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Epilepsy afflicts about 50 million people in the world. There are two major types of 

seizures: global seizures which are characterized by seizure activity in both hemispheres 

of the brain at the same time and focal seizures which are characterized by seizure 

activity initiating in a localized portion of the brain and propagating out to larger 

regions. The primary treatment for epilepsy is antiepileptic drugs which either fail 

initially or become medically refractory in 45% of focal epilepsy cases. Unfortunately, 

the primary alternative is invasive neurosurgical resection that can leave patients with 

neurologic deficits. Therefore, there is a need for new minimally invasive treatment 

option.  

 This thesis presents a new laser neurosurgical approach that significantly 

reduces seizure initiation and propagation. Recent studies have shown that seizures 

mainly propagate using layer-specific lateral connections in the cortex. Therefore, it was 

hypothesized that if just these connections were severed, we could block seizures while 

maintaining normal brain activity. Here, we demonstrate that a tightly focused, 

femtosecond-duration infrared laser can ablate tissue with micrometer precision and 

block 95% of seizure propagation while significantly reducing seizure initiation. The 

laser cuts only caused a minor drop in global brain blood flow that returns to baseline 

within days, a microscopic scar with minimal collateral damage, and has almost no 



 

effect on behavior when attempting a complex reaching task with laser cuts in the motor 

cortex. Ultimately, these results support future investigation into the clinical efficiency 

and further development of this neurosurgical technique for possible use in humans. 

 Further, we discuss another alternative treatment strategy for epilepsy. In 

conjunction with Open Source Instruments, we develop a new wireless 

electrophysiological recording device with closed-loop optogenetic stimulation, to 

record and block seizures before they occur. First, we developed an electrophysiological 

recording device and an optogenetically stimulating device separately to test the 

technology before combining into one device. The devices were able to record and 

optogenetically stimulate behavior for 5 weeks. The fully assembled device is still in 

development but with the promising results thus far we are close to recording seizures, 

interpreting the information with the onboard computing, and optogenetically 

modulating the neural activity to stop the epileptiform events. 
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CHAPTER 1 

Introduction 

This thesis is an ambitious attempt at trying to summarize the information attained and 

learned during the past five years of research and throughout a PhD. While this thesis is 

by no means a comprehensive manual to every experiment done and every bit of 

information learned it summarizes the most important background information on 

epilepsy, our work using femtosecond infrared lasers to block seizures, and our 

collaborative work with Open Source Instruments to develop a new dual wireless 

closed-loop electrophysiological recording and optogenetic stimulating device. 

Chapter 2 is an introduction to epilepsy. The chapter includes background on 

the types of epilepsies that are afflicting patients, the current treatments, a shortened list 

of the important etiologies for partial-onset epilepsy, and highlights the two major types 

of focal neocortical epilepsy which are some of the most common medically refractory 

epilepsies in the world. The chapter further discusses the mechanisms that occur during 

seizure initiation and propagation in animal models of acute focal neocortical seizures. 

Lastly, there is a short review of our first publication showing that femtosecond infrared 

laser ablation of connections that seizures propagate along can partially block seizure 

initiation and propagation while maintaining normal brain function. 

Chapter 3 is an introduction to the process by which tightly focused, 

femtosecond-duration infrared laser pulses induce ablation at very fine scales within 

tissues. The chapter includes the optical requirements for tissue ablation and further 

summarizes the main steps of laser ablation including photoionization, impact 

ionization, avalanche ionization, plasma formation, the pressure wave, the cavitation 

bubble, and collapse. The chapter concludes by summarizing the current utilizations of 

femtosecond infrared lasers in medicine as well as some that are being developed.  

Chapter 4 presents our new work on circumscribing laser cuts that attenuate 
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seizure propagation in a mouse model of focal epilepsy. This chapter goes into detail 

about the use of a femtosecond infrared laser to severe specific connections that seizures 

propagate along around a chronically induced seizure focus. The mice in this study were 

then followed for 3-8 months with electrodes at the seizure focus and at distant locations 

to determine the effect of laser cuts on seizure initiation and propagation. Laser cuts 

were further tested for their effect on the cellular composition of the cortex after a 

month, the brain blood flow to the circumscribed area, and their effect on motor 

behavior. Ultimately this work emphasizes the long-term efficacy of this neurosurgical 

approach as well as its minimally invasive nature.  

Chapter 5 describes another form of antiepileptic treatment that modulates 

neural activity in order to try and to prevent the massive wave of electrical activity that 

occurs during a seizure from initiating or propagating. In conjunction with Open Source 

Instruments, a biotechnology company, we are helping test and develop a new wireless 

closed-loop electrophysiology recording and optogenetically stimulating combined 

device. This chapter describes the possible uses and applications of the device, the 

experiments and development so far, and future plans for the device moving forward. 

Finally, chapter 6 summarizes the major findings of this thesis and further 

develops the future directions of both the femtosecond infrared laser neurosurgical 

approach to treat focal neocortical epilepsy and the combined wireless closed-loop 

electrophysiological recording and optogenetic stimulating device.  
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CHAPTER 2 

Epilepsy 

 

Epilepsy afflicts about 2.8% of the world population and is the most common 

neurologic disease in dogs, affecting approximately 5% of dogs worldwide (2-8). A recent 

epidemiological study showed that there are significantly more cases of epilepsy both in 

early and late stages of life, whereby with 1 out of every 26 people developing the disease 

throughout their lifespan (11). The Centers for Disease Control state that the economic 

impact of people with epilepsy in just the United States is upwards of $15.5 billion, and 

research from Europe has suggested it’s above 20 billion euros (13-15). Epilepsy is a major 

health concern around the world and should be a primary concern with regards to treatment 

and providing the best quality of care.  

 

2.1 Classification of Epilepsy 

Epilepsy is divided up into three major categories based on seizure type (1, 16). 

The following description of definitions and terminology associated with the different 

Figure 2.1. Classification of seizure types based on the operational manual from the 2017 
International League Against Epilepsy (1).  
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forms of epilepsy and seizures that characterize them is from the operational manual 

developed in 2017 by the International League Against Epilepsy (ILAE) (Fig. 2.1) (1). The 

first category is generalized epilepsy, which is characterized by global seizures where both 

hemispheres of the brain are activated simultaneously during a seizure. Generalized-onset 

seizures come in two major forms: absence seizures (nonmotor) and tonic-clonic seizures 

(motor). Absence seizures come with loss of conspicuousness for a short time period, 

which can sometimes be associated with a feeling of aura prior to onset. While tonic-clonic 

seizures also cause a loss of consciousness, they tend to be exhibited by extreme muscle 

contractions or extensions, vocalizations, and other erratic behaviors during the course of 

the seizure. It is generally assumed that during generalized seizures the patient will lose 

consciousness. The second form of epilepsy is partial-onset epilepsy or focal epilepsy, 

which is characterized by seizures that initiate in a small, localized area of the brain and 

then propagate out to away from the seizure focus. Focal epilepsy is further defined by 

whether there is awareness during the seizure or if there is loss of consciousness; indicated 

by whether the patient’s awareness is lost for any length of time during the seizure. If there 

is loss of awareness, then the seizure is categorized as a focal unaware seizure or a focal 

seizure with loss of awareness. If the patient can respond and maintains awareness 

throughout the whole episode, then it is characterized as a focal aware seizure. There is one 

other category that is defined as focal to generalized where the seizure begins with focal 

onset but as it propagates it develops into a generalized tonic-clonic seizure. The last 

category of seizure is unknown, which comprises seizures that are difficult to localize as 

either focal or generalized (1, 16). Ultimately, most seizures are categorized by their 

etiology and then treated based on the type of epilepsy. 
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2.2 Etiology of Epilepsy  

 While many neurologic diseases come from one main etiology, epilepsy comes 

from a myriad of different etiologies that can all lead to the same disease. In the following 

sections I will describe the most relevant causes of epilepsy and have organized them by 

the major reasons for developing recurrent seizures, with a focus on etiologies that have a 

higher incidence of drug-resistant focal epilepsies that are difficult to treat. In veterinary 

medicine we diagnose patients by determining the root cause of their symptoms by creating 

a problems list that goes through the 8 major problem categories DAMNITV (degenerative, 

anomalous/congenital, metabolic, neoplasia, infectious/inflammatory/idiopathic, trauma, 

and vascular) of possible causes. The information below will follow this flow while 

emphasizing the most important etiologies and summarizing the key findings of the 

mechanism behind the etiology, the prevalence, and how well treatment currently works.  

 

2.2.1 Degenerative 

 Neurodegenerative diseases are the leading cause of epilepsy in elderly patients (4). 

Alzheimer’s disease is the most common neurologic disease leading to epilepsy with 10% 

of patients developing epilepsy at some point during the course of their disease (17), and 

16% of advanced cases having recurrent seizures (4, 18, 19). There are many pathologic 

mechanisms that underlie Alzheimer’s disease from the extracellular ß-amyloid deposits, 

intracellular neurofibrillary tangles, to changes in cortical blood flow (20, 21). Research in 

animal models of Alzheimer’s disease that overexpress the ß-amyloid protein suggests that 

the excess ß-amyloid plays a role in inducing epileptiform events like seizures. These 
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animals have no neuronal loss but show extensive changes in EEG recordings, including 

all forms of epileptiform events, when compared to wildtype mice (22, 23). This suggests 

that the pathogenic mechanisms, the accumulation of ß-amyloid in plaques, that induces 

Alzheimer’s disease could also induce epilepsy simultaneously.  

An alternative hypothesis has suggested that the accumulation of the ß-amyloid 

plaques as well as the neurofibrillary tangles or buildup of the hyperphosphorylated tau 

protein both play a role in altering neural activity (24). It has been shown that there is a 

decrease in both humans and these mouse models of the concentration of GABA in both 

tissue samples as well as cerebral spinal fluid and there is a decrease in GABAergic 

synapses (22-26). Therefore, while there is no decrease in neurons there is a reduction in 

the amount of inhibition in the brain which can lead to excitotoxicity and epileptiform 

activity.  

This research has also shown that the ß-amyloid proteins are pore forming proteins 

that can lead to over activation of excitatory neurons that are preferentially affected by the 

protein. This occurs through the opening of pores and the exchange of positively charged 

ions into the lumen of the neurons causing depolarization and leads to over excitation (22-

26). This process of overexcitation can lead to epileptiform events and eventually 

epileptogenesis of a seizure focus. 

Ultimately, epilepsy associated with Alzheimer’s disease is hypothesized to be 

secondary. Seizures are normally characterized by partial onset but will secondarily 

become generalized tonic clonic seizures (18, 19, 27). However, more recent work suggests 

that many partial onset seizures have no motor component and therefore might be missed 

due to other characteristics of Alzheimer’s disease (27). Studies has shown that AEDs have 
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between a 69-88% seizure remission in patients with a 95% reduction in seizure frequency 

with patients who do not reach remission, however over 30% feel adverse effects from the 

medication and the comorbidities of Alzheimer’s disease and other drug regimens can 

create significant comorbidities (28-34). It is still unknown whether AEDs are the best form 

of treatment for elderly patients with epilepsy secondary to Alzheimer’s disease because 

the extensive list of comorbidities that comes along with these patients makes all treatments 

challenging (27). Other neurodegenerative diseases do not have as high rates of epilepsy 

as Alzheimer’s disease but each one poses the same complications; comorbidities make 

both medical and surgical interventions difficult without the possibility of serious 

ramifications.  

 

2.2.2 Anomalous or Congenital  

 Epilepsy has been found in epidemiologic studies to affect both young and elderly 

people more than the middle aged (11). For younger people, a large percentage of epilepsy 

is caused by anomalous or congenital conditions (4). For elderly people epilepsy tends to 

accompany other neurodegenerative disorders as discussed above. These genetic forms of 

epilepsy are not well understood but do come from developmental abnormalities, neuronal 

death, changes in excitability, environmental factors, or different patterns of inheritance 

(4). Some forms of epilepsy have shown to have a strong genetic component as they have 

a higher concordance rate in identical (monozygotic) twins (62%) than in fraternal 

(dizygotic) twins (18%) (35). These rates were higher among incidence of generalized over 

partial-onset epilepsy suggesting that most genetic forms of epilepsy have a global change 

in the brain.  
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There are many genetic forms of generalized epilepsy including chromosomal 

disorders like Down syndrome, Angelman syndrome, and Ring chromosome 20 syndrome. 

Down syndrome is one genetic condition that has been shown to have a high incidence of 

epilepsy with more than 10% of down syndrome patients also having chronic seizures (36-

38). Angelman syndrome is a rather rare syndrome that has one of the highest incidences 

of epilepsy with over 90% of people developing generalized seizures within three year of 

being born (39, 40). Lastly, Ring chromosome 20 syndrome, a rather rare disease, is 

associated with development of drug resistant childhood epilepsy along with behavior 

disorders and mental retardation (41). The genetic component of some forms of epilepsy 

is undeniable but is usually associated with generalized epilepsy and responds well to 

medical management (4). 

 There are two major exceptions to the genetic versions of epilepsy above that result 

in generalized seizures and are relatively well managed by medical treatment: Mesial 

temporal lobe epilepsy (MTLE) with hippocampal sclerosis (HS) and cortical dysplasia 

(4). MTLE is one of the most common forms of epilepsy and makes up almost 20% of all 

epilepsy (42). MTLE’s genetic and molecular etiology has yet to be elucidated but research 

has shown strong correlations with febrile seizures early in life, cortical dysplasia, and 

certain phenotypes of the IL-1ß gene (43-46). Unfortunately it is a disease where onset is 

gradual and the seizures are medically refractory and focal in nature, usually due to the HS 

being unilateral (42). Interestingly, research looking at the effects of surgical versus 

medical intervention found that significantly more patients were seizure free after surgical 

treatment (58-69%) as opposed to medical treatment (8%) (47-51). Ultimately, with full or 
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partial surgical resection of the temporal lobe most patients were able to reach seizure 

remission with over 97.6% after 1 year and 95% after 2 years (52).  

Focal cortical dysplasia is the most common cause of drug resistant epilepsy in 

pediatric patients and one of the top causes in adults (44, 53-55). Focal cortical dysplasia 

encompasses many different possible alterations to the cortex during development 

including disorganization of the cortical layers and changes to the cellular architecture (54). 

There are three major types of focal cortical dysplasia: type I has mild symptoms and later 

onset in life, type II has severe symptoms and childhood onset, and type III has severe 

symptoms and normally is associated with HS as well (54). There are multiple hypotheses 

as to the genetic basis of focal cortical dysplasia but many believe it is a combination of 

genetic and environmental factors that together lead to the malformations within the cortex 

at both tissue and cellular levels (54). Surgical resection of the abnormal cortical region 

has shown to be somewhat effective relieving 60-80% of patients from seizures (56). 

Although surgical treatment can cause seizure remission in focal cortical dysplasia, it can 

still leave patients with neurologic deficits and there is need for a new form of treatment 

(44, 53-57).  

     

2.2.3 Metabolic  

 There are many metabolic imbalances that can lead to seizures, but metabolic 

disorders are rarely the cause of epilepsy. Metabolic disorders that can lead to recurrent 

seizures include mitochondrial disorders, disorders of creatine metabolism, glucose 

transporter deficiency, hypoglycemia, storage disorders, vitamin deficiencies, disorders of 

the urea cycle, disorders of amino acids, and disturbances of neurotransmitters (58, 59). 
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Each of these disorders, deficiencies, or disturbances has a molecular cascade that would 

in some way initiate seizures through lowering the seizure threshold, increasing 

epileptiform activity, or reducing the inhibitory neuronal activity.  

Wolf et al. and Papetti et al. have both extensively hypothesized mechanisms for 

how these different metabolic disorders lead to recurrent seizures (58, 59). Many of these 

metabolic disorders have a strong genetic component, which unfortunately, means that 

errors in metabolism most commonly effect newborn babies and infants (58, 59). Therefore 

treatment is crucial to protect their brain and allow it to develop without seizures (58). 

Treating these seizures is difficult due to the ever-changing seizure metrics including 

duration, power, amplitude, and EEG findings for each of the different metabolic disorders. 

