and needed to be investigated to characterize our model relative to the 

progression of hyperexcitability and depression observed in other animal stroke models. 

Pathophysiological events evolve heterogeneously across space and time during 

ischemia, necessitating continuous, simultaneous sampling of neuronal activity at several 

locations throughout the ischemic territory. Our continuous time course of neuronal 
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activity in the acute post-occlusion period was exceptionally critical for predicting the fate 

of the ischemic region after pMCAo. 

Recent evidence of the dynamic nature of core and peri-infarct development 

suggest that core and peri-infarct delineations need refinement and that spatiotemporally 

sensitive measures need further study in ischemic models.  Specifically, molecular, 

vascular, and imaging studies in humans and animal models indicate that pockets of 

injury exist heterogeneously within the core region in the minutes and hours after ischemic 

onset (Dawson & Hallenbeck, 1996; del Zoppo et al., 2011; Kidwell et al., 2003; Tagaya 

et al., 2001; Zhang et al., 2008). These damaged pockets or mini-cores are hypothesized 

to grow into respective mini-penumbras and coalesce into a single homogenous region 

of damage that eventually advances into surrounding tissue (Figure 1.6).  The 

progression of mini-cores impeding on mini-penumbras is dependent on the prolonged 

duration of reduced local CBF. The architecture of ischemic damage and its reversibility 

rely on the location and duration of local CBF depletion (del Zoppo et al., 2011). The mini-

cores concept, thus, underscores the importance of intervening as soon as possible after 

ischemic onset. This theory is likely especially relevant to our ischemic model in which a 

distal occlusion of blood flow occurs over a long period of time (i.e., permanent occlusion 

Figure 1.6. A schematic representing 

the refined viewpoint of the ischemic 

core developing as a result of mini-

cores combining. Mini-cores and 

surrounding mini-penumbras are 

initially dispersed throughout the 

ischemic territory and a region of 

homogenous damage evolves when 

multiple mini-cores conjoin (del Zoppo 

et al., 2011).  
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of the MCA). Critically, the mini-cores theory provides a conceptual framework for 

understanding how an extremely early treatment such as +0 h sensory stimulation can 

protect the brain from developing a centralized core region of infarct. The mini-cores 

concept potentially complicates the interpretation of neuronal recordings during ischemia 

but further compels the spatiotemporal characterization of neuronal activity during 

ischemia. 

In addition to the described neuronal activity trends, spreading depolarization can 

be induced due to excitotoxicity in cases of stroke and traumatic brain injury. Spreading 

depolarization is indicative of a near-complete ion gradient breakdown resulting in 

sustained neuronal depolarization and observed extracellularly as a pronounced negative 

change of the slow potential (DC shift).  As a consequence of the depolarization block 

following spreading depolarization, electrical silence or spreading depression develops. 

Similar to normal neurovascular coupling, local CBF increases in response to spreading 

depolarization even though neuronal activity is actually depressed during spreading 

depolarization (Dreier, 2011). In the peri-infarct area, repetitive waves of depolarization 

occur multiple times per hour for the first 6 to 8 hours of ischemia in various rodent and 

cat stroke models (Dirnagl et al., 1999; Mies et al., 1993). Interestingly, with more frequent 

peri-infarct depolarizations, infarct size increases due to inverse activation flow coupling 

(Dirnagl et al., 1999; Dreier, 2011). Evidence of spreading depolarization in animal 

models of ischemic stroke have limited clinical relevance, however, as only hemorrhagic 

stroke patients are known to experience spreading depolarizations (Dreier, 2011). As 

neuronal activity is sampled at higher frequency ranges in the current research, spreading 
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depolarization is not addressed but may be relevant to the post-ischemic neuronal activity 

changes discussed.  

 

E. Neocortical neuronal activity dynamics 

 

Extracellular recordings of neuronal activity 
 

These experiments are unique in sampling neuronal activity, both MUA and LFP, 

and generating for the first time a continuous spatiotemporal profile of neuronal activity 

across depths of cortex during the acute ischemic period. MUA and LFP signals were 

extracted from raw extracellular signals using a band-pass filter in which LFP was 

classified as 1 to 300 Hz and MUA as 300 to 3000 Hz. All types of extracellular recordings 

including MUA and LFP detect electrical fields in a particular location relative to neurons. 

Active cellular processes generate a potential and the difference in potential between 

locations result in an electrical field (reviewed in Buzsaki et al., 2012). Potentials recorded 

from different locations are distinguished in nomenclature and spatiotemporal resolution: 

scalp recordings are known as electroencephalograms (EEG), subdural recordings are 

referred to as electrocorticogram (ECoG), and microelectrode recordings occurring near 

neurons sampled known as LFP. Like LFP, MUA also characterizes local ensembles of 

potentials but LFP is commonly thought to be derived from membrane currents while MUA 

represents the spiking of local neuronal networks (Burns et al., 2012).  

Several studies, including Logothetis (2003), have reported that MUA and LFP 

bands underlie distinct neural events. In general, MUA is thought to represent a 

summation of extracellular action potentials from neurons near the electrode in which 
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synchronous firings from many neurons summate to result in large amplitude MUA 

variations and few spikes summate to result in small amplitude MUA fluctuations (Burns 

et al., 2012). Conversely, LFP signal is notably slow as synaptic currents or other 

transmembrane currents must overlap in time to generate a quantifiable signal. Although 

the most important source of LFP is synaptic activity, contributors to the extracellular field 

include fast (Na+) action potentials, calcium spikes, intrinsic currents, spike 

afterhyperpolarizations, gap junctions and neuron-glia interactions (reviewed in Buzsaki 

et al., 2012).  

All neuronal subtypes contribute to the extracellular field of LFP, but pyramidal 

cells and the strong dipole they generate are particularly influential on the LFP signal. 

LFP is most prominent in cortex, because the dipole producing apical dendrites of 

pyramidal cells are organized in parallel with perpendicular afferent inputs. In higher 

mammals, cortical LFP is also affected by the folded nature of the cortex in which the 

distance between apical dendrites is decreased at each gyrus (reviewed in Buzsaki, 

2006). In addition to anatomical organization, LFP is critically influenced by the temporal 

coordination (synchrony) of populations of active neurons commonly brought about by 

oscillations (Niedermayer and da Silva, 2005). 

The research discussed evaluates how LFP synchrony is affected during acute 

ischemia and investigates whether oscillations underlie altered synchrony. In the brain, 

oscillations refer to fluctuations in excitability occurring rhythmically between neurons 

(neuron populations). Oscillations involving hundreds to thousands of neurons are 

generally thought to result from one of three network interactions: balance alternating 

between active excitatory pyramidal cells and active inhibitory interneurons, inhibitory 
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interneurons interacting with themselves, or purely excitatory networks (reviewed in 

Buzsaki, 2006). We identified oscillations and described relevant time-frequency 

information in acute ischemia, but future research is necessary to determine the network 

interactions involved in the observed post-ischemic synchrony and underlying 

oscillations. 

Evoked and spontaneous neocortical neuronal activity  
 

 In the normal functioning brain, ensembles of neurons produce complicated 

patterns of activity across the six-layered structure of neocortex both in response to 

sensory input and in the absence of sensory stimulation. Patterned spontaneous neuronal 

activity is suggested to be important for many functions including memory consolidation, 

behavioral variability, and sensory gating (Fox and Raichle, 2007; Sakata and Harris, 

2009; Luczak et al., 2013). Despite likely differences in function, spontaneous cortical 

population activity and evoked responses generally resemble each other. 

Evoked and spontaneous neuronal population activity have been studied 

comparatively both in terms of laminar structure and temporal fine structure. Both evoked 

and spontaneous neuronal activity exhibit similar laminar structure in which  

principal cell firing is sparse and localized in superficial layers of cortex and is densely 

distributed in deep cortical layers (Figure 1.7). Our research also recorded sparse firing 

and lower magnitude LFP in superficial layer recording locations than in deep layers in 

both spontaneous and evoked activity. The laminar structure of evoked and spontaneous 

neuronal activity differ in activity onset profile, however. Evoked MUA propagates from 

the thalamorecipient layer (Layer IV) in both directions, whereas spontaneous MUA 

originates in deep layers and spreads upward. Evoked and spontaneous MUA also 
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spread horizontally at distinct rates with evoked responses reaching adjacent regions of 

cortex more quickly than the propagation of spontaneous neuronal activity (Sakata and 

Harris, 2009). Patterns of spontaneous and evoked activity share a similar temporal fine 

structure in which MUA order is largely conserved across the presentation of multiple 

stimuli and spontaneous events. The common temporal fine structure of MUA implies that 

neuronal populations are under the same constraints in both conditions (Luczak et al., 

2009). The similarities between spontaneous and evoked activity profiles indicated that 

analyses typically applied to evoked activity were generally appropriate for understanding 

spontaneous activity trends after pMCAo. 

 

Synchronous neocortical neuronal activity 

Assessing coordinated interactions between populations of neurons within the 

ischemic territory provides insight into the spatiotemporal dynamics of segregated and 

integrated neuronal activity during ischemia. Measuring neuronal synchrony is a critical 

indication of cortical function as it is known to be involved in many cognitive and executive 

processes (e.g., perceptual grouping, working memory, attention-dependent stimulus 

Figure 1.7.  A raster plot illustrating patterns of cortical MUA and LFP initiated by spontaneous events (left panel) 

as compared to sensory stimulation (right panel). MUA is more robust and spatially distributed in deep (Layer 5) 

recording sites than superficial (Layer 2/3) recording sites regardless of whether MUA is evoked or spontaneous 

(Sakata and Harris, 2009). Raster plot colors refer to electrode locations shown in far left panel.  
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selection, sensory motor integration, and perceptual awareness). Interestingly, recent 

studies have also established that altered neuronal synchrony plays a significant role in 

many pathological brain states, including schizophrenia, epilepsy, Alzheimer’s disease, 

and autism. Specifically, our research mostly investigates electrical physiological 

correlates of pathological brain states by assessing abnormalities in evoked and 

spontaneous neuronal activity power distribution across particular frequency bands 

(Uhlhaas and Singer, 2006;  Uhlhaas and Singer, 2012). Our research involved 

comparable analyses in an ischemic model. Studying synchrony in the context of a rodent 

ischemic stroke model is not only important for establishing similarities or differences with 

the aforementioned conditions but is also a unique opportunity to determine how quickly 

synchrony patterns can change in a rapidly altered brain state (i.e. ischemic onset). Of 

the neurological conditions associated with abnormal synchrony, ischemia is the only 

time-locked pathophysiology. 

 

Although neuronal activity dynamics and particularly synchrony are largely 

overlooked in the ischemic stroke field, Carmichael and Chessele (2002) showed that 

spontaneous neuronal activity is synchronized at a low frequency band between two 

distant electrodes in the days after focal ischemia. Consistent with these findings, Gulati 

Figure 1.8. A comparison of power spectral 
density (PSD) of LFP at particular frequency 
bands in control (yellow bars) and focal 
photothrombotic ischemic (gray bars) animals. 
In the lowest delta band, power is increased 
significantly (p<0.05) in peri-ischemic M1 
layer 5 recordings 1 to 2.5 weeks after ischemic 
onset (adapted from Gulati et al., 2015). 
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et al. (2015) reported that LFP increases in power of the slowest frequency band in the 

days after a focal MCA ischemic event (Figure 1.8). Our studies expand on these initial 

findings by demonstrating for the first time the time course and spatiotemporal patterning 

of synchrony development across a 32 microelectrode array sampled continuously for 5 

h after ischemic onset. The discussed recordings are particularly unique in continuously 

sampling neuronal activity across cortical layers and affected horizontal locations in the 

acute post-ischemic period. 
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CHAPTER 2: Development of large-scale spatiotemporal synchrony and underlying  

oscillations during acute focal ischemia 

 

Introduction  

Nearly 800,000 strokes occur in the United States each year, many of which result 

in long-term disability and death (Benjamin et al., 2017). Of these stroke cases, as many 

as 87% are ischemic (i.e., resulting from an obstruction of blood flow) (NINDS 2011). A 

relatively small proportion of ischemic stroke cases receive intravenous tissue 

plasminogen activator (tPA), the most established neuroprotective intervention. In fact, of 

hospitalized acute ischemic stroke patients in specialized stroke hospitals, only 7% are 

treated with tPA (Schwamm et al., 2013). Neuroprotective agents, including tPA and 

stent-retriever thrombectomy, are most effective when administered early and only 

improve stroke outcome when delivered within 4 to 6 h after ischemic onset (Emberson 

et al., 2104; Saver et al., 2015). 