AEDs sadly have very little if any effect on these types of seizures and while supplementing 

metabolites, vitamins, or other necessary small molecules can create seizure remission, 

many of these genetic disorders are in parts of the world where access to these supplements 

and medications are limited (58, 59). This ultimately leaves many patients without a 

successful way to be treated and the impending consequences of repeated seizures on brain 

function.  

 

2.2.4 Neoplasia 

 Tumor development and growth in the central nervous system (CNS) can cause 

changes in brain structure and connectivity that can lead to chronic seizures and epilepsy 

(4). Research has shown that upwards of 30% of brain tumors whether they are benign or 

malignant can cause epilepsy, and 4% of all epilepsy patients have some form of brain 

tumor (4, 33, 60). Research also indicates that low grade tumors cause epilepsy more often 
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(50-90%) than high grade tumors (22-37%), especially when located in the temporal lobe 

of the neocortex (61). The reason for this is that the slow growing tumors tend to alter 

neuronal excitability and have more time for epileptogenesis to develop, while fast growing 

tumors tend to replicate too quickly and instead end up killing the tissue in their path (4, 

34, 62). An epidemiologic study shows that the risk of developing epilepsy from a tumor 

dramatically increases with these slow growing tumors: glioneuronal tumors (70-80%), 

low grade gliomas (60-75%), high grade gliomas (25-60%), meningiomas (20-50%), and 

metastases (20-35%)(63).  

The specific mechanism with which brain tumors lead to epileptic foci is not well 

understood and there is a myriad of different hypotheses as to what the molecular 

underpinnings are. Some of these mechanisms include changes in blood brain barrier 

permeability (64), enzymes leading to a metabolic imbalance (65), neuronal connections 

and barriers (66), interstitial concentrations of ions and other metabolites (4), 

neurotransmitter levels, and waste removal from the brain (65). Depending on the origin, 

size, and invasiveness of the neoplasia each or multiple of these mechanisms may be how 

epileptogensis occurs during tumor formation. Surgical resection of the brain tumor 

quickly becomes the best option for reducing or abolishing seizures and works in 60-90% 

of patients (63). Ultimately, only 4% of epilepsy cases are from brain tumors and up to 

90% of patients can go into seizure remission with surgical resection of the tumor 

suggesting that neoplasia is not the most concerning of etiologies for epilepsy (4, 63). 

 

2.2.5 Infectious or Inflammatory 
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 Infectious agents have toxins that can cause significant destruction to the brain as 

well as activate the patient’s immune and inflammatory pathways, all of which can lead to 

changes in cellular structure, neuronal connectivity, and the interstitial milieu (ion 

channels, neurotransmitters, and receptors) which can lead to epilepsy. Bacterial and viral 

meningitis are the most common causes of seizures with a fever and increased neurologic 

deficits putting the patients at higher risk for developing epilepsy but the overall risk of 

meningitis leading to epilepsy after the infection is cleared is very minimal (<10%) (67, 

68). For epileptogenisis to occur a series of different factors must take place to generate 

the microenvironment that can elicit long term seizures. The mechanisms by which 

bacterial and viral meningitis can lead to epilepsy are still unknown, but they are 

hypothesized to be induced by chronic inflammatory factors and pathways from foreign 

molecules such as surface proteins on the pathogens interacting with toll-like receptors to 

initiate pathways that remove bacteria but could also lower the seizure threshold by 

damaging surrounding tissue (69).  

Encephalitis is the next most likely cause of epilepsy from an infectious agent and 

the main culprit is herpes simplex virus (70). Research suggests that 40-65% of cases of 

herpes simplex encephalitis have seizures throughout their disease process (71). The 

possibility of developing epilepsy with herpes simplex encephalitis is greatly increased if 

seizures occur early on in disease, and patients can be at a significant risk for up to 5 years 

to develop epilepsy (72, 73) Herpes simplex encephalitis causes recurrent seizures in 

approximately 40% of patients that mostly begin focal and secondarily proceed to 

generalized seizures. It is hypothesized that these seizures are caused by the herpes simplex 

virus triggering necrosis of the surrounding tissue (74). While 40% is an extremely high 
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percentage of patients, there is only one case in a million people per year of herpes simplex 

encephalitis (75). Therefore, this is a rare possibility that a herpes infection leads to 

encephalitis and then to epilepsy.  

Another form of infection that can cause epilepsy is bacterial abscesses that occur 

after head trauma or as a post-operative surgical complication (4). Bacterial abscesses can 

cause a wide host of changes in the brain due to their toxins along with the inflammatory 

and immune pathways that they initiate upon being recognized as a foreign agent. A 

research study that examined 22 years of data found that people with frontal or parietal 

lobe abscesses or had a simultaneous endocarditis were more susceptible to developing 

epilepsy, but that happened in only 4.3% of patients who survived the brain abscess (76). 

Lastly, neurocysticercosis, a parasitic infection of the brain that leaves cysts, is known for 

causing somewhere between 30-50% of the epilepsy in developing nations that are endemic 

to the parasitic species (77, 78). These parasites take hold and can cause extensive tissue 

changes leading to epilepsy in the frontal or temporal lobes of the brain (77, 78). There are 

a couple of other infections that can lead to inflammation in the brain and eventual 

epileptogenesis but they are rarer and do not contribute significantly to the percentage of 

people in the world with epilepsy if treated correctly. Overall, infections can lead to 

epilepsy, but if treated correctly and within a reasonable amount of time this is a rare side 

effect of any infection.  

 Inflammation in the brain can lead to both macroscopic and microscopic changes 

in the tissue architecture, cellular connectivity, and molecular environment that can lead to 

the development of recurrent seizures. Inflammatory pathways that cause damage to 

surrounding tissue are one of the main mechanisms of recurrent seizures and underlie 
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almost half the etiologies of epilepsy including neoplasia, infection, trauma, and 

autoimmune. There are numerous autoimmune disorders that secondarily cause epilepsy, 

but each of these disorders are rare and the epilepsy associated with them is even more 

rare. Rasmussen encephalitis is an autoimmune disorder that affects children that causes 

focal drug-resistant seizures and reduced mental faculties due to the chronic encephalitis 

(4, 79). The pathogenic mechanism is believed to be induced by antibodies attacking 

glutamate receptors, acetylcholine receptors, and synaptic proteins, thus causing apoptosis 

to neurons and astrocytes (80). This normally takes a toll on one hemisphere, causing 

significant neurologic deficits and reducing one’s quality of life dramatically. It has been 

shown that AEDs have little to no effect on their seizures and surgery is recommended to 

prevent further mental decline and uncontrollable seizures. About 80% of patients with a 

full hemispherectomy see seizure remission but it is not without significant neurologic 

deficits. Luckily, this disease normally afflicts young children whose brains are still plastic 

and can adapt to the new state (79-81). There are other diseases similar to Rasmussen 

encephalitis all of which have the host’s own immune system attack the brain and induce 

seizures, but these make up a very small amount of the epilepsy cases around the world 

(4).  

  

2.2.6 Idiopathic  

 Idiopathic epilepsy as the name suggests is without a cause. Both patients and 

doctors are baffled as to why the seizures occur and cannot determine what triggers their 

onset. The International League Against Epilepsy (ILEA) created a list of all epilepsy 

syndromes and related conditions and the only major idiopathic condition was idiopathic 
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generalized epilepsy (IGE) (82). The seizures associated with IGE can present by 

themselves or in any combination of three forms: absence, myoclonic, and generalized 

tonic-clonic (83, 84). It has been hypothesized that IGE has a strong genetic basis due to 

the inability to locate any inciting factors in most cases and there being no evidence of 

anatomical abnormalities associated with the seizures (83, 84). Most diagnostic tests 

including neurologic examination, EEG, and MRI all come back showing a normal brain, 

which leaves doctors baffled by the source of the epileptiform events in IGE (83-85). IGE 

accounts for between 15-18% of all epilepsy patients (83).  

Extensive research has been done across 25 studies and meta-analyses looking into 

different monotherapies and their effectiveness against IGE. Interestingly, monotherapies 

vastly changed depending on the type of seizure that patients were experiencing in their 

disease process (83). Even more important is that some monotherapies would exacerbate 

some forms of seizures while others would cause seizure remission. Therefore, 

monotherapies had dramatically different seizure reductions or remission percentages 

depending on the type of seizure. Remission rates ranged dramatically from 16.7 – 95.7% 

(83). Absence seizures were best treated through a combination of anticonvulsants, 

valproate and ethosuximide, which created seizure remission in 58-83.6% of patients. 

Myoclonic and tonic-clonic seizures were treated best with lamotrigine (an anticonvulsant) 

which caused up to 64% of patients to go into seizure remission (83). Most of the drugs 

have adverse effects on patients causing nausea and sedation of varying degrees depending 

on dosage and how well a patient can metabolize the drug (83). These drugs and newer 

AEDs are constantly being adapted, developed, and research is always finding new ways 
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to add on other therapies to improve the number of patients that can research seizure 

remission.  

 

2.2.7 Trauma 

 Traumatic brain injury (TBI) is the largest cause of epilepsy making up 20% of all 

symptomatic cases and 6% of all epilepsy cases in the world (4, 9, 86). It is dangerous and 

often leads to drug-resistant focal epilepsy that is difficult to treat (87-91). Epilepsy after 

traumatic injury often takes years to be fully managed and sometimes is never completely 

controlled (87, 92). TBI is characterized by some external force acting on the brain and can 

come in many different forms, like a concussive force or being hit on the head, fast changes 

in motion, explosion, or projectile (93). TBIs are graded on the 15-point Glasgow Coma 

Scale (GCS): 13-15 mild TBI, 9-12 moderate TBI, and 1-8 severe TBI (87, 88, 90, 92, 94-

97). Epileptogenesis is directly associated with the severity of the brain injury whereby 

more severe injuries are more likely to cause epilepsy; according to one studying looking 

at 30 years of data 2.1% of mild TBI patients, 4.2% of moderate TBI, and 16.7% of severe 

TBI developed epilepsy (98). Seizures after TBI are classified in three major categories 

based on the time they occurred after the injury: Immediate (with 24 hours), early (1-7 

days),  and late (after 1 week) (99). Another study investigating the first two years after 

TBI at multiple trauma centers found that 8% of mild, 24% moderate, and 17% of severe 

TBI developed late seizures (100). Another study from China looking at multiple hospitals 

found that the average chance of developing seizures at all was about 10% (101). The 

Centers for Disease Control (CDC) reports that 75% of all TBI cases is mild TBI, so even 

though severe TBI is more likely to cause epilepsy there are more cases of mild TBI leading 
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to focal epilepsy (102). Ultimately, only 35% of patients with TBI are able to be medically 

managed and reach seizure remission, while 60-80% of TBI cases require more than one 

type of treatment (103, 104).  

 

2.2.8 Vascular 

 Stroke is the leading vascular cause of epilepsy (4). There are two major types of 

strokes: Ischemic stroke where there is a loss of blood to an area for a period of time, and 

hemorrhagic stroke where blood vessels rupture and bleed into the brain preventing blood 

from getting to certain areas (4, 105). Almost 90% of strokes are ischemic according to the 

CDC and most literature (105, 106). Stroke is actually the leading cause of seizures and 

epilepsy in the elderly (107). It is still not well known how the cascade of events after a 

stroke leads to epileptogensis, but it is hypothesized that the disruption of blood flow to the 

brain causes changes in the microenvironment of the stroked area and subsequent cell 

death. This can cause increased release of neurotransmitter and an imbalance in 

extracellular metabolites and ions leading to recurrent seizures (105). Again, early seizures 

after a stroke increases the likelihood the patient develops epilepsy, especially in people 

who have seizures in the immediate or early phases after stroke (4). Studies around the 

world give an extremely wide range suggesting anywhere from 2.5 to 6.4% of ischemic 

stroke patients and 12 to 39% of hemorrhagic stroke patients will develop epilepsy (2, 105, 

107-109). The CDC says that about 610,000 people have new strokes per year, and when 

90% of those are ischemic strokes with an average 6.4% of patients developing epilepsy, 

about 35,000 people a year have strokes and then develop epilepsy in the US (2, 105-110). 

While strokes are the number one vascular cause for epilepsy, cerebral cavernous and 
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arteriovenous malformations can cause epilepsy. However, both of these conditions are 

very rare and surgical resection of the anomalous vessels and further repair shows that most 

patients with either condition will recover and be seizure free (111-113).  

 

2.2.9 Summary of Etiologies 

 The above sections summarize the main etiologies of recurrent seizures that 

ultimately lead to epilepsy. Degenerative forms of epilepsy mainly include 

neurodegenerative diseases including Alzheimer’s disease which has a lot of comorbidities 

and sometimes responds to seizure medication. There are however no other treatment 

options as most of the other treatments for epilepsy require surgical resection or 

implantation of a stimulation device, both of which would be too risky with the underlying 

comorbidities from the neurodegenerative disease. Congenital or anomalous conditions 

normally develop global deficits leading to generalized epilepsy which is well managed 

with AEDs. The two exceptions are MTLE with HS and cortical dysplasia, which both 

cause partial-onset seizures that are normally drug resistant and most respond well to 

surgical resection of the affected area or removal of the lobe. Metabolic conditions make 

up a small proportion of all epilepsy cases and are normally due to a disorder, deficiency, 

or disturbances. Unfortunately, metabolic-induced epilepsy is endemic to developing 

nations where supplements, minerals, and other small molecules are difficult to access for 

patients. Neoplasia makes up a very small amount of all epilepsy cases, is normally drug-

resistant but surgical resection has proven very successful. Infections can be caused by 

many different agents and can lead to recurrent seizures and even epilepsy, but if treated 

appropriately and within a reasonable timeframe then it is a very rare side effect. There are 
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many autoimmune conditions that can lead to recurrent seizures and even epilepsy. 

Unfortunately, antibody treatments are only minimally helpful, and AEDs have been 

shown to not be effective, but surgical resection of hemispheres in certain unilateral cases 

has shown seizure remission. Idiopathic causes of epilepsy normally induce generalized 

seizures that respond well to AEDs. Trauma-induced epilepsy is the most common form of 

epilepsy and normally is characterized by drug-resistant partial-onset seizures that are 

difficult to treat. Surgical resection does not work as well as other types of epilepsy and 

has shown to have significant side effects. Lastly, vascular problems like strokes and 

vascular malformations rarely cause epilepsy but surgical fixing of vascular malformations 

is normally curative and stroke patients can be treated with AEDs.  

Most generalized epilepsies are able to be successfully managed to seizure 

remission with medical management, while partial-onset epilepsies are more often drug 

resistant, and the current treatment options are permanent and cause serious side effects. 

Due to the aggressive nature of TBI-induced seizures and the insufficient treatment options 

for good seizure remission there is a strong need for new treatment options. The remainder 

of this chapter will focus more exclusively on drug-resistant partial-onset epilepsy. During 

traumatic brain injury most of epilepsy is restricted to the neocortex. The following 

sections will outline the major locations of neocortical focal epilepsy, the mechanisms for 

seizure initiation and propagation, animal models and new treatments being adapted for 

this type of epilepsy.  

 

2.3 Temporal and Extratemporal Focal Cortical Epilepsy 
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 As described above in the treatment section, partial onset seizures are not able to 

be medically managed in about 45% of cases (5, 114-116) and the only major alternative 

is surgical resection that leaves many patients with severe, long-lasting neurologic deficits 

(47-50, 52, 93, 116-139). Furthermore, other treatment options do not give a high success 

rate for seizure remission. Stimulation devices, radiosurgery, laser ablation, and focused 

ultrasound are not producing more than 65% seizure remission and most have serious side 

effects to treatment (111-113, 130, 136, 140-157). Drug-resistant partial onset epilepsy is 

split between extratemporal and temporal forms of epilepsy. Surgical resection has proven 

somewhat successful in temporal lobe epilepsies, especially hippocampal epilepsies like 

MTLE with HS that has shown over 90% seizure remission rates in some studies of surgical 

resection of the hippocampus (45, 52, 149). While patients can deal with losses of the 

temporal lobe and still live relatively normal lives, extratemporal focal epilepsy that occurs 

in the frontal, parietal, and occipital lobes of the brain can often be in vital places for 

language, executive function, speech, motor function, and more. Therefore, surgical 

resection poses a much greater risk with the possibility of severe neurologic deficits and 

loss of function after surgery being much higher (47, 118, 119, 126, 138). Ultimately, 

despite a massive variety of different etiologies leading to epilepsy there are only a couple 

of different treatment options. 