Increasing the proportion of acute ischemic cases eligible for neuroprotective 

interventions and the appropriate utilization of neuroprotective interventions is necessary 

for improving stroke outcomes. Characterizing neuronal function during stroke 

supplements injury-based diagnostics (Finnigan and van Putten, 2013; Wu et al., 2016), 

indicating the importance of identifying distinguishing signatures of post-ischemic 

dysfunction. Electrophysiological recordings of neuronal activity are capable of describing 

in detail evoked and spontaneous cortical function and are ideal for measuring how 

cortical function is disrupted after ischemic onset.  

 MCA occlusion, the most commonly identified type of human stroke, varies widely 
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and is not appropriately modeled by a single kind of animal experiment (Howells et al., 

2010). Our permanent Middle Cerebral Artery (MCA) occlusion (pMCAo) model involving 

a ligation and subsequent severing of the rat’s distal (M1 segment) MCA results in evoked 

activity deficits and cortical infarct at 24 h but a smaller infarct than in more common, 

proximal MCA occlusion models (Lay et al., 2010; Howells et al., 2010). Utilizing more 

diverse, moderate animal models of ischemia like ours is necessary to mimic particular 

features (e.g., distal location) of human ischemia accurately and understand stroke 

presentation differences in the human population.   

 Stroke damage occurs after a complex sequence of pathophysiological events that 

progresses over time and space post-ischemic onset (Dirnagl et al., 1999). Our research 

aims for the first time to continuously map the development of spatial and temporal 

neuronal activity patterns in the minutes and hours after ischemic onset using a 32 

microelectrode array spanning depths of S1 and neighboring cortical regions. 

Determining the evolution of evoked and spontaneous neuronal activity changes post 

pMCAo identified acute ischemic signatures predictive of cortical dysfunction even prior 

to regional evoked activity impairments. 

 Synchrony, a measure of temporally coordinated neuronal activity across 

recording locations, is modulated during many cognitive and motor processes, indicating 

its critical importance for cortical function (Roelfsema et al., 1997; Singer et al., 1999). 

Our study sought to evaluate spatiotemporal synchrony during the acute period after 

distal MCA occlusion because of its ability to characterize the spatial and temporal 

patterning of spontaneous neuronal activity across widely distributed neuronal networks. 

Determining how synchrony is affected by ischemia is potentially critical for understanding 



 

26 

 

the role of temporal coordination in the function of large-scale networks and functional 

impairments associated with ischemia.  

 Using a rodent model of pMCAo, we found increased large-scale spatiotemporal 

synchrony within minutes after ischemic onset driven by temporally distinct bursts of multi-

frequency (low) oscillations. Large-scale spontaneous neuronal synchrony is a rapidly 

emerging signature of impending stroke damage and may antecede evoked neuronal 

activity impairments in moderate ischemic models (i.e. pMCAo).   

Methods: 

 All experiments were in accordance with NIH guidelines and approved by the 

University of California, Irvine’s Animal Care and Usage Committee. 

Surgical Preparation: 

 Adult (300 to 400 g) male Sprague Dawley rats (Charles River Laboratories, 

Wilmington, MA) were anesthetized with sodium pentobarbital (55 mg/ kg, body weight 

(b.w.)) in preparation for surgery and anesthesia was maintained throughout surgical 

preparation and electrophysiological recordings by supplemental injections of sodium 

pentobarbital (14 mg/kg, b.w.). Anesthetized body temperature was measured and 

maintained at 37C using a self-regulating thermal blanket. Dextrose (5%, 3 mL) and 

atropine (0.05 mg/kg b.w) were injected at the beginning of the anesthetized period and 

were re-administered every 6 h during experimentation.  

 Prior to electrophysiological recordings, high spatial resolution functional imaging 

(intrinsic signal optical imaging, ISOI) was conducted through a thinned skull preparation 

(6.5 X 8 mm imaging window of the left somatosensory cortex) in all subjects in order to 
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position electrodes relative to the C2 whisker functional representation of posterior medial 

barrel subfields (PMBSF) of somatosensory cortex. ISOI involved imaging via a charge 

coupled device (CCD) camera (either a 16-bit Cascade 512F or a 12-bit Quantix 0206, 

Photometrics, Tucson, AZ, USA) equipped with an inverted 50 mm AF Nikon lens (1:1:8, 

Melville, NY, USA) combined with an extender (model PK-13, Nikon, Melville, NY, USA) 

controlled by V++ Precision Digital Imaging System software (Digital Optics, Auckland, 

NZ). A single whisker (C2) was deflected at a rate of 5 Hz for 1 s while the cortex was 

illuminated with a red light emitting diode (635 nm maximum wavelength with full width at 

half height of 15 nm).  Resulting ratio images captured the fractional change (FC) of the 

500 ms poststimulus intrinsic signal activity frame as compared to 500 ms prestimulus 

intrinsic signal activity frame. Visualization of cortical functional representations by ISOI 

and guided electrode placement was performed as in previous studies; a detailed 

description can be found in Brett-Green et al. (2001) and Frostig et al. (2008). As the 

somatosensory cortex is a major region served by the MCA (Dirnagl, U, 2010), the 

organization of the PMBSF allowed for ischemic conditions to be induced in a region 

where cortical activity can be reliably evoked and assessed. The identification of the C2 

whisker functional representation served as a landmark for electrode placement, assuring 

that electrodes were placed in similar locations within MCA territory in all animals.  

 Following functional imaging through the skull, two craniotomies were then 

performed on each animal: a 1.5 mm x 5 mm craniotomy centered over the C2 whisker 

functional representation for electrode lowering and a 2 mm x 2 mm craniotomy above 

the ascending (M1) branch of the MCA for occluding the MCA.  
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Surgical Occlusion (pMCAo):  

 MCA ischemia was achieved as previously described in detail (Davis et al., 2011; 

Davis et al., 2013; Frostig et al., 2013; Lay et al., 2010; Lay et al., 2011; Lay et al., 2012). 

Prior to electrodes being lowered (see Electrophysiology) and baseline recorded, a 

surgical ligature was inserted beneath the M1 segment of the left middle cerebral artery 

(MCA) in the MCA craniotomy window with minimal dura removal. After baseline 

recordings, the threads were synched in surgical knots and MCA was transected between 

the two sutures to produce a permanent blockage of the distal MCA. In order to control 

for any surgical effect on neuronal activity not attributed to pMCAo, separate surgical 

sham control animals underwent all of the aforementioned procedures except for 

occlusion of MCA. 

Electrophysiology:  

 Multi-site recordings were acquired using a fixed array of 32 electrodes made from 

insulated 35 μm stainless steel wire (HML and VG bond coating insulated California Fine 

Wire, Grover Beach, CA). Comparable to Jacob’s et al. (2015)’s study, the electrodes 

used were threaded in groups of four through polyimide guide tubes and adjusted for the 

electrode tips to be 250, 600, 1200, or 1500 μm from end of the polyimide tubes. Each 

guide tube was distanced 0.65 mm apart via a custom 3D printed mold. Impedance of 

electrodes was measured prior to the use of the array and maintained at approximately 

150 kΩ. Signals were amplified and digitized at a 22 kHz sample rate (SnR system, Alpha 

Omega, Nazareth, Israel). An adjustment period of 1 h occurred after electrode placement 

before recording. Raw signals were acquired continuously for either a 30 min baseline 

period followed by 5 h after ischemic onset (pMCAo group) or the same duration with no 
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occlusion (surgical sham group). In separate experiments, raw signal acquisition occurred 

for a total of 3s (1s before, during, and after stimulus onset) per trial for baseline and post 

pMCAo stimulation trials (refer to Sensory (whisker) Stimulation). For all recordings, raw 

signals were band-pass filtered for local field potential (LFP) (1 to 300 Hz) or multiunit 

activity (MUA) (300 to 3k Hz) using a two-pole Butterworth function in Matlab. MUA was 

transformed post-hoc into single events by detecting peaks over a threshold of three times 

the root mean squared (RMS) of the average baseline activity. MUA firing rate was 

defined as the number of events per second. All noisy channels (8.85% of electrodes) 

were eliminated from analyses. A stainless steel ground wire was attached between the 

skull and skin over the cerebellum. 

Sensory (Whisker) Stimulation: 

 In separate animals than discussed in spontaneous activity analyses (i.e., 

spatiotemporal synchrony and complex Morlet wavelet), sensory stimulation was 

delivered before and after pMCAo. Post pMCAo stimulation ranged intermittently from 0 

to 2 h or from 3 to 5 h after ischemic onset to sufficiently sample post pMCAo stimulation 

trials and determine if evoked activity properties changed from ischemic onset to 5 h after 

pMCAo. A single whisker (C2) was deflected for 5 pulses at 5 Hz every 27 s for a total of 

100 trials before occlusion. After occlusion, sensory stimulation was delivered to the same 

whisker (C2) for 5 pulses at 5 Hz every 27 s for a total of 256 trials. Stimulation delivery 

timing after pMCAo was based on previous results from the laboratory (Lay et al., 2010; 

Lay et al., 2011). 
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Data Analysis: 

Evoked Properties: 

 For each recording location, LFP or MUA from the 100 collected baseline 

stimulation trials or 256 collected post pMCAo stimulation trials were averaged. The LFP 

response properties measured included the absolute value of the negative peak 

(minimum magnitude), the time to negative peak (latency), and the positive peak value 

(maximum magnitude). The MUA response properties assessed included the mean 

evoked firing rate (magnitude) and the time point (first 1 ms bin) with the peak firing rate 

(peak latency). As measured in Frostig et al. (2008), magnitude of MUA was determined 

from a 50 ms epoch beginning 7 ms after the stimulus minus the spontaneous firing rate 

from a 300 ms epoch 350 ms prior to any stimulation. Statistical analysis of LFP and MUA 

response properties were restricted to electrodes with evoked responses. In order to 

determine differences in evoked response properties between baseline and post pMCAo, 

stimulation was delivered in two periods after ischemic onset: 0 to 2 h post pMCAo or 3 

to 5 h post-pMCAo. 

Spatiotemporal Synchrony: 

 In animals with no sensory stimulation delivered before or after pMCAo as well as 

surgical sham animals, neuronal activity synchrony was assessed by cross-correlating 

the spontaneous LFP of each electrode with all other electrodes in the recording array for 

a 1 s time window given the shifting of one of the LFP traces in each electrode pair up to 

100 ms. For each electrode pair compared each 1 s, the time lag measure was the 

corresponding read out of time shifted (up to 100 ms) between LFP trace pairs that 

resulted in the maximal cross-correlation coefficient. Cross-correlations comparing each 
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location with all other recording locations were then repeated for each second of the 

baseline and the 5 h post pMCAo time series. To simplify the 32 X 32 matrix generated 

for each recorded second (refer to Results), all locations’ r2 values were averaged for 

each time point. The average cross-correlation coefficients were then normalized to the 

z-transformation of the total baseline to compare average cross-correlation coefficient 

trends across animals. 