 

2.4 Treatment of Epilepsy 

Epilepsy is a disease that is characterized by uncontrollable increases in 

synchronous brain activity and can cause loss of muscle control, erratic movements, 

limpness, changes in states of consciousness, vocalizations, feelings such as auras, and 
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even death (2-7, 14, 158, 159). It is a devastating disease that if not controlled can impede 

and limit patients’ day-to-day activities, given the constant fear that a seizure can happen 

at any moment. Lastly, seizures are extremely dangerous to the patient, and repeated 

uncontrolled seizures increase chances of death. It has been shown that repeated seizures 

over time can also have significant effects on the brain, often leaving patients with long-

term behavioral impacts like memory impairments and lower IQ as well as other neurologic 

deficits (160, 161). Therefore, it is important that seizures be properly controlled through 

medical or surgical intervention. Treatment for epilepsy can be broken down into three 

major groups: Medical management, surgical intervention, and new and developing 

procedures.  

 

2.4.1 Medical Management 

Medical management or the pharmacological inhibition of seizures is the most 

common treatment for people with epilepsy. There is a wide range of antiepileptic drugs 

(AED) including cocktail combinations of AEDs that a large percentage of people (over 

60%) can remain seizure-free using both diet and pharmaceutical intervention. 

Unfortunately, with such a large number of AEDs on the market and the lack of consensus 

among expert committees on the best ways to treat patients, there is a lot of confusion 

among neurologists as to which drugs to administer and when they should be used (15, 

136, 161). It has been shown that the drug selection to treat epilepsy depends extensively 

on the individual being treated (15, 162). Many patients must try more than one drug and 

eventually end up on a cocktail of drugs if they can find the right formula to keep them 

seizure-free (116, 136, 163, 164). There are three major categories of AEDs that work by 
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either blocking the excessive increase in neuronal activity from being generated or 

dampening down neuronal activity. These drugs work through three major mechanisms: 

sodium channel blockers, calcium channel blockers, or increasing extracellular GABA or 

decreasing GABA uptake (163).  

Research continues to show that medical management works to create seizure 

remission in about 60% of all patients with epilepsy. The remaining 40% have varying 

degrees seizure remission. About 10% of patients will reach remission later in treatment, 

another 10% will have punctate periods of remission, and the remaining 20% never reach 

seizure remission (165, 166). There is unfortunately a large percentage of patients who 

remain unable to be treated with medical management. Patients are considered to have 

drug-resistant epilepsy when they have attempted at least two trials of an appropriate and 

tolerated AED (167). Logically, because AEDs work globally to disrupt or block ion 

channels or neurotransmitters, they tend to work better for people who have generalized 

epilepsy since most causes of generalized epilepsy have a global change in the molecular 

underpinnings of the brain including changes in either ion channels or neurotransmitters 

(163, 168). However, in partial-onset epilepsy there is normally a focal region that has been 

disturbed, genetically or molecularly changed, or is dysfunctional. When AEDs are utilized 

in focal epilepsy it is often difficult to get a high enough level of AEDs to the focal area to 

stop the seizure activity without the negative side effects of the drugs (5, 163). Most of 

these drugs have a sedative effect when the dosage is too high and the patients with focal 

epilepsy who need such high dosages find that it can impede daily activities (114, 115, 

163). Another subset of focal epilepsy patients ultimately either start or become refractory 

to any medication or combination of medications. About 45% of all focal epilepsy patients 
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are unable to be treated through medical management and search for other treatment 

options (5, 114-116). Since generalized-onset epilepsy is manageable with AEDs while 

partial-onset epilepsy is not, all further discussion of other treatment options will focus on 

those for focal epilepsy. 

 

2.4.2 Surgical Intervention 

 There are not many alternatives for patients who either started or have become 

medically refractory to all AEDs. Surgical intervention is the next most common treatment 

when medical management fails but it is estimated that while 2.4 - 3.2 million people in 

the United States are in this position, less than 2,000 surgeries are performed yearly (163). 

This is disheartening as one study has shown that with surgical intervention more than 60% 

of patients see seizure remission and it far outweighs the continued persistence of 

attempting drug trails where only 8% of patients reach seizure remission (120, 139). 

Surgical intervention is also dramatically undervalued for its ability to give patients their 

lives back as well as reduce the chances of a premature death (169), morbidity (129), and 

the psychological stress of the disease (170-172). Research has shown that early surgical 

intervention is better for patients and can relieve the morbidity and chances of mortality. 

Repeated uncontrolled seizures as mentioned above will lead to further brain damage 

causing cognitive decline, and both social and psychological stress on the individual (160, 

163). Therefore, by undergoing surgery earlier rather than later (when medical intervention 

is not able to produce seizure remission) it might save patients of the consequences of 

waiting.  
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There are four major types of epilepsy surgery: Resective, disconnection, ablation, 

and surgical implantation of stimulation devices. Resective surgery is the most common 

form of epilepsy surgery and involves the removal of the part of the brain that is generating 

epileptiform events. This type of surgery requires a localized epileptogenic focus that is 

well-defined so it can be removed (173). Physicians and veterinarians locate the seizure 

focus using electroencephalography (EEG) or to be even more precise intracranial EEG on 

patients before surgery (174-176). There are six major types of resective epilepsy surgery 

in humans: anterior temporal lobe resections, amygdalohippocampectomy, extratemporal 

resection, lesionectomy, hemispherectomy and large multilobar resections, and corpus 

callosotomy (163, 177). Depending on the surgery, the extent of the pathology, and the 

individual patient, some of these procedures are standardized. Others require the 

neurosurgeon to personalize aspects in order to achieve seizure remission while removing 

as little tissue as possible (163). Seizure foci can dramatically range in size from a whole 

hemisphere requiring surgeries like a hemispherectomy to smaller lesionectomy for things 

like small tumors (163). Many neurologists, neurosurgeons, and researchers also 

distinguish focal epilepsy into two major categories based on location of the seizure focus: 

Temporal lobe epilepsy is usually a form of hippocampal epilepsy, while extratemporal 

epilepsy is usually neocortical epilepsy. The division of these two locations helps inform 

the type of surgery the patient will need (118). Therefore, location and the size of the 

pathology are two major factors that are critical in deciding which surgery is most 

appropriate for a patient. A recent meta-analysis on surgical resection of drug-resistant 

epileptic foci in the temporal lobe found that 63% of patients who underwent surgery 

became seizure-free, but side effects were quite common (126). For example, of patients 
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with temporal lobe epilepsy, 44% (20%) receiving resections on the left (right) side of the 

brain experienced significant verbal memory loss (126). In addition, while chronic seizures 

are associated with gradual loss of memory function, the surgical resection of the epileptic 

focus can accelerate this functional decline, even with seizure control (124). Interestingly 

with extratemporal lobe epilepsy such as occipital, parietal, and frontal lobe neocortical 

focal epilepsy similar results have been found: on average, surgical resection lead to 65% 

of patients in seizure remission (51, 119, 126, 130, 133, 138, 178), but still a significant 

population had functional declines and other neurological deficits (117, 119, 125, 126, 132, 

138, 179). Ultimately, surgical resection can cause seizure remission in over 60% of 

patients but the possible side effects can leave them with significant neurologic deficits. 

 Disconnection surgery is a surgical intervention that attempts to sever the 

connections that seizures propagate along. This ideally will reduce the area that seizure-

like activity can be generated. By reducing the total volume that produces epileptiform 

events one may be able to reduce the severity or even abolish the activity all together (163). 

There are two major types of disconnection surgery that are currently being performed: 

corpus callosotomy and multiple subpial transections (180). Corpus callosotomy is a 

procedure where axon projections that connect one hemisphere of the cortex to the 

contralateral side are severed to prevent focal or generalized seizures from propagating 

across the brain (181). This method can be a partial or complete transection of the corpus 

callosum depending on the severity of the seizures and the mental state of the patient (181-

183). Most patients only have a two thirds callosotomy in order to prevent any severe side 

effects like disconnection syndrome where the patient can have agnosia, apraxia, alexia, 

and other neurologic deficits (163, 181-183). Patients only qualify for this procedure if they 
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have a difficult seizure focus to distinguish, have tried and failed multiple AED trials, and 

it is the neurologist’s and neurosurgeon’s opinion that severing these connections would 

significantly improve the patient’s general well-being and reduce seizure frequency or 

severity (182, 183). Patients who undergo this procedure usually have severe seizures and 

have exhausted all other options. However, only about 5-10% of patients become seizure 

free after this surgery (177). 

On the other hand, research in horizontal propagation of acute seizures has led to 

the development of another surgical approach, multiple subpial transections, which uses a 

metal instrument to make 2-5-mm wide incisions into the brain to make cuts that isolate 

the seizure-prone cortex (123, 127-129, 137, 184). This invasive surgical approach showed 

complete seizure remission in 55% of patients and no gross behavioral deficits, but still 

noticeable neurologic deficits found on examination (128). Histological analysis of these 

cuts showed large damage to healthy cortex in order to interrupt these seizures (127), but 

this damage is much less severe than removing an entire section of the brain like in 

resective surgery. This is especially noticeable in the reduced deficits found after surgery. 

Unfortunately, this surgery only works for neocortical focal epilepsies with very well-

defined seizure foci that allow for this procedure to have a significant effect at reducing or 

abolishing seizure initiation and propagation.  

 

2.4.3 Stimulation Devices and Ablation 

 Another major treatment for patients with epilepsy is the surgical implantation of 

stimulation devices. There are three major neurostimulation devices that are being used 

around the world for treatment of epilepsy: deep brain stimulation (DBS), vagus nerve 
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stimulation (VNS), and responsive neurostimulation (RNS) (141, 163). Neurostimulation 

is a last resort as a recent review suggests that patients with refractory epilepsy should 

undergo all possible testing to determine that medical management and surgical resection 

are not an option before moving to neurostimulation devices (141). These neurostimulation 

devices are broken up into intracranial (RNS & DBS) and extracranial (VNS) as well as 

whether they are open loop (VNS & DBS) or closed loop (RNS) devices (141, 163). The 

most commonly used neurostimulation device is the VNS and is implanted in the 

subclavicular area at the base of the neck where it has detection probes and electrodes on 

the heart sensing for tachycardia as a proxy for seizure activity (141). The device stimulates 

the vagus nerve causing an immediate reduction in heart rate which can lead to activation 

of the locus coeruleus that releases noradrenaline, which is hypothesized to suppress 

seizures through the antinociceptive pathway (143, 185). Clinical trials have shown that 

the VNS device can reduce seizure frequency by an average of 59% and about 65% of 

patients responded to this treatment, which is what made it the first neurostimulation device 

approved by the Food and Drug Administration in the United States (140-142). This device 

only has minor side effects including hoarseness and coughing with very rare 

complications including vocal cord paralysis and infection (140-142). Overall, the device 

can help patients who have run out of treatment options for resistant epilepsy but is not the 

most effective treatment, so should not be the first line of defense.  

Research has shown that the anterior nucleus of the thalamus plays a role in seizure 

propagation in some forms of focal epilepsy and therefore stimulation of this area with 

DBS to inhibit activity theoretically should be able to abolish seizure activity (186-188). 

Research and clinical trials have shown that high frequency stimulation of the anterior 
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nucleus reduces seizure frequency by 69% after five years, with 68% of patients responding 

to the treatment (141). Unfortunately, the device did cause memory loss in some patients.  

The last major neurostimulation device is the RNS device which has shown that 

direct stimulation of specific regions of the brain including cerebellum, cortex, and 

thalamus can silence seizure-like activity during or right before seizures are about to occur 

(141, 144). This device works in a closed-loop fashion to detect seizures through software 

that monitors brain activity and then quickly activates the device stimulating the brain and 

stopping the seizure-like activity using algorithms to predict an individual’s specific 

epileptiform events (141, 144). This procedure unfortunately only reduces seizure 

frequency on average 50% after five years in 55% of patients, suggesting it is the least 

effective of the neurostimulation procedures (144). Adverse effects of RNS include 

headache, implant site pain, and dysesthesias, but they are not common. Neurostimulation 

devices are a last resort after medical management and surgical intervention fail or are 

impossible to perform but can prove to be a promising treatment for some patients. 

 New options for treatment of epilepsy including radiosurgery and laser ablation 

have come to the forefront of research but are still being developed to take advantage of 

their minimally invasive nature. Epilepsy surgery as discussed above has significant 

possible side effects including many different neurologic deficits depending on the region 

of the brain being operated on, but those negative side effects of the surgery also come with 

all of the possible complications of anesthesia and open neurosurgery (163). Multiple 

studies suggest that up to 20% of invasive epilepsy surgery cases can have postoperative 

neurologic deficits and other complications (47, 49, 121, 122, 131). Therefore, closed or 

noninvasive surgeries like radiosurgery that do not require the invasive craniotomy of most 
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neurosurgeries and cause far less collateral damage with their pinpoint nature and may be 

a better option in the future (145-147, 149-152). Gamma knife and linear accelerator 

(LINAC) surgery are the two major types of radiosurgeries that are currently being adapted 

for radiation of seizure foci. Gamma knife irradiates tissue by focusing multiple sources of 

radioactive cobalt all through the same helmet into the patients’ brain at a precise location 

(149, 150, 189, 190). LINAC works in a similar fashion but uses X-rays to converge at the 

seizure focus and the impact of accelerated electrons causes radiation at the focus (147, 

151, 191). Gamma knife has been shown in long-term follow up eight years after radiation 

of mesial temporal lobe epilepsy to relieve 60% of patients from seizures (146). Research 

on LINAC is newer and has not been fully developed but work in rats has shown that 

LINAC can raise the threshold of seizure activity present in the hippocampal kindling 

epilepsy model. This benefit persisted out to 90 days and suggests that this model could be 

clinically applicable in humans (152). Radiosurgery is a relatively new form of treatment 

that has been adapted for drug-resistant focal epilepsy but shows promise as a less invasive 

treatment with far fewer neurologic and operational side effects. 

 Thermal laser ablation and focused ultrasound are new treatments for patients with 

well-defined focal epilepsy that is medically refractory. These new techniques work to be 

even more minimally invasive and create as little collateral damage while optimizing the 

blocking of seizure initiation. Thermal laser ablation utilizes magnetic resonance imaging 

and a stereotaxic guide in order to be as precise as possible. The microscale precision of 

the laser combined with simultaneous real-time imaging allows for ablation of miniscule 

areas that drive seizure activity (155). One study has shown that stereotactic laser thermal 

ablation significantly reduces seizures in 77% of patients, with 53% of patients being 
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seizure free after ablation of the amygdalohippocampal complex (155).  Thermal laser 

ablation heats the ablated region to >60oC which effects an average of 2.5 cm3. Laser 

ablation has a dramatically reduced craniotomy which allows patients to have a shorter 

hospital stay lasting normally a day or two (155). Only 15% of patients had negative side 

effects and none had permanent neurologic deficits (155). Another form of laser ablation, 

laser interstitial thermal therapy, was able to show similar results with 60% of patients after 

2 years showing remission of seizures (153, 154). Unfortunately, research suggests that 

this procedure either works or doesn’t work. There isn’t a version of the procedure that 

results in a minor reduction in seizure frequency where the procedure partially works (154). 

This approach is currently being practiced at some epilepsy centers around the world and 

is showing promise for those who respond to the procedure. Focused ultrasound works 

through a similar mechanism causing thermal denaturing of proteins by heating small 

volumes of tissue above 60oC through focused acoustic energy (148, 157, 192). Focused 

ultrasound has benefits over laser ablation because it does not need a craniotomy. It is also 

MRI-guided to be precise in its location and allows for the patient to be awake during the 

procedure to get real-time feedback from them (148, 157, 192). So far there has only been 

a case report on MRI-guided focus ablation of a seizure focus but in this, the individual 

remained seizure-free for over a year after surgery (156).  

 We have come a long way in our ability to treat different forms of epilepsy, but the 

current methods are still not able to treat all individuals effectively. Medical management 

works in about 60% of epilepsy patients mainly ones with generalized epilepsy, but the 

remaining 40% or close to 20 million people worldwide are left scrambling with options 

that only work to create seizure remission 65% of the time at best (2-5, 14, 47, 116, 118, 
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121, 122, 130, 158, 163, 193). Ultimately, the epilepsy community including neurologists, 

neurosurgeons, and researchers are all focused on treating the symptoms of epilepsy, the 

seizures, and not on curing the disease (163). We have been able to treat many types of 

seizures, but to come up with better treatment options for conditions like drug-resistant 

focal epilepsy, where 45% of patients are not able to be medically managed and other 

treatment options do not show very promising results (5, 114-116), research needs to focus 

on the etiologies and mechanisms behind how these seizures begin and the way in which 

they operate. 

 

2.5 Mechanisms of Seizure Initiation 

 Therapeutics for epilepsy focuses on reducing seizures, which are a symptom of 

epilepsy, rather than dealing with the disease behind the symptom (163). In order to begin 

to understand how we might be able to treat the disease, the way in which seizure initiation 

and propagation occur need to be understood. Mechanisms of focal neocortical seizure 

initiation are heavily debated, and research is currently investigating the role of different 

amalgamations of neurons and glia during the initial onset of the seizures (194). By 

studying the role that different cell types play in the initiation of seizures, we may be able 

to create new therapeutics that have minimal side effects and can create seizure remission 

in patients with partial-onset epilepsy (194). 

 The cellular composition and location of seizure initiation is a combination of 

multiple locations and layers within the neocortex all coming together to induce a seizure. 

Early research in seizure foci utilizing electrophysiological methods showed increased 

susceptibility of the striate neurons in layer IV to epileptic activity (195). While other more 
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recent studies utilizing more refined and precise electrophysiology have found that seizures 

actually initiate in layer V of the cortex (12, 190, 195-197). However, it could be a 

combination of the two theories suggesting that seizures initiate with a combination of cells 

in layers IV and V. Other electrophysiology findings suggest that seizure foci can be as 

small as a single cortical column with a hyperconnected neuronal system that is easily over-

excitable (195, 198, 199). The earliest indications of determining seizure foci in humans 

used scalp EEG to find the localized region that is initiating the underlying epileptiform 

activity. Unfortunately scalp EEGs are only sensitive to large electrical activity underneath 

the electrode and do not have the spatial resolution to detect more subtle abnormalities 

within the patient’s brain. Some studies have therefore found that epileptic foci are not as 

confined as was once believed. Research suggests that there might be large multi-focal 

populations contained within the same area that ultimately come together to initiate the 

seizure and researchers have called these “microseizures” (194, 198). Researchers have 

found that there are multiple spots of confined activation that lead to initiation of a seizure 

in a localized area possibly as small as a single cortical column (194, 200). Further research 

looking at the neurovascular coupling, a tight communication between neurons and blood 

vessels, of the tissue in the small initiation area found that arterioles were constricted just 

before initiation and then as the metabolic need of the seizure focus ramped up, the 

surrounding vessels vasoconstricted, creating a center surround increase in blood flow 

(200). While some researchers have cited some simultaneous surrounding neuronal 

inhibition around the seizure focus others have said it is not complete and that there is 

further research needed into the cellular make up of inhibitory and excitatory cells at the 

seizure focus.  
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In order to determine the intricate cellular underpinnings of seizure initiation, recent 

research has utilized high-speed imaging to elucidate the mechanisms behind seizure 

initiation (194, 200). A recent study by Wenzel et al. used high-speed calcium imaging to 

monitor the cellular activity during activation of an acute seizure (194). Wenzel et al. used 

a chemoconvulsant to induce acute seizures and then watched as they initiated and 

propagated out to other areas of the brain. Wenzel et al. found that when imaging the 

seizure focus, there was hyperactivity of multiple small clusters of neurons that lead to the 

induction of epileptiform activity (194). They found that these small clusters add up, 

making multiple microseizures. None of these microseizures showed up on their EEG, but 

they saw that when the microseizures built up enough activity they would eventually carry 

over into a full seizure that would be detected on EEG (194). Just before a seizure would 

occur, the preictal phase, many studies have found an increase in interneuron activity. This 

inhibitory activity is hypothesized to help initiate seizures through network 

synchronization and rebound excitation after the mass interneuron activity fails to try 

preventing the seizure from occurring (194, 201, 202). However, other mechanisms of 

seizure initiation still remain unknown as research in chronic seizure models is not yet well 

elucidated.  

 

2.6 Mechanisms of Seizure Propagation  

 Once seizures initiate in layer V of the cortex, they propagate to other regions of 

the brain. Ablation, focused ultrasound, and surgical resection of seizure foci has proven 

promising to prevent this propagation for only about 60-65% of patients as discussed 

above, but it leads to neurologic deficits and can often be unsafe if the focus is located in a 
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vital part of the brain (111-113, 130, 136, 140-157). Due to our poor understanding of 

seizure initiation and the large amount of tissue needed to be removed to disrupt the entire 

focus (which can be vital), much of research has turned to the way in which seizures 

propagate throughout the brain to try and create new therapeutic measures to reduce or 

abolish seizure frequency. Below I will discuss the primary hypothesized mechanisms 

believed to be how focal neocortical seizures propagate through the brain. 

 Across multiple different research studies and models of seizures, scientists have 

begun to paint a picture of the mechanism that ultimately underlies how seizures propagate 

throughout the neocortex of the brain. The first data on how seizures propagate was 

recorded in slice physiology in the early 1990’s. Albowitz and Kuhnt used electrical 

stimulation and chemoconvulsants in brain slices to determine the necessary components 

Figure 2.2. Calcium imaging at single cell resolution shows seizure propagation moves primarily 
through horizontal connections in layers II/III. (A) Schematic representation of the experimental 
paradigm showing the microprism to image the cortical layers from a coronal perspective with the 4-
AP glass electrode and a recording glass electrode. (B) Calcium imaging indicated each of the layers at 
baseline and then images before a seizure and during a seizure to show neuronal activity at both times. 
(C) Representation of when cells were activated during a seizure. (D) Average over eight seizures 
indicating when cells were activated during seizure propagation (12). 
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for seizure initiation and propagation (203). They made vertical cuts to isolate specific 

layers and then found that connections in the supragranular layers, or layers II/III, were 

more prone to propagating epileptiform activity (203). Soon after, Sugiyama et al. and 

Hashizume et al. came out with animal studies on multiple subpial transections showing 

that if you made large transections through the cortex, you could completely block seizure 

propagation in multiple different animal models of seizures (123, 137). After that, 

researchers became more determined to distinguish if there were specific connections with 

which seizures were propagating along. Telfeian and Connors replicated the findings of 

Albowitz and Kuhnt with new seizure models and different approaches to slice physiology. 

Instead of vertical cuts, they made horizontal cuts to determine which layers were 

specifically important for seizure propagation. They found that only layer V could initiate 

the seizures but that horizontal pathways through layers II/III were vital for propagation of 

epileptiform events (197). This work was repeated with yet another model of focal acute 

seizures in the late 2000’s. Rheims et al. found that even in the developing neocortex there 

was the same layer specific nature to the way in which seizures initiate and propagate. 

Rheims et al. was the first to finally connect the two, showing that layer V was more 

susceptible to generating the seizure-like activity, but then through interneurons that 

activity was transferred to the superficial layers (layer II/III) and these layers had horizontal 

connections that had a higher propensity for propagating the huge flux of electrical activity 

(190). Finally, in 2017 Wenzel et al. showed the first evidence that this mechanism was 

not just true in slice physiology, but also in vivo imaging could show that these seizures 

propagated through layer-specific pathways too. Not only did Wenzel et al. show the radial 

pattern with which seizures propagate out from the focus by looking dorsoventrally at the 
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cortex, but they also showed that layer II/III neurons were consistently recruited early in 

seizure propagation compared with layer V neurons by looking coronally through a 

microprism at the cortex (Fig. 2.2A&B). They hypothesized that despite layer V neurons 

being activated that it was the layer II/III neurons propagating the horizontal information 

of the seizure and then subsequently activating the layer V neurons in their cortical column 

(Fig. 2C&D). Therefore, there was minimal to no actual horizontal propagation of the 

seizure through layer V. This finding was repeated in both awake and anesthetized mice 

and further strengthened this theory that seizures mainly propagate through horizontal 

connections in layers II/III (12). Ultimately all of this data lead to the same conclusion: 

There is a layer-specific nature for seizure initiation and propagation. These conclusions 

are vital for they can now lead us to develop new treatments that target these specific 

mechanisms. Multiple of the researchers cited above have referenced in their work that if 

it was possible to just sever the connections that seizures propagate along, we may be able 

to disrupt seizure propagation while maintaining most normal brain activity. The remaining 

question is whether these seizure models that researchers are utilizing truly represent 

human epilepsy or whether their approximation might be missing part of the mechanism. 

 

2.7 Animal Models  

 There exists a plethora of animal models of seizures and epilepsy that has recently 

been summarized in a textbook illustrating and explaining each type of model with their 

positive and negative attributes (Fig. 3) (9). Therefore, in an attempt to discuss the most 

relevant models to this dissertation I will only describe the models that are most commonly 

used in the literature and the important models for the subsequent work in this thesis. 
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Seizure models are broken up into categories based on the etiologies and types of seizures 

(Fig 2.3), just like the forms of epilepsy discussed above. This section will be broken into 

two major subsections: the most commonly utilized seizure models and the most relevant 

models for TBI induced focal neocortical epilepsy.  

Most research in AED development and understanding seizure mechanisms utilized 

models of seizures that were either acute, meaning that they were temporarily creating the 

environment suitable for a seizure, or they were chemically or electrically induced for long 

periods of time (204). The most common seizure models utilized in research are 4-

aminopyridine (4-AP), maximal electroshock seizure (MES), and pentylenetetrazol seizure 

test (PTZ) (204-206). Each of these models creates excessive electrical activity in the brain 

like what occurs during a seizure in human epilepsy, but these models all lack to replicate 

the unique circumstances that occur in the brain during development of a seizure focus and 

therefore might be missing aspects of the mechanism that seizures propagate along (204-

206). Therefore, the current development of treatments will continue to fall short for the 

Figure 2.3. Schematic overview of how seizure models are categorized by phenotype and etiology 
to replicate the symptoms associated with that form of epilepsy (9).  
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same 45% of focal epilepsy cases until we can get a better models of seizure initiation and 

propagation  (5, 114-116).  

MES test is induced through sending an electric stimulus to the brain that is large 

enough to create full extension of the hind limbs. This stimulus has been shown to be 5-10 

times higher than the seizure threshold. This creates a stimulus that will be beyond any 

normal variation of seizure amplitudes (207). The seizures are created by sending an 

electrical stimulus through corneal electrodes and then releasing the animal after the 

stimulus is induced allowing the full seizure to take its course. MES test is the only test 

that has been validated to be clinically viable because it has been the only single animal 

model that was able to bring an AED to clinical trial and to market (9). The seizures induced 

by this model have a clear start and end and normally have a stereotyped course making it 

easy for determining if there is an effect of AEDs or other seizure therapies on them (9, 

207). However, there have been several drugs that are approved and worked well for 

partial-onset epilepsy which suggest that this test is not the best for developing AEDs for 

this form of epilepsy (208). This model works well for generalized seizures and to 

determine how well drugs work on these animals, but the seizures created are far greater 

than any animal would endure and therefore might not be physiologically relevant for 

seizures in human epilepsy (9). By creating AEDs to work against the more severe versions 

of seizures is once again treating for the symptom of seizures and not looking at the 

mechanism by which they are occurring in a patient-by-patient basis 

PTZ has both subcutaneous (s.c.) and intravenous (i.v.) injection routes and is 

another form of administering a single acute seizure to test antiepileptic therapies (9). The 

drug is hypothesized to work through GABA antagonistic action thus inducing more 
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excitatory action (208). The test is used to induce an acute seizure in a mouse model and 

determine the threshold doses needed for animal testing of new AEDs (9, 209). The 

difference between MES and the PTZ test is that the MES identifies new AEDs that are 

good at preventing seizures from propagating while PTZ is known for ideentifiying AEDs 

that help to increase the seizure threshold and reduce the ability for seizures to occur (209). 

I.v. PTZ has been shown to cause generalized seizures including myoclonic jerks, clonic 

convulsions, and long-term extension of muscles and joints in the hindlimbs like with MES. 

The PTZ test is one of the most commonly used seizure models because the 

pharmacological profile is the same as that in most forms of generalized human epilepsy 

(209). Ultimately, PTZ is another acute model of generalized seizure that is used in the 

development of AEDs. But again, this is another form of acute generalized seizure making 

up the profile of a disease that takes its course by making chronic changes to the brain.  

4-AP is a very potent potassium channel antagonist that easily crosses the blood 

brain barrier, causing a lowering of the threshold for neural activity and thus making 

spontaneous mass neurotransmitter release much more likely to occur (206). 4-AP induces 

tonic-clonic seizures and while it has an effect on the release of neurotransmitters in both 

excitatory and inhibitory neurons, it has been shown that it does not work on N-methyl-D-

aspartate (NMDA) receptors (206). This illustrates the acute nature of this drug because of 

the acute activation of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 

(AMPA) receptors and the neglect of long term nature of NMDA receptors (206). 4-AP is 

fast acting but also wears off quickly and the animal will no longer have any seizure-like 

activity again (206). NMDA receptors are glutamate receptors known for changing 

synaptic plasticity (210-212). When NMDA receptors are activated, it means that AMPA 
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receptors had already been activated and removed the inactivation magnesium plug from 

inside the NMDA receptor (210-212). This series of events is involved in long-term 

potentiation and is one of the major events that occur when a new series of glutamatergic 

connections is being strengthened (210-212). Long-term potentiation is believed to 

underlie many mechanisms including learning and memory and is hypothesized to be 

involved in epileptogenesis (211). Chronic focal seizures develop over time from a whole 

host of factors and environmental changes (212). Therefore, the 4-AP model neglects to 

consider the chronic nature of focal seizures and treatments or mechanisms found around 

it may be missing certain key features. This again illustrates that scientists are eliciting the 

symptoms of a seizure and treating that symptom but not investigating the true underlying 

causes of the seizures. 

The mechanisms that occur during epileptogenesis of a seizure focus need to be 

considered in the development of new treatments. As discussed above, the most prevalent 

type of partial onset epilepsy that is frequently drug-resistant in nature is TBI-induced focal 

epilepsy. Many studies looking at the prevalence of focal epilepsy compared to global 

epilepsy suggest that about 60% patients with epilepsy have focal seizures (2-4, 6, 11, 14). 

When that is combined with the evidence that 45% of these patients are medically 

refractory, it suggests that about 30% of all epilepsy patients (or about 15 million people) 

have focal epilepsy and are unable to be medically managed (5, 114-116).  

Therefore, there is a need to find new treatment options for these patients. There 

are three major models that have been developed to try to address this gap: The iron 

chloride model, the fluid percussion injury model, and the controlled cortical impact model. 

The iron chloride model is a reliable model used in research to chemically induce one 
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possible mechanism for TBI-induced focal chronic neocortical seizures (213-216). The 

iron chloride model mimics a buildup of iron from hemoglobin in small microhemorrhages 

that occur during a TBI event. This excess iron that builds up attracts reactive oxygen 

species (ROS) which cause membrane lipid peroxidation on glial cells. Astrocytes are the 

glial cells that are preferentially destroyed by this membrane peroxidation when the tight 

junctions down regulate (216-219). The removal of glutamate after neurotransmitter 

release during an action potential is an important process to prevent excess excitation or 

even excitotoxicity (216, 217). But when astrocytes are destroyed due to the membrane 

peroxidation, they can no longer reuptake the excess glutamate in the synaptic cleft, and 

therefore the excess glutamate can lead to overall excitotoxicity in the area of the bleed or 

iron chloride injection and the eventual development of a seizure focus (216, 217, 220-

222). The iron chloride model has been shown to be a more erratic seizure model than the 

previous models described above where only 70% of animals develop epileptiform activity. 