Power Analysis and Power Burst Extraction: 

 Complex Morlet wavelet analysis was applied to derive the time-varying, frequency 

power structure for a logarithmic set of frequencies ranging from 1 to 200 Hz during the 

LFP time series. To compare across animals and address the 1/f power function shape, 

power was normalized by the z-transformation of the total baseline (Cohen, 2014).  

 After baseline normalization, temporally discrete bursts of high power were 

identified to determine the cortical oscillatory dynamics of acute ischemia. The power 

threshold set was the root mean square of power estimate for each frequency. A burst 

occurred when power exceeded the RMS threshold for 100 or more consecutive ms, and 

the burst length was defined by when after 100 ms of high power the power reverted 

below the RMS power threshold.   

Spatiotemporal Synchrony after Power Burst Extraction: 

 Identification of the time points encompassed in power bursts of each frequency 

was utilized to scramble each electrode’s LFP at corresponding time points. Scrambling 

occurred by replacing the LFP time series with randomly generated numbers within the 

inter-quartile range of the LFP magnitude. Cross-correlations were then rerun on 
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concatenated LFP comprised of recorded (unchanged) LFP and LFP scrambled during 

bursting epochs. Cross-correlations were conducted similarly to the aforementioned 

analysis with each electrode compared to all other electrodes in the array for each 1 s 

throughout the recording time series. The recording locations’ r2 values resulting from 

cross-correlating concatenated LFP traces were then averaged for each 1s comparison. 

Spatiotemporal synchrony and power analyses were repeated in surgical sham animals 

in order to control for any surgical effect on neuronal activity not attributed to pMCAo. 

Statistical Analyses: 

 To analyze evoked activity properties and histological differences, we utilized 

nonparametric tests because of insufficient evidence of normally distributed data. When 

appropriate, we applied Kruskal-Wallis and Wilcoxon’s signed-rank tests (Matlab 

functions kruskalwallis and ranksum respectively) to address multiple comparisons.  

Spatiotemporal Synchrony: 

 For each subject within each group, 1000 bootstrap samples were generated by 

sampling (with replacement) in baseline and post-occlusion periods separately (Efron and 

Tibshirani, 1993). The mean was then found between subjects prior to forming a test 

statistic of the difference between the baseline and post-occlusion for each resample. The 

difference between baseline and post-occlusion was considered significant if the 

bootstrap resample 95% confidence interval did not encompass the null statistic (no 

difference between baseline and post-occlusion periods) (Ding et al., 2006). 
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Histological Preparation: 

 Histology was collected 24 h after pMCAo to assess infarct volume. Prior to 

electrode array usage, the shaft of the electrodes were coated with DiI to identify the 

recording locations in subsequent histology. Following euthanasia, the cortex was 

removed via gross anatomy dissection and flattened before fixation in 4% PFA and 

cryoprotected in a 30% sucrose (in PBS) solution. The cortex was sectioned transversely 

for all horizontal electrode locations to be visualized in the same section as the infarcted 

region. Slices were mounted onto gelatin coated slides, and slides were stained with 

cresyl violet and cover slipped prior to visualization. Infarct volume was estimated by 

quantifying the area of each stained cortical slice using the ImageJ area tool and 

extrapolating to the 1.65 mm depth of rat PMBSF (Frostig et al., 2008). For each animal, 

an infarct volume and an infarct percentage (of cortex) was approximated by averaging 

the estimated infarct volume of each cortical slice collected throughout all cortical depths 

as well as the percentage of infarct volume to cortical volume. 

Results: 

 Robust MUA and LFP evoked responses during acute post-pMCAo period 

 To determine the effect of pMCAo induced ischemia on evoked activity in the MCA 

territory, we intermittently stimulated the C2 whisker prior to ischemia and either directly 

after ischemic onset (0 to 2 h stimulation, n=5) or at a 3 h delay after ischemic onset (3 to 

5 h stimulation, n=6). Both MUA and LFP evoked responses continued to be robust 

throughout the acute post pMCAo period (Figure 2.1 A-F; Supplemental Figure 2.1). In 

trial averaged traces from peak recording location Layer 4 electrodes, LFP response 
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properties of negative peak magnitude, negative peak latency, and positive peak 

magnitude were assessed as measures of evoked subthreshold activity. No statistical 

difference was observed between baseline, 0 to 2 h, and 3 to 5 h stimulation in either LFP 

negative peak magnitude (H = 0.41, p = 0.67, Kruskal-Wallis test; Figure 2.1G) or LFP 

latency to negative peak (H = 0.30, p = 0.74, Kruskal-Wallis test; Figure 2.1H). The 

magnitude of the LFP positive peak response significantly increased in 3 to 5 h stimulation 

as compared to baseline and 0 to 2 h stimulation trials (H = 4.37, p = 0.03, Kruskal-Wallis 

test; Figure 2.1I). Similarly, compared to baseline stimulation, MUA peak firing rate 

increased approaching significance in 3 to 5 h stimulation (H = 3.13, p = 0.07, Kruskal-

Wallis test; Figure 2.1J) but not in 0 to 2 h stimulation (H = 0.22, p = 0.64, Kruskal-Wallis 

test; Figure 2.1J). No significant difference in MUA latency to peak was found between 

baseline, 0 to 2 h, and 3 to 5 h stimulation trials (H = 0.04, p = 0.84, Kruskal-Wallis test; 

Figure 2.1K).   
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Figure 2.1. Evoked LFP and MUA responses are robust throughout the acute post pMCAo period. Evoked LFP (A-C 

and G-H) and MUA (D-F and I-J) for peak recording location Layer 4 electrodes are similar when stimulation is 

delivered at baseline and 0 to 2 h after pMCAo. LFP positive peak magnitude (*p<0.05) and MUA peak magnitude 

(p=0.07) was increased compared to baseline when stimulation was delivered 3 to 5 h after pMCAo. However, 3 to 5 

h evoked response measures of LFP negative peak magnitude, LFP latency to negative peak, and MUA latency to 

peak firing rate were not significantly different than baseline. Regardless of when sensory stimulation was delivered 

relative to pMCAo, whisker stimulation was delivered in a 5 pulse 5 Hz train as indicated by the step function. The 

grey outline in A-C demonstrates the standard error trial average evoked LFP responses relative to the mean 

response in solid black. Peristimulus time histograms in D-F show MUA events detected when the peak of filtered 

trace surpassed a threshold. 
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 Additionally, comparable to Frostig et al. (2008)’s findings in the healthy cortex, 

single whisker stimulation continued to evoke a large, mostly subthreshold activation 

spread after ischemic onset regardless of when stimulation occurred post pMCAo (Figure 

2.2). In cortical layer 4 recordings, LFP negative peak magnitude decayed over distance 

from the peak recording location but extended to the furthest recording location 3.9 mm 

away from the peak recording location (% of LFP negative peak magnitude 3.9 mm away 

from peak recording location (100%), baseline stimulation 19.79% ± 2.84, 0 to 2 h 

stimulation 17.36% ± 2.32, 3 to 5 h stimulation 18.46% ± 2.22). LFP negative peak 

magnitude decay from peak recording location was not significantly different from 

baseline regardless of when stimulation was delivered after pMCAo (H=0.51, p =0.78, 

Kruskal-Wallis test). Consistent with the decay of LFP magnitude over distance from the 

peak recording location, the latency to LFP negative peak magnitude increased at 

recording locations further from the peak in all stimulation conditions (latency to negative 

peak magnitude in furthest electrode, baseline stimulation 22 ms ± 2.14, 0 to 2 h 

stimulation 22 ± 1.72, 3 to 5 h stimulation 23.16 ± 0.77). No significant difference in latency 

to negative peak magnitude was observed between baseline, 0 to 2 h, and 3 to 5 h 

stimulation (H=0.85, p =0.32, Kruskal-Wallis test). In 3 to 5 h stimulation, the LFP positive 

peak magnitude continued to be distinctly robust and spread significantly increased from 

baseline stimulation at the furthest electrode away from the peak recording location 

(H=7.02, p =0.03, Kruskal-Wallis test, % of LFP positive peak magnitude 3.9 mm away 

from peak recording location (100%), baseline stimulation 35.04% ± 2.71, 0 to 2 h 

stimulation 40.70% ± 1.86, 3 to 5 h stimulation 61.92% ± 1.74). A single whisker deflection 
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also evoked large-scale LFP spread in cortical layers 2-3, 5A, and 5B both before and 

after pMCAo (Figure 2.3). 

 

 

Figure 2.2. LFP spread was noticeable across all electrodes regardless of when sensory stimulation was delivered. 
Representative LFP horizontal spread during (A) baseline, +0 h (B) and, +3 h stimulation (C) in layer 4 recordings. The 

step function represents the 5 pulse 5 Hz train of stimulation delivered for each trial.  Evoked LFP averaged across 
trials are shown for each of 8 horizontal, cortical recording locations. A and B represent evoked LFP from different 
animals each of which underwent 2 h of sensory stimulation delivered at  distinct post-pMCAO time points. Evoked LFP 
decays over distance from peak recording location (location 2 (C2) but is still present at recording location 8 (3.9mm 
from C2 functional representation). 
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Figure 2.3. Visualizing frames of activity over time allows for quantification of spatial and temporal patterns of LFP 

activity after ischemic onset. Robust evoked LFP spread is observed across horizontal locations and cortical 

depths. (A) Multi-site electrode array recordings sample from MCA ischemic territory. LFP are recorded at 8 

horizontal locations across cortex each 0.65 mm apart and at depths of 300 μm (layer 2/3), 700 μm (layer 4), 1100 

μm (layer 5a), and 1500 μm (layer 5b). The left panel illustrates the approximate recording locations represented in 

each frame of activity (middle and right panels). Each microelectrode is represented by a pixel in each frame, and 

the color of each pixel is indicative of the LFP amplitude at that point in time. Series of 1 ms frames of trial 

averaged LFP form movies (right panel). Representative frames of evoked LFP before and after pMCAo in a 0 to 2 

h stimulation animal (B) and a 3 to 5 h stimulation animal (C). Evoked activation spread for the trial mean of the 

animal represented can be seen in 1 ms LFP movie frames after the first pulse of each 5 pulse train for a total of 25 

ms. The spread of subthreshold activity remains large and radiates symmetrically whether stimulation is delivered 

prior to ischemic onset, 0 to 2 h after pMCAo, or 3 to 5 h after pMCAo. 
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Spatiotemporal synchrony of spontaneous LFP increased within 1 min after 

pMCAo and remained high during the acute post-pMCAo period 

 In animals with no sensory stimulation delivered after pMCAo, spontaneous LFP 

became highly synchronous between different recording locations directly after pMCAo 

(Figure 2.4). To quantify the synchrony observed in post pMCAo spontaneous LFP, we 

cross-correlated each electrode with all others in the electrode array for each 1 s LFP 

trace before and after pMCAo while allowing for a time lag of up to 100 ms. Each 

representative cross-correlogram depicted in Figure 2.5A was derived from consecutive 

1 s LFP traces. Corresponding time lags from each of these consecutive cross-

correlograms are shown in Figure 2.5B in which the color bar indicates either the full 

range of possible time lags (± 100 ms) (Figure 2.4B bottom panel) or a zoomed in range 

of time lags (± 6 ms) (Figure 2.4B top panel). The lower quadrant in each of Figure 2.5A’s 

cross-correlograms illustrates the extensive range of r2 values resulting from comparing 

baseline electrode pairs. Conversely, the upper quadrant of each of Figure 5A cross-

correlograms shows that post pMCAo electrode pairs were highly correlated regardless 

of the spatial locations compared. The corresponding time lags represented in Figure 

2.5B depict the leading or lagging electrode in each pair for every (1 s) cross-correlated 

LFP trace, an order and time delay that changed over consecutive comparisons. Within 

1 min after occlusion, the time lags decreased in range (representative case, post pMCAo 

time IQR decreases 64.3% from baseline, Figure 2.6A right; pMCAo, n=7, post pMCAo 

time IQR decreases 45% from baseline, Figure 2.6B right) while r2 values increased 

(Figure 2.5A and Figure 2.6A-B left). 
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 The spatiotemporal synchrony established after pMCAo was further assessed by 

repeating all cross-correlations throughout the acute post pMCAo period. Considering the 

similarity of r2 values between spatial locations post pMCAo, r2 values across the 

recording array were averaged for each 1 s LFP trace for each animal. To quantify post 

pMCAo differences from baseline across animals, each 1s average r2 value was 

normalized to the z-score of the total baseline. Figure 2.6C-D demonstrates that the 

significant increase in normalized averaged r2 after pMCAo persists throughout the acute 

post pMCAo period (95% Confidence Interval [CI] = 5.20, 5.47, p< 0.05; Bootstrapped t-

statistic comparison to 0(H0)) but no significant change in averaged r2 are observed in 

surgical sham (n=4) animals (95% Confidence Interval [CI] = -0.03, 0.02, p>0.05; 

Bootstrapped t-statistic comparison to 0(H0)). 
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Figure 2.4. Representative frames of spontaneous LFP at fine temporal resolution (10 ms bins) before, 1 min 

after pMCAo, and 1 h after pMCAo. Complexity of spatiotemporal patterning of activity is abolished after pMCAo, 

and LFP amplitude across all recording locations and layers sampled demonstrate uniformity. 
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Figure 2.5. LFP spatial synchrony increases and corresponding time lags decrease directly after ischemic onset. (A) 

Representative LFP cross-correlograms demonstrate the overall increase in cross-correlation coefficients in 5 

consecutive 1 s samples during baseline (bottom quadrant) and within 1 minute after pMCAo (top quadrant). Cross-

correlograms depict cross-correlation coefficients between each electrode and all other electrodes within the array. 

Cross-correlation coefficients values are increased post-pMCAo regardless of recording location. (B) Time lags 

corresponding to each r2 value in Figure 1A (baseline in bottom quadrant and post pMCAo in top quadrant) show that 

maximal correlations occur with reduced time lag after ischemic onset. Note, the color scale of time is different between 

the top and bottom panels of B. The bottom panel in B represents the possible range of time lags whereas the top panel 

in B represents time lags zoomed in, demonstrating variability in time lags after pMCAo.  
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Figure 2.6. Cross-correlations were used to quantify the increase in spatiotemporal synchrony of 

spontaneous LFP occurring directly after pMCAo. (A) Box and whisker plots of the range of r2 values and 

corresponding time lags in the 10 min before and 10 min directly after pMCAo in the representative case 

shown in Figure 4. (B) Box and whisker plots of the range of r2 values and corresponding time lags from 

all pMCAo animals 10 min before and 10 min directly after pMCAo. The larger range of r2 values 

represented in B than A is likely related to between animal differences in spatiotemporal synchrony onset 

after pMCAo. (C) The average cross-correlation coefficient (baseline normalized) measure increased 

significantly after pMCAo and was persistently high throughout the acute post pMCAo period (*p<0.05). 

(D) The average cross-correlation coefficient (baseline normalized) measure is consistent throughout 5 h 

of recordings in surgical sham animals. Both C and D represent the average cross-coefficient measure in 

the solid black line and the standard error between animals in gray shading.     
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Figure 2.7. Temporally discrete increases in power are more frequent and 

withstand normalization post pMCAo. (A) Representative LFP traces from 

directly before and within 1 min after pMCAo demonstrate increased similarity 

between electrodes in spatiotemporal neuronal activity patterns after ischemic 

onset. (B-E) Representative power spectrum across logarithmically scaled 

frequencies of the same LFP time series shown for the first electrode in A. 

Left panels of B and C represent the power spectrum in a Layer 2/3 recording 

directly before (B) and within one minute after (C) pMCAo (electrode 1 in A). 

Right panels of B and C show baseline (B) and post pMCAo (C) samples after 

normalization to the z-score of the total baseline. (D and E) Isolated (above) 

traces depict time points identified as a power burst or temporally discrete 

increase in power. 
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Power increased in multi-frequency (low) 

bursts during acute post-pMCAo period 

 Morlet wavelet analysis was applied to 

the LFP during baseline and the acute post 

pMCAo period to determine whether 

oscillatory dynamics underlie the increased 

post pMCAo cross-correlations. Temporally 

discrete increases in low frequencies’ power 

occurred across electrodes throughout 

recordings but were increased and withstood 

normalization to baseline after pMCAo (Figure 

2.6 A-B; Supplemental Figure 2.2; 

Supplemental Figure 2.3). Low frequencies 

involved in bursting were similar regardless of 

whether bursting occurred before or after pMCAo (Figure 2.7). Despite multi-frequency 

(low) power burst dynamics, neuronal activity during power bursts was not epileptiform 

(Figure 2. 7 D-E).  

Isolated power bursts contribute to acute post pMCAo spatiotemporal synchrony 

Temporally discrete increases in power were isolated in LFP recordings and identified as 

a power burst when power exceeded the RMS power threshold of each frequency for 100 

or more consecutive ms. LFP was then scrambled during each power burst and 

concatenated with non-bursting LFP time points for each electrode for cross-correlations 

Figure 2.8. Discrete power bursting time points in 

LFP underlie emergent post pMCAo 

spatiotemporal synchrony. The solid black line 

(see Figure 2.6 C) illustrates the average cross-

correlation coefficient (baseline normalized) 

measure that increased directly after pMCAo and 

was persistently high throughout the acute post 

pMCAo period. The dashed black line indicates 

the resulting average cross-correlation coefficient 

measure when time points involved in power 

bursting were scrambled showing that bursting is 

necessary for elevated post pMCAo 

spatiotemporal synchrony. Gray shadings for the 

black line and shaded line indicate the standard 

error. 

 

 



 

46 

 

to be rerun on the modified LFP. When averaged across 

recording locations and repeated over time before and 

after pMCAo, average cross-correlation coefficients no 

longer increased after pMCAo and remained 

comparable to baseline throughout the acute post 

pMCAo period (Figure 2.8) (95% Confidence Interval 

[CI] =-0.4, 0.89, p> 0.05;  Bootstrapped t-statistic 

comparison to 0(H0)). 

Significant cortical cell death by 24 h post pMCAo 

  24 h after ischemic onset significant 

infarct damage was observed in pMCAo animals as compared to animals with sham 

surgical preparations (Figure 2.9, pMCAo, 19.47 mm3 ± 2.18, surgical sham, 3.6 mm3 ± 

1.13; p<0.01, Wilcoxon signed rank test). The percent of infarct volume to total cortical 

volume was also significantly higher in pMCAo animals (pMCAo, 13.08 % ± 0.66, surgical 

sham, 1.4% ± 0.44; p<0.05, Wilcoxon signed rank test).  

Discussion  

 Current research is the first study to generate a continuous, spatiotemporal profile 

of neuronal activity during ischemia and thoroughly examine the evolution of spontaneous 

and evoked neuronal activity in the minutes and hours after distal MCA occlusion. The 

slow progression of evoked response changes after pMCAo suggests that stroke 

develops several hours after ischemic onset in this model. Conversely, spatiotemporal 

patterning of spontaneous neuronal activity is disrupted within minutes of ischemic onset. 

Figure 2.9. Histological assessment of 

infarct volume 24 h after pMCAo 

demonstrates significant cortical infarct in 

pMCAo animals compared to surgical 

shams controls (*p<0.05). Damage 

observed in surgical shams is likely 

attributed to MCA craniotomy or electrode 

placement. 
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Identifying biomarkers present during acute ischemia is potentially relevant for improving 

diagnostic accuracy, distinguishing between stroke subtypes (e.g., moderate versus 

severe ischemia), and facilitating stroke treatment delivery.   

 The rate of neuronal depression in the ischemic cortex is known to be highly 

correlated with ischemic severity (Astrup et al., 1981; Branston et al., 1974; Heiss et al., 

1976). Indicative of the moderate ischemic insult resulting from pMCAo, Lay et al. (2011) 

demonstrated in this model a 74% ± 4 decrease in blood flow directly after ischemic onset 

and a comparable range of infarct volumes. Importantly, if blood flow decreases <80% of 

baseline, stroke damage can be reversed but reversibility is time-limited (Ramakrishnan 

et al., 2012). In conditions of moderately decreased blood flow, damage can become 

irreversible if ischemia is prolonged as is the case in our pMCAo model (Jones et al., 

1981). In a nonhuman primate model of proximal clamp MCA occlusion, cortical evoked 

potentials were decreased within minutes of ischemic onset at extremely low cerebral 

blood flow rates (Branston et al., 1974). Proximal MCA occlusion models are limited by 

surgical invasiveness and an atypically high mortality rate whereas distal MCA branches 

can be accessed with a minimal craniotomy and a less invasive procedure (Dirnagl et al., 

2010). Robust evoked MUA and LFP during the acute post-pMCAo period distinguishes 

our animal model and indicates that no one animal model represents the complexity of 

MCA ischemic pathophysiology.  
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 Although it is unclear why particular measures of evoked response properties were 

increased but not others during 3 to 5 h stimulation, elevated evoked activity measures 

may be initial signs of hyperexcitability, a well-established epiphenomena incurring during 

stroke development (Schiene et al., 1996).  The tendency for high MUA peak firing rate 

and the significant LFP positive peak magnitude and spread measures in 3 to 5 h 

stimulation are potential indicators of abnormal evoked activity properties and likely 

signify the progressive effects of prolonged moderately ischemic conditions.   

 Despite intact evoked responses, spontaneous spatiotemporal synchrony was 

significantly increased throughout acute ischemia following pMCAo. The neuronal 

underpinnings of observed post pMCAo spatiotemporal synchrony were confirmed by 

MUA spiking occurring selectively during negative LFP deflections after ischemic onset 

(Figure 2.10). Synaptic activity critically contributes to the extracellular field of LFP 

recorded in the healthy cortex (refer to Introduction: extracellular recordings of neuronal 

activity; Buzsaki et al., 2012), and the correspondence between LFP and MUA post 

pMCAo indicates synaptic activity continues to drive the observed LFP trends in the 

ischemic cortex. The constancy of heightened spatiotemporal synchrony in acute 

ischemia is critical to the reliability of the measure as many ischemic pathophysiological 

indicators rapidly change and are only transiently quantifiable (Dirnagl et al, 1999). 

Abnormal synchrony has also been identified in other neurological disorders and is 
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thought to attribute to associated pathophysiology (e.g., schizophrenia, epilepsy, 

Alzheimer’s disease, and autism). The temporal coordination of neuronal activity is 

hypothesized to give rise to large-scale functional network formation and maintenance. 

Accordingly, when synchrony dynamics are disrupted, pathological states emerge that 

may underlie specific symptoms of neurological disorders (e.g., increased synchrony 

during absence seizures of epilepsy) (Uhlhaas and Singer, 2006; Uhlhaas and Singer, 

2012). Identifying abnormal spatiotemporal synchrony in acute ischemic stroke provides 

insight into a unique similarity between the large-scale networks of diverse neurological 

conditions and demonstrates the rapid rate large-scale functional impairments occur after 

brain insult (i.e., occlusion onset).  