In the animals that that do develop this activity, there appear to be two types of responses 

to the intracortical injection of iron chloride. Some mice have longer seizures (~20s) that 

occurr more frequently (40 seizures an hour) while another subset of mice have shorter 

seizures (~3s) and happen less frequently (25 seizures an hour)(216). The erratic nature of 

the model does follow well with the chaotic nature of seizures in human epilepsy. 

Therefore, this model would make a good model for determining whether new types of 

epileptic treatments work because not only does it encapsulate a more realistic mechanism 

of epileptogenesis that is hypothesized to occur in human TBI-induced partial onset 

epilepsy, but the model is also erratic, causing different types of seizures that the treatment 

would need to work on. Unfortunately, the downside of the iron chloride model is that it 
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only simulates one part of a TBI event and not the full list of factors that can play a role in 

the generation of a chronic seizure focus, therefore there is further need for investigation 

into other animal models of TBI-induced focal epilepsy.  

The fluid percussion injury (FPI) and controlled cortical impact (CCI) are two 

models that attempt to simulate a collision with the brain and try to induce seizures just 

like a TBI (9). The FPI model is widely used in rats and uses a precisely angled pendulum 

to strike a saline pouch that hits the brain. This interaction with the brain causes severe 

trauma to be delivered to both the grey and white matter of the brain leading to significant 

damage. Unfortunately, only 30-56% of mice or rats who are induced using this model end 

up with seizures and those seizures tend to be very infrequent with less than 1 per day that 

are normally under 2 minutes in duration (94). The CCI model is similar to the FPI model 

because it also contacts the cortex with an instrument that is very precisely calculated to 

determine the extent of the damage. The CCI model has an actual instrument strike the 

brain instead of fluid and can cause some more damage, but the results are very similar to 

the FPI model. This model also has one seizure a day that typically lasts less than 2 minutes 

in duration. Both of these models truly get at the mechanisms and nature of the TBI induced 

partial-onset epilepsy which is where most cases of drug-resistant focal epilepsy occur, but 

the sporadic nature of the seizure model and its low yield of seizures make it more difficult 

to test the clinical efficacy of new antiepileptic therapies. Therefore, initial testing should 

be done with the iron chloride model that has a higher frequency of seizures and could 

yield a better understanding of the initial clinical efficiency but follow up work further 

testing the treatment on a more accurate model would be most beneficial to the 

development of antiepileptic therapies.  
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2.8 In Vivo Femtosecond Laser Subsurface Cortical Microtransections Attenuate 

Acute Rat Focal Seizures 

Research has shown that neocortical seizures propagate along specific horizontal 

connections within the cortex. As described above, these seizures mainly propagate along 

horizontal connections in layers II/III or the supragranular layers of the cortex (12, 123, 

137, 197, 203, 223). It has therefore been hypothesized that if we are able severe just these 

connections, we may be able to stop seizure propagation while maintaining most of the 

cortical structure and function (Fig 2.4A). This mechanism is the theory behind the multiple 

subpial transections surgery which attempts to stop seizure propagation by making large 

transections in the brain to cut these horizontal connections. However, this surgery is not 

widely utilized because it has a discouraging success rate of only 55%. Research suggests 

that this is due to the inaccuracy of surgeons trying to use a hook-like instrument to sever 

these connections in the brain and the excessive damage to the brain that can follow due to 

the instrument leaves some patients with neurologic deficits (123, 127, 129, 184). 

Ultimately, the theory behind this surgery still remains a viable way to try and stop drug-

resistant focal seizures, but it has been neglected because no one has determined a way to 

be more precise in their severing of horizontal neural connections. With the advent of 

tightly-focus femtosecond-duration infrared laser pulses to make microtransections in 

tissue, we can now make cuts deep under the surface of the brain without affecting the 

surrounding tissue (224, 225). We hypothesized that if we used this laser to cut the 

horizontal connections that seizures propagated along, we could block or possibly abolish 

seizures all together while keeping the surrounding cortical structure and function intact. 
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We utilized this laser to make small microtransections in layers II-IV of the cortex 

surrounding a seizure focus in order to try to disrupt the paths that seizures propagate along 

(10). The cuts were layered on top of one another to create an open top open bottom three-

dimensional cube (Fig. 2.4B). Acute focal neocortical seizures were induced by injecting 

a microdose of 4-AP into the cortex at the level of layer V inside the cut geometry. Average 

cut widths were not uniform through depth and varied having a larger thickness, ~160 µm, 

at a depth of 150 µm but the cut width is only 90 µm at a depth of 500 µm (10, 224). We 

found that in 20% of the rats with laser cuts, seizure initiation was completely blocked 

while in another 15% of animals seizure propagation was completely blocked, and the 

remaining animals showed some attenuation (Fig 2.5A-E) (10). In animals that did have 

seizures, laser cuts reduced seizure frequency by almost 65%. In sham animals 97% of 

seizures propagated while in laser cut animals seizure propagation was reduced by 36% 

(Fig. 2.5F) (10). Seizures in animals with laser cuts that did propagate were delayed by an 

Figure 2.4. Severing horizontal connections that seizures propagate along may block seizure 
activity while maintain most normal brain activity. (A) Schematic representation before and after 
hypothesized laser cuts. (B) 3-D volumetric illustration of laser cuts being made in layers II-IV on the 
left and then the experimental paradigm showing seizures initiated inside the cuts and being recorded 
from 2-mm outside the cut border (10).  
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average of 8.5s, amplitude was reduced by ~80% at the focus for seizures that did not 

propagate, and ~50% for seizures that did propagate (10). Contradictorily, seizures that 

propagated in cut animals were almost two times longer than in sham animals while 

seizures that did not propagate were shorter like expected. Ultimately, laser cuts were able 

to prevent seizures in 20% of animals and reduced seizure frequency by almost 2/3 in 

remaining animals. Laser cuts also reduced seizure metrics including duration, amplitude, 

and significantly delayed propagated seizures (10).  

Figure 2.5. Laser cuts significantly reduce seizure initiation, frequency, and the fraction of 
seizures that propagated. (A) Local field potential recordings (LFP) from a control animal indicating 
a normal seizure and propagation. (B) LFP recording from a laser cut animal that did not have any 
seizure initiation. (C) LFP recording from a laser cut animal that had seizures, but they did not 
propagate. (D) LFP recording from a cut animal were some of the seizures propagated but were 
attenuated. (E) Comparison of sham and laser cut animals in the number of initiated seizures (t-test, **P 
< 0.01). (F) Comparison of the number of seizures that propagated between sham and laser cut animals 
(unpaired 2-sample t-test, *P <0.05) (10). 
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 To determine if laser cuts interfered with normal function of the cortex, cuts were 

made in somatosensory tail region and the tail was shocked with a series of electrical 

pulses. These pulses were recorded before and after cuts to determine their effect (Fig. 

2.6A&B) (10). There was no difference in the percentage of stimuli that reached 

somatosensory cortex between laser cut and sham animals, but there was an almost 60% 

reduction in stimulus evoked response amplitude (Fig. 2.6C) (10).  But the presence of 

stimulus evoked responses as well as seizures and normal brain activity suggests that there 

is healthy intact tissue inside the laser cuts.  

 Laser microtransections were able to significantly reduce seizure initiation and 

propagation showing no propagation of seizures in 35% of animals. In remaining animals, 

the frequency of seizures was reduced by 65% and the seizures that did propagate had 

reduced amplitude and a significant delay. Ultimately, this procedure shows promise for 

treating drug-resistant focal seizures and with some refinement may be a viable treatment 

option. Further work is needed to optimize cut geometry and determine whether these laser 

Figure 2.6. Somatosensory stimulus evoked response remains intact even with laser cuts but are 
attenuated. (A-B) Stimulus evoked response recordings induced by electroshock to the tail and recorded 
from in the somatosensory cortex before (A) and after (B) laser cuts. (C) Comparison of the amplitude of 
stimulus evoked responses before and after laser cuts (unpaired 2-sample t-test; ***P < 0.001) (10).  
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cuts are able to maintain their ability to block seizure initiation and propagation over time 

(10). 

 

2.9 Conclusions 

 Epilepsy is one of the most prevalent neurologic diseases in the world afflicting 

almost 3% of humans and 5% of dogs (2-8). The seizures associated with the disease are 

debilitating and cause significant morbidity as well as increases in mortality (5). Epilepsy 

is broken up into subtypes based on the nature of the seizures that accompany the disease 

which can include generalized, partial, or unknown seizures (1, 16). The current treatment 

options mainly rely on AEDs or medical management to reduce or abolish seizures but are 

only effective in about 70% of epilepsy patients (15, 136, 161). AEDs do work well for 

patients with generalized seizures where the etiology is often global and easier to treat. 

Unfortunately, patients with focal abnormalities like in partial-onset epilepsy tend to be 

more difficult to treat and either AEDs never work, or the patients become medically 

refractory. About 45% of partial-onset epilepsy patients are medically refractory and 

require other treatment options (5, 114-116). The current alternatives for epilepsy mostly 

involve some form of surgical resection of the seizure focus, but there are newer forms of 

treatment like MST, stimulation devices, thermal laser ablation, and focused ultrasound 

which all show some promise for specific types of epilepsy (163). Ultimately, for a large 

group of patients, none of these treatments results in remission of seizures without 

significant side effects. Therefore, there is still a desperate need for a new treatment that 

can block or abolish seizures while also having minimal side effects. 
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 Traumatic injury-induced epilepsy is one of the major causes of drug-resistant 

partial-onset epilepsy and makes up about 20% of the symptomatic epilepsy in the world 

(4, 9, 86). TBIs usually result in focal neocortical epilepsy. Research has shown that focal 

seizures in the cortex propagate through specific horizontal connections in layers II/III of 

the cortex (12, 123, 137, 197, 203, 223). Therefore, it has been hypothesized if we could 

sever these connections, we could block seizures while maintaining most normal brain 

activity. Femtosecond infrared laser ablation presents a new way to make subsurface 

micrometer-sized laser cuts deep within the brain without causing significant collateral 

damage (224, 225). In our new work detailed above we show that femtosecond infrared 

laser cuts severing those lateral connections in layers II-IV can dramatically reduce seizure 

initiation, frequency, and propagation in an animal model of acute seizures (224, 225). 

However, these acute seizures are temporary and do not mirror the full scope of partial-

onset epilepsy. On top of that, laser cuts were made initially to ensure that the connections 

seizures propagated along were severed and therefore were not optimized for blocking. 

Future work needs to increase the efficiency of laser cuts by optimizing the cut geometry 

as well as testing the long-term efficiency of the cuts in blocking chronic focal neocortical 

seizures. Another next step of developing this procedure also involves moving to a model 

of chronic focal neocortical seizures or partial-onset epilepsy. This will further test the 

clinical applicability of this new neurosurgical approach and determine if it is worth 

additional testing for applications in higher order species and development for human use 

in an operating room. 
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CHAPTER 3 

Why is femtosecond infrared laser ablation of biological tissue the future of 

microsurgery? 

 

Laser ablation has been attempted with multiple types of lasers at various 

wavelengths, frequencies, and repetition rates each with their own advantages and 

limitations depending on the optical properties of the tissue being ablated (1-4). Different 

biological tissues have unique properties based on their structure which impacts the 

energy distribution and deposition. Recent research has shown that tightly focused 

femtosecond-duration infrared lasers can be used to make very precise microscopic 

ablations in optically clear materials with minimal collateral damage (1-14). The 

mechanism behind this process explains the how this laser penetrates deep into tissue to 

make microscale ablations while having minimal thermal deposition and spatially 

confined energy deposition. Below we will outline the optical properties that lead to 

energy deposition and describe the stages of femtosecond infrared laser ablation including 

photoionization, impact ionization, avalanche ionization, plasma formation, pressure 

wave induction, and cavitation bubble formation and collapse, and how these stages allow 

the laser to penetrate deep into tissue. Then we will discuss some of the uses of 

femtosecond infrared lasers in medicine. 

 

3.1 Optical Properties that Lead to Energy Absorption 

There are specific properties of lasers that lead to energy deposition including the 

repetition rate, wavelength, and pulse length. The laser in our lab utilized in the previous 
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studies outlined in chapters two and four is a femtosecond-duration infrared laser (l = 800 

nm). The amplified beam has a 1-kHz repetition rate and is transmitted through a 20x, 

water immersion objective with a 1.3 numerical aperture (NA). The NA is related to the 

half-angle of the cone of light emitted from the objective. A higher NA decreases the 

working distance of the objective by making a steeper angle. Laser beam propagation is 

best described by gaussian optics which means that there is a minimum for the radius of 

the focus (1, 4). There is an inverse relationship between the beam waist with the NA. 

Therefore, as the NA gets bigger the diameter of the beam focus gets smaller. In order to 

have tissue ablation occur the beam intensity or the number of photons per unit area needs 

to be very high. This means that the beam diameter needs to be extremely small which 

ultimately means the NA must be large. Ultimately, the high NA results in a smaller 

diameter focal point for the laser beam and this increases the chances of ablation occurring 

(1, 4). The femtosecond nature of the laser means that the pulse width is very short which 

concentrates photon deposition into the tissue in a very short time with high peak power 

bursts. When the short duration pulses are combined with a confined focus the resulting 

combination has the necessary components to reach the laser intensities needed for tissue 

ablation (1, 4).  Work has been done to show that the threshold NA for successful ablation 

is 0.9 (1, 3, 10-13). When short ultrafast laser pulses are fed through a high NA objective 

above 0.9, the pulses are focused in such a way that they can vaporize tissue (1-5, 9). With 

NA below threshold, the energy deposition cannot be confined to a specific location and 

there is no high intensity to the energy dispersed in the tissue, or the focus spreads out 

resulting in a streaking effect (2, 4, 5).  
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Once focused through this high NA objective to a specific location within an 

optically transparent substance or tissue, the ultrafast infrared laser pulses are initially 

nonlinearly absorbed (1, 3, 9). That early nonlinear absorption of the tissue sets off a 

cascade that lasts microseconds, and consists of ionization of atoms, plasma formation, a 

pressure wave, creation of a cavitation bubble, and eventual collapse (2, 4, 5). All of these 

events culminate in the ablation of material at such a fine scale that  single cells, processes 

of cells such as neurons, parts of membranes, or even cytoskeletal elements can be 

precisely targeted deep inside tissue with the surrounding cells or even subcellular 

components remaining undisturbed (2, 4).   

 

3.2 Timeline of the Ablation Process 

The initial phase of the ablation process by femtosecond infrared lasers occurs 

within picoseconds and is the nonlinear absorption of laser photons by atoms’ valence 

electrons to produce free electrons, known as photoionization (1, 4). Electrons in the 

valence shell are normally bound to an atom because they sit in the state of minimal 

energy, or a potential well, due to the pull from the positively charged nucleus. In order 

to be ionized, the electrons must leave the local minimum of potential energy and move 

to a more energetically unfavorable state. The change in energy needed to escape sets up 

Figure 3.1. Schematic representation of ways in which laser-induced photoionization can occur 
during the initial phase of laser ablation. Above each example is the Keldysh parameter (γ) values for 
that mechanism of photoionization (1). 
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a barrier that must be overcome for the atom to be ionized. As we know, infrared (IR) 

light is the same light emitted from the end of a remote control when sending signals to 

something like a television. IR light is not harmful to tissue and under normal conditions 

lacks the energy to ionize an atom. On the opposite end the high intensity energy 

deposition of tightly focused femtosecond-duration infrared laser pulses is able to ionize 

atoms. With the femtosecond infrared laser, there are two ways of approaching laser-

induced photoionization of these atoms. The first way is by looking at the laser through a 

quantumechanical perspective of an electric wave and the other is the perspective of 

photons (Fig. 3.1). The quantum mechanical view on laser photoionization of atoms starts 

with the strong electric field from the high intensity laser pulse suppressing the energy 

barrier preventing an electron from leaving the valence energy shell making the barrier 

much smaller and allowing the electron the capacity to tunnel out and become a free 

electron, a process known as tunneling ionization (1, 2, 4, 5) (Fig. 1, left). The other 

approach involves multiphoton ionization and occurs when multiple photons are absorbed 

simultaneous by an electron summating their energy. If the energy of all the photons 

absorbed is greater than the energy needed to overcome the energy barrier and break the 

electron free from its valence shell, then it will be ionized (1, 4) (Fig. 3.1, right). 

Researchers have determined that the photoionization process does not have to be 

completely viewed in just one way, and that both multiphoton and tunnel ionization could 

be modeled to work in the same theory. Essentially there was a middle ground where 

multiple photons could be absorbed, and the electron could tunnel out of the remaining 

barrier that was slightly suppressed by the laser pulse’s electric field (1, 4, 16) (Fig. 3.1, 

middle). Based on the laser’s intensity and frequency, it can be determined whether tunnel, 



 77 

multiphoton, or both forms of ionization are occurring during this process. At very high 

laser frequencies multiphoton ionization models the process better, and at very low 

frequencies, tunnel ionization better models the process of photoionization. The 

frequencies and laser intensities in between these points is murkier and a parameter called 

the Keldysh parameter was created to estimate the involvement of each mechanism of 

photoionization (16). When the Keldysh parameter is less than 1.5, tunnel ionization is 

the main model for photoionization and when the parameter is above 1.5, multiphoton 

ionization is the main model, but near 1.5 the two models combine (1, 4) (Fig. 3.1).  

The first free ions from photoionization act as the trigger for setting off the cascade 

of events for plasma formation which includes impact ionization and avalanche ionization. 

Once one electron is free either in the conduction band of solids or ionized in liquids, it 

can then absorb photons in a linear fashion (Fig. 3.2, left). The free electron can absorb 

many photons through an inverse Bremsstrahlung, a process by which the kinetic energy 

of the electron is increased when the photon collides with it and is absorbed when in 

proximity of an atom’s nucleus (4). To preserve the law of conservation of energy the 

electron must also transfer momentum when it absorbs the laser photon  (1, 4, 10). The 

electron will keep absorbing laser photons until it has reached an energy in the conduction 

band that is higher than the energy that was needed to move from the valence shell to the 

conduction band. Overcoming this gap will require an electron to absorb numerous 

photons, but once it reaches that level and collides with another electron both electrons 

will have enough energy to escape into the conduction band (Fig. 3.2, right). This collision 

of two electrons occurs randomly. The electrons gain energy by absorbing photons 

linearly in the conduction band and that energy is put into kinetic energy moving the 
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electrons and causing them to collide with obstacles in their path. If they collide with 

another electron in the valance energy shell of an atom and have absorbed enough photons 

to overcome that energy gap the two electrons will both be excited to the conduction band. 

This collision process is called impact ionization and results in two electrons now at the 

lowest energy state in the conduction band (1, 4, 10). These electrons then repeat the 

process if the laser field is still nearby. The electrons will continue absorbing laser photons 

to reach an energy high enough to ionize more electrons on collision; although, this time 

two electrons will drop back down, and four electrons will be ionized to the conduction 

band. This process repeats to ionize the electrons in all the atoms at the laser focus and is 

called avalanche ionization (1, 4, 10). This creates an irreversible process that leads to the 

vaporization of all molecules in that location.  

 

3.2.1 Plasma Formation 

 Femtosecond lasers require very high irradiation of tissue to lead to optical 

breakdown (1, 4, 10). However, unlike lasers with longer pulse durations, femtosecond 

lasers don’t have to reach the optical breakdown irradiation to induce photoionization. 

The increase in pulses with the short duration dramatically increases the irradiation of the 

Figure 3.2.  Overview of avalanche ionization showing the electron in the conduction band 
linearly absorbing laser photons and then dropping down to impact ionize a new electron to the 
conduction band (1). 
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tissue (4). The increase in irradiance from this laser generates more free electrons from 

photoionization and begins the avalanche ionization in multiple locations that all come 

colliding together (1, 10). Avalanche ionization builds the framework for plasma 

formation. Once the electrons are in the conduction band, they continue absorbing laser 

photons at an increased rate (1, 4, 10). Electrons take on thermal energy faster than can be 

transferred to the lattice structure of the solid they form and faster than they can emit as 

vibrational energy (4). This energy continues to be absorbed by the electrons which 

separate from the ions in the tissue but still have a massive magnetic pull. Therefore, the 

electrons oscillate back and forth as the laser field comes in and out with each pulse 

creating an oscillation frequency. This oscillating electron ion combination forms the 

plasma (1, 4, 10). 

 

3.2.2 Localized Temperature Changes 

 During plasma formation there is a temperature rise within tens of picoseconds, 

but it is very localized to focal volume irradiated by the laser (1, 10). The recombination 

of electrons and ions within the plasma occurs within 10 ns, dispersing heat throughout 

the tissue and increasing the temperature (1, 10). The temperature change of the plasma 

comes in two parts and is called the two-temperature model. First, the temperature rises 

extremely high for the electrons (~3000K) when they are photoionized but as they come 

back down, the electrons collide with the ions and disperse the heat. These electrons 

disperse their heat over the much larger ions which creates an increase in temperature of 

the whole focal volume. This second temperature increase is significantly smaller because 

of the difference in mass, but research suggests even in that small focal volume the 
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temperature can get as high as 150-200ºC (1, 4, 10). The actual thermal change of the 

tissue outside the focus though is minimal. The focal increase in temperature is 

constrained to the focus of the laser and then disperses radially out from there (1, 4, 10). 

Therefore, if the focal volume is only one cubic micron or possibly less it will barely raise 

the temperature a couple of degrees just a few microns away (10). 

 

3.2.3 Cavitation Bubble 

   The plasma created from the absorption of photons in both a nonlinear and linear 

fashion devolves into a vapor ion bubble called a cavitation bubble. The plasma frequency 

that the electrons are oscillating at decreases as more photons are absorbed and more 

electrons are added to the conduction band until eventually this frequency matches the 

incident laser frequency resulting in a high density plasma (4, 10). At this point, optical 

breakdown occurs, and the electrons absorb a massive amount of energy, the plasma starts 

expanding, and the electrons collide with the ions. The repeated collisions of the electrons 

and ions cause the creation of an electron ion vapor (4). This bubble of vaporized gas 

builds up energy and then as it relaxes expands outward. Ultimately, the cavitation bubble 

expands out pushing the tissue around it aside (1-14).  

 

3.2.4 Pressure Wave 

Plasma formation starts the vaporization of the tissue but occurs in such a short 

period of time that the change in temperature, ionization, and creation of a massive number 

of free electrons in the conduction band of the focal volume does not have time to disperse 

into the surrounding tissue (1, 4, 10). Instead, a pressure wave is the first impact of the 
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ablation process on tissue outside the focus. The cavitation bubble expands to release the 

kinetic energy associated with the plasma vapor (1, 4, 10). This vapor continues to expand 

as a thermoelastic pressure wave emanating out from the center of the laser focus into the 

surrounding tissue. When enough kinetic energy has been released from the cavitation 

bubble that its expansion is slower than the speed of sound it releases a pressure wave. 

The short period of time taken for the plasma and vapor to expand, relative to how quickly 

the tissue can react, releases a pressure wave outward from the focal volume. Research 

suggests that the first indications of the pressure wave happen about 800 ps after the laser 

pulse hits the tissue and that the pressure wave propagates away at the speed of sound 

within the medium (1-14). 

 

3.2.5 Collapse 

 Once the bubble reaches its maximum size it collapses back in on itself giving off 

elemental substances like oxygen and other gasses that are harmless (10). This process of 

bubble generation, expansion, and collapse is over within microseconds to seconds in 

tissue (Fig. 3.3). The cavitation bubble that is created after plasma formation is made of 

vapor gas from the plasma decay (10). The majority of research has examined the 

dynamics of bubble formation in liquids (1, 3-5, 10-13), however more recent research 

has looked at bubble dynamics in tissue like corneal tissue of a cow (15). The cavitation 

bubble created in bovine corneal tissue reaches its maximum diameter within 650 ns (15) 

(Fig. 3.3). This occurred by depositing about 50 mW of power from a 100 fs duration laser 

with a wavelength of 532 nm (15). These researchers compared the bubble dynamics in 

water and the bovine cornea and found that the bubble was slightly smaller in the cornea 
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reach a maximum diameter of 54 µm and 46 µm respectively (15). Juhasz et al. found that 

the bubble in corneal tissue remained for 15-30s before completely disappearing (15). The 

collapse of the bubble occurs due to immense external pressure ending the ablation 

process (1-14).  

 

3.3 Laser Penetration Depth and Collateral Damage 

Tightly focused femtosecond-duration infrared laser ablation can vaporize tissue 

within a micron-scale focal volume while tightly constraining energy and heat deposition 

such that surrounding tissue just microns away is only heated by a couple degrees (1, 4, 

10). The vaporization is localized because electrons need to nonlinearly absorb multiple 

photons, near-simultaneously, to be photoionized and begin the avalanche ionization 

cascade which can only happen at the high-intensity focus. Outside the focus, material 

cannot absorb enough photons from the low-intensity environment for photoionization 

and avalanche ionization (1, 4, 10). While the working distance of the objective and the 

penetration depth of the laser light are two major constraints for setting the location and 

Figure 3.3. Dynamics of bubble formation and collapse over time produced by femtosecond 
infrared ablation of bovine corneal tissue (15).  
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depth of ablation, the focus of photons can still occur well below the tissue surface, 

allowing for the removal of abnormal tissue, such as tumors and congenital 

malformations, with a minimally invasive approach (10). Many studies have shown that 

collateral damage due to femtosecond laser ablation is minimal with only slight 

mechanical damage due to the supersonic movement of the pressure wave out from the 

cavitation bubble (1, 4, 10). Research comparing different laser pulse durations found that 

durations greater than femtosecond-scale, including picosecond and nanosecond 

durations, had far greater areas of collateral damage when attempting to ablate skin tissue. 

Picosecond lasers were shown to have a similar ablation focus to femtosecond lasers (~12 

µm to ~14 µm, respectively), but the surrounding damage using picosecond pulses was 

up to 50 µm while the femtosecond laser seemingly showed unaffected surrounding tissue 

(10). Our laser with 100-fs pulse duration, 1-kHz repetition rate, and 800-nm wavelength 

can deposit upwards of 130 mW into tissue which experimentally has been shown to ablate 

as deep as 1 mm into the brain of a mouse or rat. Overall, the ability of femtosecond 

infrared lasers to ablate a microscopic focal volume with minimal collateral damage 

makes it a promising tool for microsurgery. 

 

3.4 Uses of Femtosecond Lasers in Medicine  

 Femtosecond-duration infrared-wavelength lasers can make microscopic 

transections or ablations within tissue without damaging surrounding material. Since 

determining these properties, researchers and medical practitioners have been trying to 

determine ways in which this laser could help different medical conditions. There are three 

major divisions of medicine that are developing or have implemented femtosecond 
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infrared lasers including ophthalmology (15, 17-24), dentistry (18, 25-35), otology (36), 

and orthopedic surgery (37-40).    

 The largest application of femtosecond lasers in medicine is in ophthalmology (15, 

17-21). Both corneal and cataract surgery utilizing femtosecond lasers have been some of 

first surgeries with this laser to be approved by the Federal Drug Administration (FDA) 

(17). Femtosecond infrared lasers have shown massive improvements in corneal refractive 

surgery such as laser in situ keratomileusis (LASIK). The increased accuracy and 

precision that these lasers offered in the procedure have dramatically reduced the number 

of postoperative complications like dry eye, flap buttonhole, and free cap formation (18, 

20, 22, 24, 41). Research has suggested that LASIK done with femtosecond lasers has 

reduced the number of complications and increased the positive outcomes by increasing 

contrast sensitivity and overall visual quality after surgery (22). While LASIK has been 

improved with this new method, femtosecond lasers are moving beyond this one 

procedure to help with astigmatic correction, astigmatic keratotomy, penetrating 

keratoplasty, lamellar keratoplasty, endothelial keratoplasty, and presbyopic correction 

(22). While many of these applications are still in development, they are all showing 

extreme promise for improving the quality of eye surgery. On top of corneal surgeries, 

femtosecond infrared lasers are also being employed to correct cataracts. During cataract 

surgery, the capsule of the lens must be removed from the eye. This is the most difficult 

part of cataract surgery as well as the part of the surgery with the most complications. 

Femtosecond laser ablation has already shown improvement in this area as clinicians/ 

researchers have been developing a new technique to use for this procedure. The 

procedure has been shown to work well in cadaver eyes (17, 19, 22, 24, 41). More recent 
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studies have found a that the femtosecond laser has an advantage over the current 

techniques in refractive astigmatic incisions of the cornea. The results suggest that 

femtosecond lasers cause significantly less adverse events both during and after surgery 

(23). Overall, the microscale nature of the femtosecond laser and its precision can 

drastically help surgery become more minimally invasive and safer for those requiring 

ocular surgery. The research continues to show that the results are equal to or better than 

current techniques and the adverse events and side effects are dramatically reduced (17-

24, 41, 42).  

 The second medical domain where femtosecond lasers have been employed is to 

increase surgical precision in dentistry. There have been multiple studies that suggest that 

the femtosecond laser holds promise for being able to penetrate cavities (25, 26, 28-32, 

35, 42, 43). Many different lasers have been tested on human teeth from microsecond to 

picosecond duration pulses, but the end result is that femtosecond lasers with an infrared 

wavelength were the only lasers that effectively ablated enamel from teeth without any 

discoloration or other side effects (27, 31, 33, 34). Studies suggest that there is almost no 

thermal damage or cracking of the teeth and that it will ubdoubtedly make patients more 

comfortable (31, 33). The precise nature of the femtosecond infrared lasers far exceeds 

current methods of drilling them out. The reduction in discoloration, thermal damage, and 

minimal-to-no cracking makes it the optimal laser for this procedure. Researchers are 

currently working on making the lasers more accessible and the timeline of the procedure 

faster so this will be the best available treatment out there for cavities (31).  

 In some areas this femtosecond infrared laser is being used to increase the accuracy 

and precision of the surgical approach. Otology or the study of the ear including diseases 
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and treatments has recently started developing femtosecond infrared lasers for 

implementation in stapedotomy (36). Otosclerosis can cause conductive hearing loss due 

to the immobile stapes footplate from the oval window (44). The stapedotomy involves a 

very precise hole to be made in the stapes footplate to allow for a prosthetic device to be 

placed for help with hearing loss. The accuracy and precision of this surgery was found 

to be much better utilizing a laser, but previous studies have shown that the use of other 

pulse duration lasers lead to other collateral damage that can cause other forms of trauma. 

Recently researchers have adapted the femtosecond laser used for LASIK surgery to try 

and make holes in the stapes footplate of cadavers and found that there was little to no 

thermal, acoustic, or mechanical side effects from the laser ablation (36).  

 The last medical use for femtosecond infrared lasers is in orthopedic surgery. 

Orthopedic surgeries often involve small amounts of bone being removed because of a 

developmental defect, growing in the wrong way due to stress or fracture, or impeding 

normal function (37-40). To remove bone through current treatments, bones are normally 

drilled and the vibrations and tearing from the drill causes significant mechanical and 

thermal damage to the rest of the bone. By utilizing femtosecond infrared lasers to ablate 

the abnormal bone, bone can be removed without excess collateral damage or heat and 

shorter recovery times (37, 40). This method is still in development for human use, but 

research has shown in bovine bones that the use of femtosecond infrared lasers did not 

cause any thermal damage or cracking of the bone (37). In another study in mice, 

researchers found that calvarial bone deficits healed much quicker with the femtosecond 

laser than with a typical drill. There was significantly more damage in bone after 8 weeks 

in the mechanical drilling model while the mice treated with the laser were nearly healed 
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and their defect was about a quarter of the original size (40). Femtosecond infrared laser 

ablation of bone poses a very promising new approach to removing small bone defects 

with a minimally invasive procedure.  