 Although neuronal network dynamics are rarely studied in stroke, increased 

spatiotemporal synchrony after ischemia is consistent with low frequency synchrony 

recorded in perilesional cortex days after focal ischemic onset (Carmichael and Chessele, 

2002; Gulati et al., 2012). The increased spatiotemporal synchrony observed within 

minutes after pMCAo extend and expand initial findings by describing the evolution and 

constancy of spatiotemporal synchrony after ischemic onset. Additionally, current 

research is distinct in evaluating the scale of spatiotemporal synchrony during ischemia. 

Our results demonstrate that the synchrony established after ischemic onset occurs 

throughout the MCA territory and spans cortical depths. Taken together, these studies 
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indicate that dysfunctional temporal activity coordination may be a long-lasting signature 

of ischemia. Future recordings will be required to determine the cortical extent of post 

pMCAo synchrony, whether it is pervasive in other stroke models, and how it is related to 

residual blood flow dynamics.    

 Complex Morlet wavelet analysis was utilized to determine the time-varying 

frequency specific power changes underlying emerging post pMCAo spatiotemporal 

synchrony. Similar in time course to elevated post pMCAo spatiotemporal synchrony 

trends, multi-frequency (low) power bursts became predominant within minutes after 

pMCAo and remained increased throughout the acute post pMCAo period. As anticipated 

by the uniformly high post pMCAo spatiotemporal synchrony across recording locations, 

multi-frequency (low) power bursts occurred at comparable time points across all 

electrodes. Post pMCAo power bursts are congruous with non-epileptiform intermittent 

delta rhythmic activity (IRDA) observed in human ischemic electroencephalography 

(EEG). IRDA is an electrophysiological feature closely associated with a wide variety of 

lesion and metabolic disturbances (Dericioglu et al., 2017). Resembling IRDA, multi- 

frequency LFP power bursts are non-epileptiform and involve but are not exclusive to 

delta band frequencies. IRDA and multi-frequency (low) power bursts also include 

pronounced theta band activity (Neufield et al., 1999). The observation of multi-frequency 

(low) power bursts validates our animal stroke model by replicating an established clinical 
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biomarker of neurological insult. IRDA, however, potentially differs from the described 

multi-frequency (low) power bursts in localization: IRDA is most commonly observed in 

frontopolar EEG leads but can also be diffuse (Dericioglu et al., 2017).   

 When LFP at time points involved in power bursting was randomized, LFP cross-

correlation coefficients remained at baseline levels after ischemic onset. Thus, power 

bursting is a mechanism underlying elevated post pMCAo spatiotemporal synchrony and 

intermittent oscillatory activity is capable of driving large-scale temporal coordination of 

ischemic neuronal networks. Like IRDA, high spatiotemporal synchrony may then be a 

biomarker of ischemia and predictive of stroke damage. The emergence of elevated 

synchrony before irreversible stroke damage makes spatiotemporal synchrony a 

particularly attractive ischemic biomarker as it may predict damage before the 

visualization of neural injury using neuroimaging diagnostics (e.g., magnetic resonance 

imaging). 

 If our LFP spontaneous activity measures are translatable to human EEG, 

identified electrophysiological biomarkers of ischemia could be important for evaluating 

the functional effects of ischemia rapidly in a clinical setting. Electrophysiological and 

neuroimaging measures together more accurately predict stroke symptoms than 

neuroimaging alone (Finnigan and van Putten, 2013; Wu et al., 2016). Our results suggest 

future potential electrophysiological biomarkers that can be measured immediately after 
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ischemic onset and may be critical to advancing characterizations of ischemic cortical 

function and improving stroke impairment predictions.   

 
Figure 2.10. LFP frames of post pMCAo activity shown superimposed with MUA spiking events. Spiking occurred 

during negative LFP deflections demonstrating that post pMCAo LFP synchrony was not attributed to noise. Spikes 
recorded are denoted by circles, and each frame illustrated represents the amplitude of LFP for 10 ms of post pMCAo 
recordings. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 2.1. Representative LFP (A-C) and MUA (D-F) for a Layer 4 electrode centered at the C2 

whisker functional representation is similar at 3, 4, and 5 h post pMCAo, validating the evoked trial average measure 

in Figure 2.1. The Y scale is the same across all time points, indicating the magnitude of the evoked response is not 

changed during the two hour post pMCAo stimulation period. Whisker stimulation was delivered in a 5 pulse 5 Hz 

train. Peristimulus time histograms in D-F illustrate MUA threshold surpassing events from a filtered recording. 
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Supplemental Figure 2.3. Increased multi-frequency power bursting after ischemic onset continues to be elevated 

throughout acute ischemic period. 

 

Supplemental Figure 2.2. 

Evoked LFP (A-B) for peak 

recording location electrodes 

averaged across layers 

demonstrate prominent 

evoked activity occurs 3 to 5h 

after pMCAo (B) in cortical 

layers 2/3, 4, 5a, and 5b. The 

step function illustrates the 5 

pulse 5 Hz train of whisker 

stimulation in each trial. The 

average trace is shown in the 

solid black line and the 

standard error between 

electrodes in gray shading.     
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Supplemental Figure 2.4. Post pMCAo bursting is recorded in all electrodes and at similar time points between 

electrodes. The representative sample shown is from 1 h after pMCAo. Location 2 is centered at the functional 
representation of the C2 whisker barrel and only the 16 electrodes in proximity to barrel cortex are shown. In the 16 
electrodes posterior of barrel cortex, similar power bursting also occurred. 
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CHAPTER 3: Efficacy of sensory stimulation-based ischemic stroke protection  

predicted by post-ischemic neuronal activity dynamics 

 

Introduction  

 Stroke is the fifth leading cause of death in the United States, and the majority of 

cases are due to ischemia (Benjamin et al., 2017). A model of cerebral ischemia, 

permanent occlusion of the Middle Cerebral Artery (pMCAo) in the rat results in cortical 

infarct and functional deficits 24 hours after ischemic onset and behavioral impairments 

assessed one week post occlusion (Lay et al., 2010). However, our laboratory has 

demonstrated that intermittent sensory stimulation delivered within two hours after 

pMCAo completely protects the cortex from stroke damage. The same sensory 

stimulation treatment exacerbates damage if delivered 3 hours after ischemic onset 

(reviewed in Frostig et al., 2012).  

 Neuronal activity may critically indicate the distinguishing pathophysiological 

features framing the 2 hour protective time window after ischemic onset. The interaction 

between sensory stimulation treatment and post-ischemic (0-5 hours) neuronal activity 

could provide valuable insight in assessing how +0 h stimulation protects the cortex.  

 Using a 32 microelectrode array spanning depths of S1 and neighboring cortical 

regions, a continuous spatiotemporal profile of local field potentials (LFP) was generated 

from the MCA territory before (baseline) pMCAo and during the post-ischemic (0-5 h) 

period. 
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 In microelectrode array recordings, we have reported dysfunctional network states 

of slow oscillation synchrony in MCA models of ischemic stroke (refer to Chapter 2). We 

investigated how acute post-ischemic spatiotemporal neuronal activity dynamics, 

including spatiotemporal synchrony and oscillatory patterning, are affected in protected 

(+0 h stimulation) and non-protected (+3 h stimulation) sensory stimulation treatment 

groups as well as surgical shams. 

 Directly after pMCAo, spatiotemporal synchrony increases in both sensory 

treatment groups. Enhanced post-ischemic spatiotemporal synchrony is, however, 

reduced during protective +0 h sensory stimulation treatment but remains elevated 

throughout damaging +3 h stimulation. Spatiotemporal synchrony trends are then 

consistent with histological distinctions between sensory stimulation groups and indicate 

that post-ischemic neuronal network changes are reversible for a set time frame after 

ischemic onset in this model.  

 Enhanced spatiotemporal synchrony may be a signature of post-ischemic 

dysfunction and its absence predictive of when sensory stimulation treatment is 

protective. Measuring post-ischemic neuronal activity dynamics is relevant to the 

translational potential of the sensory stimulation treatment, because recordings may be 

capable of evaluating sensory stimulation treatment efficacy.  

Methods 

 All procedures were in compliance with NIH guidelines and approved by University 

of California, Irvine Animal Care and Use Committee.  

 



 

57 

 

Surgical Preparation: 

 Adult (295– 400 g) male Sprague Dawley rats (Charles River Laboratories, 

Wilmington, MA) were anesthetized by intraperitoneal injection of sodium pentobarbitol 

(55 mg/kg, body weight (b.w.)). Supplemental injections of sodium pentobarbital (14 

mg/kg, b.w.) were given throughout the surgical preparation and electrophysiological 

recordings to maintain anesthesia. A self-regulating thermal blanket measured and 

maintained anesthetized body temperature at 37C. A subcutaneous injection of Dextrose 

(5%, 3 mL) and an intraperitoneal injection of atropine (0.05 mg/kg b.w) were 

administered every 6 h of experimentation. 

 In preparation for electrophysiological recordings, high spatial resolution functional 

imaging (Intrinsic Signal Optical Imaging, ISOI) was performed through a 6.5 X 8 mm 

imaging window of thinned skull over the left posterior medial barrel subfields (PMBSF) 

of the somatosensory cortex. As detailed in previous studies (Brett-Green et al., 2001; 

Frostig et al., 2008), ISOI captured evoked responses when a single (C2) whisker was 

deflected at a rate of 5 Hz for 1 s. The C2 functional representation visualized by ISOI 

provided a way to position electrodes relative to PMBSF, generating a reliable placement 

of electrodes. MCA is a major provider of blood flow to somatosensory cortex (Dirnagl, U, 

2010) and, thus, positioning electrodes in PMBSF allowed for reliable recordings of 

ischemic cortex after MCA occlusion.  

 A 1.5 mm x 5 mm craniotomy centered at the C2 whisker functional representation 

and a 2 mm x 2 mm craniotomy above the MCA’s M1 branch were then performed for 

electrode placement and pMCAo respectively. 
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Surgical Occlusion (pMCAo):  

 In the MCA craniotomy window, a surgical ligature was inserted beneath the 

middle cerebral artery’s (MCA) initial (M1) segment after minimal dura removal. After 

surgical preparations, a fixed electrode array (refer to Electrophysiology) was lowered 

into cortex with the second recording location centered at the C2 functional 

representation. Electrodes settled in the brain for approximately 1 h prior to performing 

baseline recordings. Without setup disruption, surgical ligatures were synched and a 

transection was performed between surgical knots after baseline recordings. 

Sensory Stimulation: 

 In +0 h and +3 h stimulation animals, 100 baseline sensory stimulation trials were 

collected prior to pMCAo with a similar protocol as post pMCAo sensory stimulation. 

During baseline stimulation, a single whisker (C2) was deflected for 5 pulses at 5 Hz every 

27s. Post-occlusion sensory stimulation involved deflecting a single whisker (C2) for 5 

pulses at 5 Hz every 27s over the course of 2 hours for a total of 1280 whisker deflections 

(Davis et al., 2011; Lay et al., 2010). Rats were randomly assigned to experimental groups 

in which +0 h animals received two hours of intermittent sensory stimulation immediately 

after pMCAo, +3 h stimulation animals received the same sensory stimulation treatment 

starting 3 h after pMCAo, and surgical sham animals were not occluded or stimulated.  