 

3.5 Conclusions 

 Femtosecond infrared laser ablation is a process that vaporizes tissue with 

micrometer to nanometer precision deep within a focal volume allowing for very accurate 

minimally invasive surgeries to be performed. The ablation process begins with 

photoionization of electrons at the focus through non-linear absorption, electrons then in 

the conduction band linearly absorb the photons, these electrons then fall back down to 

the valence shell and impact ionize more electrons and initiate a cascade of avalanche 

ionization (1, 4, 10). This process picks up a massive volume of free electrons through 

avalanche ionization across multiple locations and when combined with the thermal 

energy from the continual absorption of femtosecond infrared photons develops into a 

low-density plasma. When the electron density increases are high enough to reduce the 

plasma frequency to the incident laser frequency, a massive amount of energy is absorbed. 

The plasma vapor expands to release all its kinetic energy and then sends out a pressure 

wave (1, 4, 10). The electrons in the plasma collide back into the ions increasing the 

temperature of the whole substance and creating a vapor or cavitation bubble that expands 

and collapses falling in on itself due to outward pressure (1, 4, 10). Ultimately, nothing is 

left behind but harmless elemental substances with a void only microns wide where the 

ablation occurred. The precise nature of this laser ablation makes it a prime candidate for 
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noninvasive microsurgery for ophthalmology (15, 17-24), dentistry (25-34), and even 

orthopedic surgery (37-40). 
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CHAPTER 4 

Circumscribing laser cuts attenuate seizure propagation in a mouse model of focal 

epilepsy 

 

4.1 Abstract 

In partial onset epilepsy, seizures arise focally in the brain and often propagate, 

causing acute behavior changes, chronic cognitive decline, and increased mortality. 

Patients frequently become refractory to medical management, leaving neurosurgical 

resection of the seizure focus as a primary treatment, which can cause neurologic deficits. 

In the cortex, focal seizures are thought to spread through horizontal connections in layers 

II/III, suggesting that selectively severing these connections could block seizure 

propagation while preserving normal columnar circuitry and function. We induced focal 

neocortical epilepsy in mice and used tightly-focused femtosecond-duration laser pulses to 

create a sub-surface, open-cylinder cut surrounding the seizure focus by severing cortical 

layers II-IV. We monitored seizure propagation using electrophysiological recordings at 

the seizure focus and at distant electrodes for 3-8 months. With laser cuts, only 5% of 

seizures propagated to the distant electrodes, compared to 85% in control animals. Laser 

cuts also decreased the number of seizures that were initiated, so that the average number 

of propagated seizures per day decreased from 42 in control mice to 1.5 with laser cuts. 

Physiologically, these cuts produced a modest decrease in cortical blood flow that 

recovered within days and, at one month, left a ~20-µm wide scar with increased gliosis 

and localized inflammatory cell infiltration but minimal collateral damage. When placed 

over motor cortex, cuts did not cause notable deficits in a skilled reaching task. 
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Femtosecond laser produced sub-surface cuts hold promise as a novel neurosurgical 

approach for intractable focal cortical epilepsy, as might develop following traumatic brain 

injury.  

 

4.2 Introduction 

One out of twenty-six people will develop epilepsy at some point in their lifetime and about 

50 million people worldwide are currently diagnosed with this disease (1-4). Epilepsy is 

also the most common neurologic disorder in dogs (5). Epilepsy is defined by recurrent 

seizures, which are characterized by aberrant, rhythmic, synchronized brain activity that is 

frequently correlated with involuntary behaviors (1-4). Partial onset, or focal, epilepsy is a 

subclass of the disease characterized by seizure initiation from a consistent, localized 

region, followed by propagation of the seizure to surrounding brain tissue (6). Traumatic 

brain injury and stroke are the most common causes of focal epilepsy (7), but it can also 

have other etiologies, including cortical neoplasia or cortical dysplasia in children (7-9). 

While medical management is preferred, this approach fails in about 45% of focal epilepsy 

patients either due to initial or developed resistance to pharmacological seizure control (7, 

10-12). The most effective alternative therapy is to localize the epileptic focus using 

electroencephalogram (EEG) recordings and then remove the seizure focus through tissue 

resection (13) or damage the tissue at the focus through a laser-based thermal injury (14), 

both of which risk leaving patients with neurologic or behavioral deficits (12, 13, 15-17). 

The most common location of epileptic foci is the temporal lobe, although partial onset 

epilepsy can also occur in the occipital, parietal, and frontal lobes (18-24). For such 

neocortical focal epilepsies only 32 – 67% of patients became seizure free after resection 
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of the focus, and despite the reduction in seizures a significant percentage of these patients 

are left with various neurologic deficits including loss of vision, sensory loss, agnosia, 

dysgraphia or agraphia, acalculia, disturbances in body image, problems with higher order 

functions, and personality changes, which can be as detrimental to everyday life as the 

seizures the surgery intended to resolve (19-21, 25-28).  

 Recent work has improved the understanding of the underlying physiology behind 

seizure initiation and propagation. In rodents, acute seizures (e.g. those initiated by focal 

injection of chemoconvulsants into cortex) have been found to initiate in layer V of the 

neocortex, spread to overlying neurons in layers II/III, and then propagate away from the 

seizure focus through these supragranular layers (29-31). This mechanism has been shown 

to underlie seizure propagation in multiple animal models of acutely-induced focal seizures 

(29-34) and may facilitate the propagation of seizures in humans with focal epilepsy (29, 

31, 32).  

A less invasive surgical approach, multiple subpial transections, capitalizes on this 

concept of horizontal seizure propagation through the cortex and uses a metal, hook-shaped 

instrument to make incisions in the cortex, beneath the surface vasculature, that isolate the 

seizure focus, with the goal of preventing seizure propagation (35). In this procedure, 

several cuts through the focus are made, by dragging the wire hook bluntly through the 

brain, which is difficult to control, leading to variable cut angles and significant tissue 

damage (36). Follow up studies found that about two-thirds of patients were seizure-free, 

but with highly variable outcomes between patients, and up to 30% of patients had 

significant behavioral and neurologic deficits (37-40). Although the technique holds great 

promise, the current execution is difficult to control and not standardized, which has led to 
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it being mostly abandoned at many epilepsy centers. A technique that enabled smaller, sub-

surface cuts in the cortex, precisely targeted to specific cortical layers, and resulting in less 

collateral damage could be used to improve and extend the concept of the multiple subpial 

transection procedure.  

Tightly-focused, infrared wavelength, femtosecond-duration laser pulses enable 

micrometer-sized cuts to be produced below the surface of the brain without affecting the 

overlying tissue (41, 42). We previously showed in rats that femtosecond laser cuts in 

layers II – IV that encircled a chemically-induced, acute seizure focus led to a complete 

blockage of seizure propagation in 35% of animals and a 36% reduction, on average, in 

propagation in the remaining animals. These cuts caused minimal damage to the adjacent 

cortex and preserved the response of neurons inside the encircling cut to a peripheral 

stimulus (43). However, it remains unknown what efficacy such cuts have in chronic focal 

seizure models that more closely approximate human partial onset epilepsy, and whether 

these cuts continue to block seizures over time, after the initial injury from the laser cut has 

resolved.  

In this paper, we test the hypothesis that in part due to limited regeneration in the 

central nervous system (44, 45) encircling sub-surface laser cuts will lead to long-term 

reduction of seizure propagation, while the precision of the cuts will prevent significant 

impacts on normal cortical function. We microinjected iron chloride into layer V of the 

cortex to induce chronic, focal, neocortical epilepsy in mice and used long-term 

electrophysiological recordings to compare seizure propagation with and without 

femtosecond laser cuts that spanned layers II – IV and encircled the seizure focus. We 

found that laser ablation reduces seizure propagation by 95% while having almost no 
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detectable effect on a skilled forelimb reaching/grasping task. These results suggest that 

the sub-surface cortical cuts with minimal collateral damage to surrounding tissue 

produced by tightly-focused femtosecond laser pulses could provide a new approach to 

treating medically-refractory partial onset epilepsy in patients.  

4. 3 Results 

4.3.1 Laser cuts in layers II-IV of the cortex encircling an epileptic focus reduced 

seizure propagation 

To test the hypothesis that sub-surface cortical laser cuts circumscribing a seizure focus 

can attenuate propagation, we produced cuts in craniotomized mice spanning from 550 µm 

to 70 µm beneath the cortical surface creating an open cylinder with a 1-mm diameter 

(Movie S1). These cuts were produced using tightly focused, femtosecond-duration laser 

pulses, which, at sufficient energy, can produce micrometer-scale tissue disruption at the 

laser focus due to nonlinear absorption of laser energy, without causing significant 

collateral damage (42). We first optimized the cutting speed and depth-dependent laser 

energy used to produce cuts with a uniform thickness of ~55 µm over the 0.5-mm depth 

range needed to cut layers II-IV (Fig. S4.1). These cuts were 85% complete, on average, 

which was largely dependent on the presence of large surface blood vessels that attenuated 

the incident laser pulse and blocked ablation from occurring in some locations (Fig. S4.2). 

We used these optimized laser parameters — together with manual increases in laser power 

when focusing directly below a large blood vessel to try to increase the completeness of 

the cut — for our experiments testing the efficacy of circumscribing cuts for seizure 

attenuation. After laser cuts were placed in craniotomized mice, FeCl3 was microinjected 

at the center of the cylindrical cut, which led to focally initiated seizures within two weeks. 
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We then placed three electrodes in the bone flap and reimplanted it so that one electrode 

was at the seizure focus and the other two were at distances of 1 mm and 2 mm from the 

seizure focus. Beginning about two weeks after surgery, we recorded electrocorticography 

(ECoG) for 24 hours once a week for 1-33 weeks (most mice 8-12 weeks) (Fig. 4.1A). We 

thresholded the ECoG recording from the seizure focus to identify epileptiform events and 

then manually characterized them as seizures (4,723 events across all mice; e.g. Fig. 4.1B), 

polyspikes (41,795 events; e.g. Fig. S4.3A), or interictal spikes (63,473 events; e.g. Fig. 

S4.4A), following standard criteria (46). We included animal groups with FeCl3 or saline 

injection and with or without laser cuts, named as follows: epilepsy with laser cuts, epilepsy 

control (no laser cuts), laser cut control (no epilepsy), and surgical control (no epilepsy and 

no laser cuts).  

 Interictal spikes and polyspikes were both regularly recorded in all groups, but at 

increased incidence in animals with FeCl3 injection (Fig. S4.5). Seizures were nearly absent 

in the laser cut control and surgical control groups but occurred at an incidence of around 

44 +/- 25 and 49 +/- 79 seizures/day in the epilepsy control and epilepsy with laser cut 

groups, respectively (Fig. S4.5).  

 We calculated the correlation coefficient between the ECoG recording at the seizure 

focus and the ones recorded at distances of 1 and 2 mm (Fig. 4.1B). In the epilepsy controls, 

the electrophysiology recording at 1 and 2 mm was highly correlated with the one at the 

seizure focus, while for epilepsy with laser cuts group, the correlation was reduced and 

more variable at 1 mm and was reduced even further at 2 mm, causing the distributions of 

the two groups to be significantly different from one another (P<0.0001, Kolmogorov-

Smirnov test) (Fig. 4.1C). A similar correlation analysis of the propagation of polyspikes 
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(Fig. S4.3B) and interictal spikes (Fig. S4B) showed significantly reduced correlation 

coefficients at 1 and 2 mm in the epilepsy with laser cut animals, as compared to the 

epilepsy controls.  

 To characterize the propagation of individual epileptiform events, we separately 

examined seizures (Fig. S4.6A), polyspikes (Fig. S4.6B), and interictal spikes (Fig. S4.6C), 

combining data from all animals with FeCl3 injections. These events were clustered based 

on the correlation coefficients of the ECoG recording at 1 and 2 mm, relative to the one at 

the seizure focus, using the Mahalanobis distance-based clustering algorithm (47). We first 

varied the number of clusters and found that using three clusters reliably led to similar 

group boundaries, more clusters led to groupings that were inconsistent and sometimes 

nonsensical (e.g. dividing a dense mass of events). With three clusters, events grouped into 

a compact cluster with high correlation at 1 and 2 mm – a “propagated” event; another 

cluster with low correlation at 1 and 2 mm – a “non-propagated” event; and into a lower 

density cluster that tended to have reduced correlation at 1 mm and further reduced 

correlation at 2 mm – an “attenuated” event (Fig. S4.6). The laser cuts produced a 

significant difference in the propagation of epileptic events (Fig. 4.1D). With the clusters 

we defined, we found that with laser cuts only 5% of seizures propagated, 68% were 

attenuated, and 27% did not propagate, as compared to 85% propagated, 3% attenuated, 

and 12% non-propagated without laser cuts (P<0.0001, Chi-squared test of association) 

(Fig. 4.1E). We also found nearly as strong reductions in the propagation of polyspikes 

(Fig. S4.3C and D) and interictal spikes (Fig. S4.4C and D) with laser cuts.  

 

4.3.2 Seizures blocked by laser cuts were as powerful as propagated ones in controls  
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To rule out the possibility that attenuated or non-propagated seizures in mice with laser 

cuts were just less powerful at the seizure focus, we used the ECoG recordings from the 

seizure focus to calculate several seizure metrics, including maximum band power (over 0 

– 50 Hz), seizure duration, and integrated band power over the seizure – termed the area 

under the curve (AUC). In control mice, attenuated seizures were significantly less 

powerful than propagated seizures, as expected (Fig. 4.1F). However, the non-propagated 

seizures appeared to be equally as powerful as propagated ones. We found that this was 

dominated by a single control mouse with 87% of the non-propagated seizures (blue data 

points and median indicators in Fig. 4.1F). With this mouse excluded, both non-propagated 

and attenuated seizures had lower AUC, max band power, and duration as compared to 

propagated seizures in control mice (Fig. 4.1F, Fig. S4.6A and B; black median indicators; 

P<0.0001, one-way ANOVA, Tukey post hoc multiple comparisons correction). In mice 

with laser cuts, we found no difference in the AUC or duration at the seizure focus between 

propagated, attenuated, and non-propagated seizures (Fig. 4.1F, Fig. S4.7A). The max band 

power was actually higher in non-propagated seizures, but this was dominated by seizures 

from a single animal (orange data points and median indicators; Fig. S4.7B). Critically, 

there was no difference in the power of propagated, attenuated, or non-propagated seizures 

in mice with laser cuts when compared with propagated seizures in control mice, indicating 

that without the laser cuts these seizures would likely have propagated. We also 

characterized the time of day during the 24-hour recording period that seizures occurred 

and found no differences between laser cut and control groups or between propagated, 

attenuated, or non-propagated seizures (Fig. S4.7C).  
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The duration, max band power, and AUC of seizures measured at the distant 

electrodes (and normalized to the measurements from the focus) were each decreased for 

attenuated and non-propagated seizures, as compared to propagated seizures, for mice both 

with and without laser cuts (Fig. 4.1G, Fig. S8A and B; P<0.0001, one-way ANOVA, 

Tukey post hoc multiple comparisons correction). This suggests clustering seizures based 

on correlation between focal and distant ECoG recordings distinguished 

electrophysiologically meaningful propagation, attenuation, and non-propagation. 

Defining seizure arrival as the time when seizure power exceeded a threshold (average 

band power over the entire recording session plus one standard deviation), we measured 

the delay for seizures to propagate from the focus to distant electrodes and found no 

difference between mice with and without laser cuts (Fig. S4.8C).  

 

4.3.3 Additional encircling cuts did not improve blocking efficacy, but revealed that 

laser cuts reduced seizure initiation 

To test whether additional severing of lateral connections increases the percentage of 

seizures that are blocked, we placed closely (100 µm) (Movie S4.2) and widely (300 µm) 

(Movie S3) spaced double cuts around the seizure focus (Fig. 4.2A). Neither closely nor 

widely spaced double cuts decreased the percentage of seizures that propagated (Fig. 4.2B). 