Electrophysiology:  

 Using a fixed array of 32 microelectrodes, multi-site recordings were acquired from 

insulated 35 μm stainless steel wire (HML and VG bond coating insulated California Fine 

Wire, Grover Beach, CA). Fixed groups of four electrodes were bundled into a polyimide 
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guide tube and adjusted to lengths of 250, 600, 1200, or 1500 μm from end of the 

polyimide tube comparable to Jacobs et al. (2015)’s study. Placing eight guide tubes into 

a custom 3D printed mold resulted in a fixed 0.65 mm distance between each polyimide 

tube and its neighbor. Impedance of electrodes was measured prior to recordings and 

maintained at approximately 150 kΩ. Signals were amplified and digitized at a 22 kHz 

sample rate (SnR system, Alpha Omega, Nazareth, Israel). Raw signals were acquired 

continuously for a baseline period and for the 5 h directly after the pMCAo. Baseline 

recordings consisted of 100 baseline stimulation trials followed by 30 min of continuous 

recording without stimulation delivered. After sufficient baseline sampling, pMCAo 

occurred prior to recordings resuming during the acute (0-5 h) post-occlusion period. Raw 

signals were band-pass filtered for LFP (1 to 300 Hz) using a two-pole Butterworth 

function in Matlab. For fast Fourier transform analyses (FFT), an additional 60 Hz notch 

filter was applied via the irrnotch function in Matlab. Channels identified as noisy (9.38% 

of total channels) were not included in analyses. A stainless steel ground wire was placed 

over the cerebellum between the skull and skin 

Data Analysis: 

Spatiotemporal Synchrony: 

 To measure neuronal synchrony, a cross-correlation matrix was derived for each 

electrode’s LFP relative to each other electrode’s LFP in the microelectrode array for each 

1 s. For each cross-correlation comparison, one of the LFP traces in each pair was shifted 

up to 100 ms to account for leading and lagging comparisons. The trace shifting that 

resulted in the maximal cross correlation coefficient was read out as the time lag. Cross-

correlation analyses were repeated every 1 s of the baseline and during the acute post-
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pMCAo period. For each second, all locations’ r2 values were averaged to determine 

spatially independent changes in synchrony that occur after pMCAo. To combine average 

r2 trends across animals within an experimental group, the average r2 values for each 

subject was normalized to the z-transformation of the 30 minute non-stimulation baseline 

from the same subject. 

Short-time (2 s) Fast Fourier Transform (FFT): 

 The time-frequency analysis FFT was completed by calculating the power of the 

complex conjugate derived from the dft function in Matlab for each 2 s of LFP recorded. 

Prior to signal transformation, a Hann-taper was applied to each 2 s LFP signal to 

minimize potential edge artifacts of each window. A 1 s (50%) overlap between each 

window analyzed increased the temporal precision of the power estimate. A 2 s time 

window was selected to be comparable to time windows used in cross-correlation 

analyses. Applying FFT to this time window also allowed for sufficient sampling of low 

frequencies (refer to Appendix 1). Power estimates for logarithmic frequencies between 

1 and 200 Hz were calculated for all time segments during baseline and the acute post-

pMCAo period for all 32 electrodes in the electrode array. The power estimates were then 

normalized to the dB change of the 30min non-stimulation baseline. 

Power Analysis and Power Burst Extraction: 

 Complex Morlet wavelet analysis was also applied to derive frequency estimates 

for a logarithmic set of frequencies ranging from 1 to 200 Hz offering increased temporal 

precision. Power estimates calculated by complex Morlet wavelet were normalized to the 
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z-transformation of the total (30min) baseline and calculated for the baseline and acute 

post-pMCAo period.  

 Temporally discrete bursts of high power were then isolated by determining when 

power consecutively exceeded a threshold for 100 or more ms. The root mean square 

(RMS) of the Morlet wavelet-derived power for each frequency was set as the power 

threshold.  

 In order to determine the contribution of temporally discrete power bursts to 

spatiotemporal synchrony, LFP was scrambled in between the start and end time points 

of each burst identified via Morlet wavelet analysis for all frequencies in all electrodes. 

Scrambling involved replacing the existing LFP trace during the burst with randomly 

generated amplitudes within the interquartile-range of the LFP amplitude. 

Spatiotemporal Synchrony after Power Burst Extraction: 

 The time points encompassed in each power burst across all frequencies was 

utilized to scramble the electrode’s LFP at corresponding time points. Cross-correlations 

were then rerun on LFP that included the recorded (unchanged) LFP and epochs of 

scrambled LFP. The cross-correlation coefficients resulting from cross-correlations of 

concatenated (unchanged and scrambled) LFP traces were averaged across electrodes 

for every 1 s of the recording time series.  

Statistical Analyses: 

 Nonparametric statistics provided a way to evaluate spatiotemporal trends given 

the differing lengths of baseline and post pMCAo recordings. For the majority of analyses 
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involved, Kruskal-Wallis and Wilcoxon’s signed-rank tests (Matlab functions kruskalwallis 

and ranksum respectively) were employed to address multiple comparisons. 

Spatiotemporal Synchrony: 

 In each group, 1000 bootstrap samples per subject were sampled (with 

replacement) in baseline and post pMCAo periods separately (Efron and Tibshirani, 

1993). The between subject mean was derived and used to form a test statistic of the 

difference between the baseline and post pMCAo for the resampled distribution. When 

the bootstrap resample 95% confidence interval did not encompass the null statistic (no 

difference between baseline and post pMCAo periods), the difference between baseline 

and post pMCAo was considered significant (Ding et al., 2006). 

Histological Preparation: 

 Histology was collected 24 h after pMCAo to measure infarct size and the relative 

relationship between electrodes’ locations and the infarcted area. After euthanatizing the 

rat, the cortex was removed by gross dissection and flattened before fixation in 4% PFA 

and cryoprotection in a 30% sucrose (in PBS) solution. Slicing transversely through the 

flattened cortex allowed for all horizontal electrode locations to be visualized throughout 

all cortical depths. Slices were mounted onto gelatin coated slides that were then stained 

with cresyl violet and cover slipped. The region of ischemic stroke was identified as the 

absence of staining. The area of each cortical slice and the area of the infarct within each 

slice were quantified using the area tool in ImageJ. The infarct volume and cortical volume 

was estimated for each slice by extrapolating to the 1.65 mm depth of rat PMBSF cortex 
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(Frostig et al., 2008) and all slices’ approximated volumes were averaged to derive each 

subject’s infarct volume and percentage of infarct volume to total cortical volume.  

Results 

LFP spatiotemporal synchrony increased after pMCAo but decreased to baseline 

levels after +0 h stimulation 

 To determine the effects of post-pMCAo sensory stimulation treatment on 

spatiotemporal LFP dynamics, we repeated cross-correlations between all recording 

locations for each 1 s prior to pMCAo and in the 5 h after pMCAo including during sensory 

stimulation treatment (Figure 3.1A). Similar analyses were repeated in surgical sham 

animals (surgical shams, n=4, Figure 3.1B). Spatiotemporal synchrony assessed by 

cross-correlations was persistently elevated within minutes after pMCAo (+0 h 

stimulation, n = 6, 95% Confidence Interval [CI] = 0.84, 0.92, p< 0.05). In +0 h stimulation 

treatment, elevated post-pMCAo synchrony significantly decreased from the beginning to 

the end of the sensory stimulation treatment (Figure 3.1C and E, Wilcoxon signed rank 

test, p<0.001). Spatiotemporal synchrony was persistently decreased after +0 h 

stimulation treatment (95% Confidence Interval [CI] = -0.21, -0.15, p< 0.05, Bootstrapped 

t-statistic comparison to 0(H0)) during the 5 h post-pMCAo, predictive of the protection 

observed in +0 h stimulation animals at 24 h (Figure 3.2, 3.97 ± 0.92 mm3, Wilcoxon 

signed rank test comparing +0 h stimulation to surgical sham, p=0.61). 

LFP spatiotemporal synchrony remains elevated after +3 h stimulation 

 Spatiotemporal synchrony was evaluated similarly in +3 h stimulation animals by 

repeating cross-correlations during baseline and 5 h post-pMCAo. As in +0 h stimulation 
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animals, spatiotemporal synchrony was elevated at the beginning of the post-pMCAo 

sensory stimulation treatment period in +3 h stimulation animals (+3 h stimulation, n = 6, 

Figure 3.1D and F, Wilcoxon signed rank test, p<0.001). In contrast, +3 h stimulation 

animals continued to have significantly high cross-correlation coefficients at the end of 

the sensory stimulation treatment period (Figure 3.1D and F, Wilcoxon signed rank test, 

p<0.001). The abnormal spatiotemporal synchrony persisted throughout the post pMCAo 

period (95% Confidence Interval [CI] = 3.23, 3.34, p< 0.05), consistent with the 

significantly larger infarct of +3 h stimulation animals as compared to + 0 h stimulation 

animals (Figure 3.2, +3 h stimulation n=6; 36.01 ± 10.27 mm3, Wilcoxon signed rank test 

comparing +3 h stimulation to sham, p<0.01).  
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Figure 3.1 Cross-correlations demonstrated increased LFP spatiotemporal synchrony after pMCAo and differential 
effects of sensory stimulation treatment on high spatiotemporal synchrony. (A) Representative cross-correlograms 

illustrating baseline (lower left) as compared to elevated post-ischemic (upper right) spatiotemporal synchrony 
before any sensory stimulation treatment. (B) Representative surgical sham cross-correlograms from equivalent 

time points to those shown in A demonstrate typical range of cross-correlation coefficients between electrode pairs 
in a healthy cortex. (C) LFP cross-correlation coefficients increase within minutes after pMCAo but decrease to near 

baseline levels by the end of the +0 h stimulation period as shown in box and whisker plots of the range of r2 values 
in a representative +0 h stimulation animal 10 minutes prior to pMCAo, during the first 10 minutes of the +0 h 
stimulation, and during the last 10 minutes of the +0h stimulation. (D) LFP cross-correlation coefficients are 

increased 3 h after pMCAo and remain high after +3 h stimulation as indicated in box and whisker plots of the range 
of r2 values in a representative +3 h stimulation animal 10 minutes prior to pMCAo, during the first 10 minutes of the 
+3 h stimulation, and during the last 10 minutes of the +3h stimulation. (E-F) Box and whisker plots of the range of 

cross-correlation coefficients for all +0 h and +3 h stimulation animals respectively. Cross-correlation coefficients 
were significantly higher (Wilcoxon signed rank test, *** p<0.001) directly after pMCAo as compared to baseline in 
both +0 h and +3 h animals. In +0 h animals, cross-correlation coefficients significantly decreased from the 
beginning to the end of sensory stimulation treatment (Wilcoxon signed rank test, *** p<0.001). The larger range of 
r2 values in E and F than C and D is likely related to between animal differences in spatiotemporal synchrony onset 
after pMCAo. 
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Figure 3.2 Histological 

assessment of infarct volume (A) 

24 h after pMCAo demonstrates 

significant cortical infarct in +3 h 

(Wilcoxon signed rank test, ** 

p<0.01) but not +0 h animals 

(Wilcoxon signed rank test, 

p=0.61) compared to surgical 

sham animals. Noticeable 

damage in surgical shams is not 

surprising because of the MCA 

craniotomy window and electrode 

placement in these animals. (B) 

Representative flattened cortical 

section from +3 h stimulation 

animal in which horizontal 

electrodes can all be localized 

relative to the infarcted 

(bounded) region. 

 

Figure 3.3. Time-frequency power spectrum of +0 h 

stimulation (A) , +3 h stimulation (B), and shams (C) 

animals generated by short-time (2 s) fast Fourier 

transform.  In +0 h stimulation animals, an increase in 

post-pMCAo delta (1-3 Hz) power were denoted by 

warm colors after ischemic onset while few other 

frequencies consistently change from baseline. In +3 h 

stimulation animals, power increases in delta (1-3 Hz), 

theta (4-7 Hz), and alpha (8-12 Hz) bands were 

observed in warm colors after ischemic onset and in 

high gamma (>50 Hz) during the +3 h stimulation 

treatment. The dashed line represents when pMCAo 

occurred. (C) No prominent frequency bands persist 

throughout surgical sham recordings. 

 



 

67 

 

Frequency specific power increases after pMCAo distinguish +0 h stimulation and 

+3 h stimulation animals 

 We utilized short-time FFT to determine power spectral changes occurring after 

pMCAo and during the sensory stimulation treatment of +0 h and +3 h stimulation animals. 

FFT was repeated every 2 s of recordings for the time window selected to be maximally 

sensitive to the low frequencies predicted to increase in power during ischemia (refer to 

Chapter 2). Delta (1-3 Hz) power significantly increased after ischemic onset in both +0 h 

and +3 h stimulation animals (+0 h stimulation p<0.001, +3 h stimulation p<0.05) Wilcoxon 

signed rank test) while theta (4-7 Hz) and alpha (8-12 Hz) power was only significantly 

increased after pMCAo in +3 h stimulation animals (Figure 3.3, +3 h stimulation:  theta 

p<0.01, alpha p<0.01; +0 h stimulation:  theta p=0.14, alpha p=0.94, Wilcoxon signed 

rank test). Post-ischemic beta (12-30 Hz) and gamma (31-100 Hz) bands were not 

significantly different than baseline in either +0 h or +3 h stimulation animals (Figure 3.3, 

+3 h stimulation:  beta p=0.94, gamma p=0.54; +0 h stimulation:  beta p=0.48, gamma 

p=0.09, Wilcoxon signed rank test). However, during the +3 h stimulation period, high 

gamma (>50 Hz) power was also significantly increased compared to baseline (Figure 

3.3B, p<0.05, Wilcoxon signed rank test).    

Multi-frequency (low) power bursts underlie elevated post-pMCAo spatiotemporal 

synchrony in +3 h stimulation animals 

 Complex Morlet wavelet analysis was also utilized to characterize the time-varying 

frequency structure of post-ischemic time points with increased LFP spatiotemporal 

synchrony. Temporally discrete increases (bursts) in power occurred across multiple 

frequencies and were particularly robust, withstanding baseline normalization after 

pMCAo (Figure 3.4). The increase in low frequency power bursts persisted throughout 
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the post pMCAo period in +3 h stimulation animals (Figure 3.4). Consistent with short-

time FFT analyses, power bursts contained higher frequency power during the +3 h 

sensory stimulation treatment period (Figure 3.4). Observed power bursts occurred 

across all recording electrodes coordinated in time (Figure 3.5).  

 In order to determine the effect of power bursting time points on elevated post-

ischemic LFP spatiotemporal synchrony, temporally discrete increases in power were 

isolated and LFP was selectively scrambled only at bursting time points. When repeating 

cross-correlation analyses on LFP without bursting, cross-correlation coefficients did not 

increase significantly after pMCAo (Figure 6, 95% Confidence Interval [CI] =-0.05, 0.04, 

p> 0.05; Bootstrapped t-statistic comparison to 0(H0)). 
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Figure 3.4 Power increases in temporally distinct “bursts” are more frequent and withstand normalization after 

pMCAo. Power bursts remain robust throughout the post pMCAo period as represented in the representative +3 h 

stimulation animal shown. Left panels demonstrate the power spectrum across logarithmically scaled frequencies 

in a Layer 4 electrode prior to baseline normalization and right panels demonstrate time-frequency space at the 

same sample period after baseline normalization. 
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Figure 3.5 Post pMCAo bursting is recorded in all electrodes at similar time points and frequencies between electrodes. 

In the 16 electrodes posterior to the electrodes shown, bursting occurred concurrently. The normalized representative 

case from the +3 h sensory stimulation treatment period.  Location 2 is centered at the peak recording location and 

only the 16 electrodes closest to the peak recording location are shown. 
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Figure 3.6 Spatiotemporal synchrony increased 

after pMCAo in all animals (A and B) but only 

remained high in +3 h stimulation (infarct sustaining) 

animals (B). Post pMCAo changes in 

spatiotemporal synchrony are attributed to 

intermittent power increases identified as power 

bursts. The solid black line in all panels represent 

the average cross-correlation coefficients 

normalized to baseline. The dashed black line in all 

panels show the same analysis when ran on LFP 

containing scrambled time points (when power 

bursting was identified) and unchanged (non-power 

bursting) time points. (C) The surgical sham animals 

illustrate that spatiotemporal synchrony minimally 

fluctuates over 5 h of recordings and power bursts 

minimally contribute to healthy spatiotemporal 

synchrony. 
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Discussion  

 The relevance of neuronal activity dynamics during ischemia has not received 

much attention despite the established association between assessments of neural 

function and improved stroke outcome prediction (Burke Quinlan et al., 2015; Finnigan 

and van Putten, 2013; Kerr et al., 2011; Stinear et al., 2007; Wu et al., 2016). The 

protective effect of neuronal activity evoked by +0 h stimulation also demonstrates a need 

to understand the relationship between neuronal activity and ischemic outcome (Frostig 

et al., 2012; Lay et al., 2010; Lay et al., 2011).  

 Interestingly, evoked neuronal responses continue to be robust up to 5 h after 

pMCAo indicating that the cortex seems to remain functional for at least 5 h prior to 

considerable permanent damage in this model (refer to Chapter 2). Characterizing 

neuronal activity dynamics in the hours following ischemic onset before the development 

of observable damage could be critical for predicting the fate of the ischemic cortex. We 

were interested in whether large-scale neuronal network states during the 5 h after 

pMCAo could distinguish between protective+0 h and damaging +3 h stimulation groups 

given histological discrepancies.  

 Chapter 2 demonstrates that spatiotemporal synchrony is elevated within minutes 

after pMCAo and continues to be high throughout the acute post-ischemic period. 

Accordingly, we found that post pMCAo spatiotemporal synchrony was only persistently 

high in animals incurring infarct (+3 h stimulation) but not in protected (+0 h stimulation) 

animals. Furthermore, in +0 h stimulation animals, spatiotemporal synchrony increased 

within minutes after pMCAo and elevated spatiotemporal synchrony decreased over the 

course of +0 h stimulation treatment. The gradual dissipation of high spatiotemporal 
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synchrony over the +0 h stimulation treatment period is consistent with the slow recovery 

profile of residual blood flow during +0 h stimulation. +0 h stimulation treatment is known 

to augment retrograde blood flow to the affected area via collateral vasculature and 

provide an alternative source of blood flow necessary for the observed neuroprotection 

(Lay et al., 2012). The role of collateral vasculature in our model is consistent with human 

collateral therapeutic strategies (e.g., collateral vasodilators and induced hypertension) 

that focus on recruiting and stabilizing collateral blood flow after ischemic onset to offset 

potential injury (Liebeskind, 2003; Shuaib et al., 2011). Future studies should concurrently 

assess blood flow and neuronal activity to further examine the relationship between 

retrograde blood flow augmented by +0 h stimulation and spatiotemporal synchrony. 

 As synchrony is known to be fundamental for cortical function and relevant to many 

pathological brain states, altered large-scale synchrony is likely a critical indicator of post-

ischemic cortical function (Belmonte, 2004; Niedermeyer, 2005; Phillips and Gordon, 

2003; Uhlaas and Singer, 2012). The current research is unique in providing a detailed 

description of synchrony development across cortical locations and layers of a large 

cortical volume in the acute post-ischemic period of both neuroprotected and infarcted 

animals. Elevated post-ischemic spatiotemporal synchrony is a potentially useful and 

reliable signature of cortical dysfunction, because it can be consistently observed during 

acute ischemia and similar trends are also noted several days after ischemic onset in 

other ischemic models (Carmichael and Chesselet, 2002; Gulati et al., 2012). Similar 

instances of large-scale, highly synchronized oscillations in absence epileptic seizures 

are closely associated with a breakdown of all higher cognitive functions, indicating a role 

for synchrony in cortical function (Singer et al., 2006). Moreover, behavioral symptoms in 
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several neurological disorders are hypothesized to be attributed to abnormal synchrony 

and associated oscillatory dynamics (Uhlaas and Singer, 2012). Highly synchronous 

neuronal activity may allude to the physiological basis of specific ischemic impairments 

and suggest further distinctions between +0 h and +3 h stimulation animals.  

 To determine the time-varying frequency specific power dynamics of +0 h and +3 

h stimulation animals before and after ischemic onset, we repeatedly applied both short-

time FFT and complex Morlet wavelet analysis throughout recordings. The short-time FFT 

was utilized to determine the frequency structure of every 2 s LFP segment with high 

frequency precision, while the complex Morlet wavelet analysis provided additional 

temporal specificity and avoided stationarity assumptions. Both complex Morlet wavelet 

and short-time FFT analyses demonstrated that low frequencies (delta, theta, and alpha 

bands) increased post-pMCAo LFP in +3 h stimulation animals. Complex Morlet wavelet 

further elaborated that low frequency LFP power increases occurred in temporally 

discrete, low frequency power bursts. Consistent with post pMCAo spatiotemporal 

synchrony trends in +3 h animals, multi-frequency LFP power bursts are more robust and 

persistently occur after ischemic onset. Additionally, multi-frequency LFP power bursts 

occurred in all electrodes and at similar time points. Increased intermittent, slow 

oscillatory activity underlies the elevated spatiotemporal synchrony observed throughout 

the acute post-ischemic period of +3 h stimulation animals. Increased high gamma (>50 

Hz) power was also observed during +3 h sensory stimulation treatment but its role in 

post-ischemic large-scale activity dynamics remains unclear. 

 In +0 h stimulation animals, power increases occurred intermittently in the delta 

band. Increased delta activity was, however, insufficient to elevate spatiotemporal 
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synchrony throughout the acute ischemic period of +0 h stimulation animals. Elevated 

post-ischemic spatiotemporal synchrony diminished as the +0 h sensory stimulation 

treatment progressed, indicating that assessing spatiotemporal synchrony may be used 

to determine the efficacy of sensory stimulation treatment in real-time.  

 Evaluating large-scale neuronal activity coordination and oscillatory dynamics 

evolve after pMCAo is critical for understanding the physiological effects of sensory 

stimulation treatment and the time window of efficacious sensory stimulation. 

Furthermore, large-scale activity dynamics may be important for assessing the efficacy 

of other neuroprotective treatments especially if our LFP measures are translatable to 

human EEG trends in acute ischemia. 

  



 

76 

 

CHAPTER 4: Experimental summary and discussion 

 

 The enclosed dissertation suggests that spatial and temporal aspects of neuronal 

activity critically predict cortical damage after pMCAo and provide insights into the 

evolving pathophysiology of acute ischemia. 

 As neuronal activity has rarely been the focus of animal models of ischemia, we 

initially sought to characterize the time course and spatiotemporal features of neuronal 

activity after ischemic onset using a multi-microelectrode array spanning large cortical 

volume and sampling 32 cortical locations of varying cortical depths. Surprisingly, we 

found that the complex patterning of healthy spontaneous neuronal activity was abolished 

within minutes after pMCAo (Figure 2.4). The observed changes were then examined 

using various cross-correlation and time-frequency measures. Spatiotemporal analyses 

demonstrated that spontaneous neuronal activity becomes strongly coordinated on a 

large spatial scale after ischemic onset but remains non-epileptiform. Cross-correlations 

were then utilized in conjunction with complex Morlet wavelet analysis to further 

determine that the spatiotemporal synchrony established after pMCAo required 

intermittent time points (bursts) of increased multi-frequency (low) power.  

 Interestingly, abnormal spontaneous neuronal activity trends preceded evoked 

neuronal activity changes after pMCAo as evidenced by prominent evoked activity 

responses 5 h after pMCAo. Although stimulation continued to evoke strong responses 

recorded hours after ischemic onset, specific evoked magnitude and spread properties 

were abnormal 3 to 5 h after pMCAo and may be indicative of the progressive effects of 
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prolonged ischemia. Lay et al. (2011) reported that MCA blood flow decreased 74% ± 4 

immediately after pMCAo, indicating that pMCAo results in a more moderate blood flow 

deficit than other ischemic animal models (e.g., proximal MCA occlusion). The moderate 

but prolonged (permanent occlusion) nature of the ischemic deficits after pMCAo may 

explain why evoked neuronal activity trends were slowly affected over hours after pMCAo.  

 As previously reported in this ischemic animal model, sensory stimulation was 

capable of protecting the cortex from ischemic damage but only if sensory stimulation 

treatment was delivered within 2 h (+0 h stimulation) after pMCAo. If sensory stimulation 

was delivered 3 or more h (+3 h stimulation) after pMCAo, the cortex sustained significant 

infarct by 24 h (Frostig et al., 2012; Lay et al., 2010; Lay et al., 2011). Comparable to the 

elevated spatiotemporal synchrony observed in pMCAo alone animals, increased 

spatiotemporal synchrony occurred within minutes after pMCAo in both +0 h and +3 h 

sensory stimulation animals. High spatiotemporal synchrony was, however, reduced only 

during the +0 h and not the +3 h sensory stimulation treatment. Neuroprotection may then 

be predicted by the healthy temporal coordination of neuronal activity. Conversely, 

persistently elevated spatiotemporal synchrony may predict infarct at 24 h.  

 Furthermore, time-frequency analyses suggest oscillation-based distinctions 

between +0 h stimulation, +3 h stimulation, and surgical sham animals. Although delta (1-

3 Hz) was increased after pMCAo in both +0 h and +3 h stimulation animals, theta (4-7 

Hz) and alpha (8-12 Hz) were selectively increased in +3 h stimulation animals. Also 

observed in +3 h stimulation animals, high gamma (>50 Hz) increased only during the 

sensory stimulation treatment period. In +3 h stimulation animals, prominent low 

frequency power increases occurred in intermittent bursts throughout acute ischemia. As 
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in pMCAo alone animals, time points involved in multi-frequency power bursting were 

necessary for the high spatiotemporal synchrony observed in +3 h stimulation animals.  

 The intermittency of observed power bursts and the slow oscillatory pattern 

represented in each power burst after pMCAo is consistent with EEG burst suppression, 

the alternation between slow wave activity bursts and non-bursting inactive periods, 

occurring during neurometabolic disorders (e.g., coma, early infantile encephalopathy, 

and hypothermia). Importantly, in neurometabolic disorders, EEG bursts occur 

homogenously across cortex in approximately 95% of neurons (Steriade et al., 1994). 

Likewise, post pMCAo power bursts occur similarly in time across recording locations. 

The slow oscillations within each burst and the spatial homogeneity of bursts led Ching 

et al. (2011) to propose that global metabolic dynamics govern the switch between EEG 

bursting and non-bursting periods. The EEG burst like phenomena is suggested to be 

generated by a combination of two processes: 1) interactions between neurons resulting 

in oscillations (refer to Introduction: Extracellular recordings of neuronal activity) during 

bursts; 2) burst suppression when bursting results in ATP depletion. In healthy conditions, 

ATP production is coupled to the cerebral metabolic rate of oxygen (CMRO). 

Neurometabolic disruptions compromise ATP production which, in turn, activates 

potassium-gated ATP channels resulting in neuronal inactivation (Du et al., 2008). The 

activation of potassium-gated ATP channels or other similarly behaving channels as a 

function of ATP production may then be key to understanding modulation of EEG activity 

after down regulated CMRO (Ching et al., 2011).  Ischemia is a neurometabolic condition 

that compromises CMRO and, thus, ATP production (Wang et al., 2011), potentially 

producing a burst like phenomena. Observed post pMCAo LFP power bursts are likely 
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comparable to switching between bursting and burst suppression EEG and may be 

governed by ATP production related mechanisms. 

 Our research was the first to closely examine spatial and temporal trends of 

neuronal activity in an ischemic animal model and depict large-scale neuronal network 

dynamics. Historical studies of neuronal activity during ischemia demonstrated opposing 

trends of neuronal depression or hyperexcitability after MCA occlusion (Astrup et al., 

1981; Branston et al., 1974; Domann et al., 1993; Heiss et al., 1976; Neumann-Haefelin 

et al., 1995; Shiene et al., 1996; Takagi et al., 1993). As the majority of these studies 

involved few electrodes with limited sampling, large-scale neuronal network changes 

were not evaluated and likely overlooked. Differences between ischemic animal models 

may also explain neuronal activity distinctions between studies.   

 Recently, the effects of ischemia and its relation to the development of cell death 

has instead mostly been studied at the molecular and cellular levels. Models of infarct 

development including the traditional core versus peri-infarct delineation and mini-cores 

are primarily based in evidence from molecular and cellular levels. The emergence of 

post pMCAo large-scale neuronal network changes central to the MCA territory indicate 

that current models of infarct development do not explain how pMCAo results in infarct at 

24 h and indicate that systems level techniques should also be considered to understand 

the spatial and temporal progression of ischemia.   

 Identifying large-scale electrophysiological signatures of acute ischemia may be 

translationally relevant if our findings can be applied to guide EEG analyses, because 

measures of neuronal function during stroke are known to augment injury-based 

diagnostics (Finnigan and van Putten, 2013; Wu et al., 2016).  
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Appendix 1: Time-frequency representation of LFP 

 

 Extracellular electrical signals recorded by microelectrodes include high frequency 

(≥300 Hz) components relevant to spiking and low frequency (≤300 Hz) LFP. The LFP 

signal is particularly advantageous for understanding neuronal network changes that 

evolve after ischemic onset, because LFP reflects important integrative synaptic 

processes that are not afforded by spiking information from individual neurons. Necessary 

for hours of continuous recordings after ischemic onset, LFP recordings are also more 

stable than spiking (Einevoll et al., 2013). However, many types of transmembrane 

currents contribute to the extracellular field, complicating the interpretation of LFP. 

 Temporally coordinated (synchronized) neuronal activity majorly contributes to 

LFP waveform characteristics (Buzsaki et al., 2012). Synchrony is often generated by 

oscillations, the rhythmically fluctuating excitability of populations of neurons. Importantly, 

oscillations are critical to many neurobiological processes (e.g., motor output and long-

term potentiation) and can be evaluated at numerous spatial and temporal scales 

(reviewed in Buzsaki, 2006).    

  At any electrode location, the LFP signal consists of multiple frequencies 

simultaneously, each of which contain information relevant to distinct processes. The 

composition of LFP is therefore comparable to a radio: multiple stations can broadcast 

concurrently but a given station’s broadcast can be isolated by a frequency band. To 

determine characteristics of oscillations such as frequency and power, signal processing 

techniques can be utilized to extract frequency information from a time domain signal.  
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 A prominent signal-processing technique 

for oscillation related inferences, Fourier transform 

involves convolution, the computing of a dot 

product (point by point multiplication) between the 

signal and a kernel (i.e. sine wave of each 

frequency). Fast Fourier transform (FFT) utilizes 

the same calculations while eliminating redundant 

multiplication and addition steps, increasing the 

efficiency of Fourier transform (Cochran, 1967). 

Both Fourier transform and FFT result in an 

identical isolation of the signal’s frequency 

structure but do not specify when in time the 

frequency-band specific activity occurs. Fourier 

transform is also limited by its assumption of 

stationarity which LFP and EEG data violates (Cohen, 2014).  

 Our FFT analyses addressed stationarity concerns by utilizing the temporally 

localized method of short-time FFT (Figure A1.2). The signal is only considered to be 

stationary for the 2s time window in which the FFT is applied. In EEG data, comparable 

time windows have been determined to be mostly stationary, meeting Fourier 

assumptions (Florian and Pfurtscheller , 1995). Short-time FFT requires repeating the 

FFT analysis during each time window of the recording. The 2 s length of the time window 

was selected to be sensitive to low frequencies and provide increased frequency 

precision. To avoid temporal resolution concerns with selecting a 2s time window, an 

Figure A1.1 A depiction of EEG oscillations 

in each frequency band. Delta (1-3 Hz), theta 

(4-7 Hz), alpha (8-11 Hz), beta (12-30 Hz), 

and gamma (31-100 Hz) frequency bands 

are readily observed in EEG and LFP across 

species and are indicative of distinct neural 

processes. Figure modified  from Nacy et al., 

2016. 
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overlap of 1s (50%) between time windows was also accounted for throughout recordings. 

Additionally, prior to performing FFT, a Hann taper was applied to each time window 

segment to attenuate the amplitude at the beginning and end of the LFP trace. Tapering 

is critical for avoiding edge artifacts that can contaminate resulting time-frequency 

information. As the Hann taper decreases both the signal and the noise on either end of 

the trace, the overlapping procedure ensured that all time points were adequately 

sampled (Cohen, 2014).  

 

 

 

 

Figure A1.2. Illustration depicting steps 

involved in short-time FFT analysis. (A) 

Brief time window segments of the LFP 

were isolated for analysis. (B) A Hann-

taper was then applied to lessen edge 

artifacts. (C) FFT occurs on tapered 

segment to result in power spectrum of 

frequencies represented. (D) The 

subsequent time window segment selected 

overlaps with the analyzed time window 

segment by 50% to assure that all time 

points are accurately sampled (Cohen, 

2014).  
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 An alternative means of time-

varying frequency decomposition, 

complex Morlet (Gabor) wavelet 

analysis determines if and how the 

frequency representation of the signal 

changes over time while maintaining 

frequency precision. Complex Morlet 

wavelet involves windowing a sine 

wave by a Gaussian to form a kernel 

and convoluting the kernel vector by the signal vector (Figure A1.3). Similar to the sine 

wavelet of each frequency utilized in FFT, time-frequency decomposition by complex 

Morlet wavelet convolution requires comparing the signal with wavelets of varying 

frequencies. The Gaussian limits the analysis window so it is not invariant like in FFT 

but short at high frequencies and long at low frequencies (Huang et al., 1999) (Figure 

A1.4). The zeroing of either end of the wavelet kernel is useful for precisely deriving 

frequency characteristics in time. Frequency resolution is not limited by the wavelet 

kernel, because it encompasses a range of frequencies in which the sine wave 

frequency is the peak of the wavelet kernel. Furthermore, complex Morlet wavelet 

overcomes LFP and EEG stationarity concerns as the signal is only assumed to be 

stationary during the brief sine wave-like portion of the wavelet kernel (Cohen, 2014). 

Thus, time-varying frequency estimates derived from Morlet wavelet analyses are ideal 

for retaining temporal and spatial resolution. 

Figure A1.3: An illustration of the formation of the wavelet 

kernel (bottom). The Morlet wavelet is sine wave windowed 

by a Gaussian which in turn is convolved with the signal 

over time (Cohen, 2014). 
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 Whether a variant of FFT or Morlet wavelet analysis is utilized to estimate the time-

varying frequency representation of the signal, time-frequency signal processing 

techniques are typically employed to understand EEG recordings. Our unique research 

extensively adapts cognitive electrophysiological (EEG) analyses for LFP application in 

an animal model of ischemia. Although many researchers have proposed that both EEG 

and LFP reflect the integration of postsynaptic potentials from neuronal populations, the 

relationship between EEG and LFP is poorly understood (reviewed in Cohen, 2017). 

Consistent characterizations across recording methods are necessary for clarifying the 

connection between EEG and LFP and determining the implications of each scale’s 

findings. Identifying similar features in EEG and LFP signals is a first step to improve 

interpretation of observed time-frequency-space information. 

 

 

 

 

 

Figure A1.4: The figure depicts a family of 

wavelet kernels utilized for time-frequency 

decomposition. The frequency of the sine 

wave differs between wavelet kernels 

while other parameters remain the same 

between wavelet kernels (e.g., the zeroed 

ends on either side of each wavelet kernel) 

(Cohen, 2014).  

 