We did find a trend toward a decreasing number of seizures initiating each day in animals 

with laser cuts: 44 +/- 25 in epilepsy controls, 49 +/- 79 in mice with single cuts (but with 

a bimodal distribution), 6 +/- 1 with closely spaced double cuts, and 9 +/- 13 with widely 

spaced double cuts (Fig 4.2C). In animals with single laser cuts, there was significant 

variability in the number of seizures that initiated each day; nonetheless 63% of single cut 
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and 75% of double cut mice had fewer than seven seizures per day, an 85% reduction 

compared to controls. We did not see similar trends toward decreased numbers of interictal 

spikes or polyspikes with single cuts or either of the double cut geometries (Fig. S4.9). The 

decrease in seizure incidence together with the decrease in seizure propagation led to less 

than two seizures/day that propagated past the cuts, on average, for all cut geometries (Fig. 

4.2D). These results suggest that making extra cuts does not dramatically improve the 

attenuation of seizure propagation but may temper seizure initiation.  

 

4.3.4 Seizure blocking efficacy varied across mice, but not over time 

The number of seizures and the fraction that propagated varied between recording sessions 

and between animals (Fig. 4.3A). Recording sessions from mice without laser cuts tended 

to have larger numbers of seizures and high propagation, while recording sessions from 

mice with laser cuts tended to have larger numbers of seizures with reduced propagation, 

or reduced numbers of seizures and highly variable propagation (Fig. 4.3A). Averaging 

across all recording sessions for each mouse, we found that laser cuts reduced seizure 

propagation from 94% in controls (range: 85% to 100%) to 21% in treated mice (range: 

0% to 61%) (P=0.0001, t-test; Fig. 4.3B). Averaging across all mice, we found that the 

decreased propagation in laser cut mice did not significantly change out to 12 weeks 

(Linear mixed model; Fig. 4.3C). The number of seizures per day trended lower over time 

and was similarly variable in mice with and without laser cuts (Fig. 4.3D), but due to 

reduced propagation, laser cut mice had, on average, less than two propagated seizures per 

day, as compared to 42 per day in control mice (P<0.0001, t-test, Fig. 4.3E). 



 103 

A few mice had greatly increased numbers of seizures, enabling us to define 

efficacy of the laser cuts week-by-week for each of these mice over an extended duration. 

Figure 4 shows seizure propagation data from a mouse with closely spaced double cuts 

(Fig. 4.4A and B), one with a single cut (Fig. 4.4C), and a control (Fig. 4.4D). In the double 

cut animal (which had so many seizures it was excluded from the quantitative analysis 

above to avoid bias), the seizure blocking efficiency improved over several weeks, then 

regressed back toward the efficacy shortly after the cuts were made where it stabilized from 

18 – 24 weeks. For the single cut animal, blocking was highly effective and remained stable 

over the ~33 weeks. In the control animal, seizure propagation was high and stable over 24 

weeks. Interestingly, both the double and single cut mice showed a decreasing number of 

seizures per day, while seizure incidence was unchanged in the control animal.  

 

4.3.5 Laser cuts cause modest, short-lived blood flow decreases and minor chronic 

tissue changes  

We used three approaches to characterize the physiological and tissue changes that result 

from the femtosecond laser cuts. First, we took multiphoton images of the tissue before 

and after producing cuts in mice expressing markers for microglia (CX3CR1-GFP) and 

neurons (Thy1-YFP) (Fig. 4.5A). Neurons and blood vessels remained intact at the center 

of the cut region.  Extravasation of blood plasma into the tissue was apparent at the cut 

border, but nearby blood vessels and neurites remained intact (Movie S4.1). No blood 

vessels on the brain surface were disrupted. Tissue was only ablated right at the cut border, 

where tightly focused femtosecond laser pulses were focused causing multiphoton and 

avalanche ionization which vaporized tissue (41) and led to a small cavitation bubble that 
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displaced tissue (48). In the center of the cylindrical cut, microglia and neurite 

morphologies remained unchanged over hours after the ablation, suggesting minimal acute 

impacts at this distance from the cut. Overall, there were minimal changes found in vivo 

after laser ablation in regions even tens of micrometers away from the cut locations.  

Second, we used multi-exposure speckle imaging (MESI) to assess the impact of 

laser ablation on brain tissue perfusion over two weeks post-op in these same mice (Fig. 

4.5B). MESI enables the cortical perfusion (Fig. 5C) and the fraction of optical scatterers 

that are moving (Fig. 4.5D) to be extracted from fits to the exposure-time-dependent 

speckle contrast (49-51). We first analyzed the impact shortly after the cut as a function of 

radial distance from the cut center and found only a weak trend toward decreased tissue 

perfusion with no clear dependence on distance from the cut (Fig. 4.5E). There was a clear 

decrease in the fraction of light scattered by moving tissue components near 500 µm from 

the cut center, at the location of the cut (Fig. 4.5F). Based on this finding, we examined 

how perfusion and the degree of dynamic scattering changed over time in regions radially 

outward relative to the cut center defined as: inside the cut (≤ 450 µm from the center), at 

the border (450 µm < d ≤ 550 µm), and outside the cut (550 µm < d ≤ 1000 µm). There 

was a minor blood flow decrease after the cut that recovered to baseline within three days 

and then increased above baseline flow through the two weeks of observation (Fig. 4.5G). 

This increase in flow did not vary strongly across the three regions and was associated with 

vascular remodeling at the brain surface (evident in speckle contrast images at later times; 

Fig. 4.5B). The fraction of dynamically scattered light decreased immediately after the 

laser cuts, most strongly at the cut border, likely associated with the bleeding and 

extravasation of red blood cells into the brain tissue at the cut and onto the brain surface 
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(Fig. 4.5H). The fraction of dynamically scattered light returned to normal within a few 

days.  

 Third, we performed histology one month after laser cuts were made to determine 

the chronic effect of laser cuts on tissue architecture. Coronal sections of the brain, 

including the area of the laser cut, were examined using histochemical stains and 

immunohistochemistry. The area of the cut was marked on the cortical surface using 

surgical ink, and the contralateral cortex was used as a control.  Hematoxylin and eosin (H 

& E) staining revealed linear areas of hypercellularity along the trajectory of the laser cut 

and in the adjacent leptomeninges, as well as mild disorganization of the neuronal layers 

in the cortex between the cuts, but no notable disruption of cortical structure (Fig 4.6A). 

Tissue fixation has been shown to shrink sections by 25% (52), therefore the diameter of 

the ablated cylinder was found to have shrunk from 1 mm to 0.8 mm and the height of the 

cut border through layers II – IV shrank from 0.5 mm to 0.4 mm. Despite the shrinkage of 

tissue, it is still clear when inspecting the cellular organization of the cortex that laser cuts 

severed layers II/III and cut into the top of layer IV. Acute histology to optimize laser cuts 

indicated that cuts were 55 µm in thickness immediately after ablation (Fig. S4.2). 

Histology one month later showed that cuts left a scar with, on average, 20 µm thickness. 

At the cut, there was an increase in the density of cells that were immunoreactive for Iba1, 

a marker of brain microglia and, potentially, invading macrophages (Fig. 4.6B). Prussian 

blue staining for iron further revealed intracytoplasmic accumulation of hemosiderin in 

most of these Iba1-positive cells (Fig. 4.6C). Luxol fast blue staining for myelin showed 

mild myelin loss superficially inside the ablated cylinder (Fig. 

4.6D).  Immunohistochemistry for olig2 (oligodendrocyte marker) (Fig 4.6E) and glial 
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fibrillar acidic protein (astrocyte marker) (Fig 4.6F) showed a very mild increase in these 

glial cells along the cuts. Cellularity and tissue morphology inside the cuts was similar to 

the contralateral cortex (Fig 4.6A).   

 

4.3.6 Encircling laser cuts in motor cortex did not cause deficits in a complex reaching 

task 

To test for any acute or long-lasting behavioral deficits caused by the laser cuts, we placed 

cuts in the caudal forelimb area of motor cortex (Fig. S4.10) and studied performance in a 

skilled forelimb pellet reaching task (Fig. 4.7A and B). We compared mice with a regular 

ablation to mice with sham surgeries and to mice with focal photothrombotic strokes, 

which were expected to show a deficit (Fig. 4.7C) (53). To assess the impact of a more 

extensive laser ablation that also severed vertical cortical connections (and approached the 

invasiveness of resection), we included a group of mice with the same cylindrical laser cut, 

but with the bottom of the cylinder also severed by laser ablation (Fig. 4.7C) (Movie S4.4). 

We found a significant decrease in the pellet retrieval success (Fig. 4.7D) and first attempt 

pellet retrieval success (Fig. 4.7E) in mice with focal strokes (26% overall success, 11% 

first attempt success; averaged over the first week) and with severing ablations (21%, 7%), 

as compared to the sham group (43%, 32%; P<0.0001 for overall success and first attempt 

success of focal stroke and severing ablation vs sham, one-way ANOVA with Tukey’s 

multiple comparisons test). This deficit did not show any improvement until three weeks 

after the surgery, indicating that laser ablation can cause a deficit and that deficit comes 

from severing both vertical and horizontal connections. In contrast, mice with the standard 

laser cuts showed only a very modest decrease in pellet retrieval success (39%, 28%; 
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P=0.03 for overall success of regular ablation vs sham) in the early days after surgery (Fig. 

4.7C and D) and had performance matching sham mice at all other time points. There was 

little variation in the pellet reaching attempts across all groups and time points, except for 

mice with severing ablations, which made modestly more attempts in the early days after 

the surgery (Fig. 4.7F). In conclusion, the laser ablation pattern that effectively blocked 

seizure propagation did not notably impact performance on a complex forelimb motor task 

when placed in the relevant cortical region.  

 

4.4 Discussion 

Sub-surface cuts produced by tightly-focused infrared femtosecond laser pulses localized 

to cortical layers II – IV and encircling a seizure focus were able to block horizontal 

propagation of focal seizures with high efficacy while minimally affecting normal brain 

structure or the ability to perform a complex reaching task. With over 100,000 epileptiform 

events measured in this study, we found laser cuts reduced the propagation of interictal 

spikes, polyspikes, and especially seizures, for which propagation was reduced from 85% 

in control animals to 5% in laser cut animals. Seizures that do not propagate, if restricted 

to a small enough area, may effectively be similar clinically to seizures that never occurred.  

Moreover, in combination with medication, such cuts might be even more efficacious. 

There were no differences in seizure power, duration, or other metrics, as measured at the 

focus, between attenuated and non-propagated seizures in mice with laser cuts and 

propagated seizures in control mice, indicating that blocked seizures likely would have 

propagated without the laser cuts.  
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To try to improve the efficacy of this neurosurgical approach we made both close 

and widely spaced double cuts, but without further notable decreases in seizure 

propagation. Cuts also tended to reduce the incidence of seizures, with ~70% of all laser 

cut animals (including both single and double cut) showing an 85% reduction in the 

average number of daily seizures. This reduction in seizure initiation appeared more robust 

in animals with double cuts, but this was dominated by two mice with single cuts that had 

unusually large numbers of seizures, possibly reflecting the variability in seizure incidence 

previously reported with this model (54). Laser cuts also reduced propagated seizures on 

average by ~97% for all cut geometries when compared with controls (from 42 to 1.5 

propagated seizures per day). This reduction in seizure propagation was retained over three 

months — consistent with the poor regenerative nature of the adult central nervous system 

(44, 45)  and mild glial scarring at the cut, which also may create a barrier to seizure 

propagation — suggesting that longer-term efficacy may be possible (and which we 

demonstrated in a few animals that were followed longer). In earlier work, we showed that 

similar sub-surface laser cuts around an acute seizure focus induced by intracortical 

injection of a chemoconvulsant reduced both seizure incidence and propagation (43, 55). 

In comparison, previous studies of the efficacy of the multiple subpial transection 

procedure in animal models suggested that while the cuts did effectively block kainic-acid 

induced seizures (55) and decreased after-discharges in response to cortical 

overstimulation (35, 56, 57), they led to significant neurological deficits.  

Unwanted effects on tissue and brain function from these cuts is reduced by the fine 

cut width, minimal collateral damage, ability to produce sub-surface tissue cuts, and the 

precise control of the cut location that ablation with tightly-focused femtosecond laser 
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pulses affords (58). In our previous work, femtosecond laser cuts were between 80 – 180 

µm in width (43), which we reduced to ~55 µm while increasing the uniformity and 

completeness of the cut in this work. These cuts did not injure any blood vessels on the 

surface of the brain and were completely localized inside the cortex, at the targeted cortical 

layers. They led to modest decreases in cortical blood flow that recovered in days, 

consistent with the sub-surface nature of the cuts that completely preserved the vasculature 

on the brain surface. Minor tissue scarring and increased inflammatory cell density was 

evident at the laser cuts at one month, suggesting the laser cuts do not induce severe chronic 

pathology. Despite the bleeding from the laser ablation, animals with laser cuts but no 

FeCl3 microinjection did not develop any seizures. The high precision and negligible 

collateral damage achieved with femtosecond laser ablation is why this tool has been 

adapted for surgical procedures, including ocular refractive surgery (58, 59), dental cavity 

removal (58, 60), and removal of bone fragments in orthopedic surgery (under 

development) (61, 62).  

We tested the effect of the laser cuts on motor function and found that there were 

only minor acute deficits in a complex reaching task, which quickly recovered. In contrast, 

severing vertical connections in conjunction with horizontal connections reduced motor 

function significantly – comparable to the impact of a focal stroke – and these animals did 

not quickly recover. These more severe laser cuts are likely closer to the surgical removal 

of the seizure focus often used clinically, and which can lead to significant neurologic 

deficits (20). Previously, we showed that somatosensory cortex encircled by similar laser 

cuts still responded to a peripheral stimulus, further supporting the notion of reduced 

neurological disruption from these cuts (43). Thus, the micrometer-sized sub-surface laser 



 110 

cuts that were able to block seizure propagation produced negligible structural damage and 

nearly absent functional impairment.  

Previous work using acute seizure models has shown that focal seizures initiate in 

the pyramidal cells of layer V of the cortex and then propagate laterally through layers 

II/III (29, 32-34, 63, 64). In cortical slices, only cells in layer V were able to initiate the 

synchronized activity that leads to a seizure (63), and only layers II/III were capable of 

propagating this activity horizontally through the slice (64). In both awake and 

anaesthetized mice, seizures induced in layer V of the cortex relied on layers II/III 

connections for horizontal propagation (29, 32-34). This previous work examining the role 

of different cortical layers in focal seizure propagation relied on acute seizure models, such 

as microinjection of 4-aminopyridine. These models reliably generate powerful seizures, 

but fail to capture the long-term changes in intrinsic neural properties, neural connectivity, 

or other aspects of the tissue microenvironment that occur during the formation of an 

epileptic focus (65). Such processes could alter the role of different cortical layers in 

supporting seizure initiation and propagation. The iron chloride model used in this study 

creates a chronic seizure focus that develops over weeks and models’ aspects of what 

occurs after a traumatic brain injury (54). The significant reduction in propagation of iron 

chloride induced seizures we found after severing layer II – IV connections is consistent 

with the idea that seizures in chronic epilepsy also propagate in layer-specific fashion.  

 About 5% of all epilepsy cases are due to traumatic brain injury (TBI) associated 

with military service, sports, accidents, or other inciting factors (66). A variety of effects 

secondary to TBI have been proposed to contribute to formation of a seizure focus, 

including neuroinflammation (67), blood-brain barrier permeability (68), tissue hypoxia 
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(69), changes in neural excitability (70, 71), reactive oxygen mediated damage from 

cerebral bleeding (72, 73), and metabolic dysfunction (74-76). The iron chloride 

microinjection model partially captures the development of a TBI-induced seizure focus 

by simulating the accumulation of iron from breakdown of hemoglobin left in the tissue 

after small microhemorrhages from a TBI (54, 77-80). The iron accumulation is thought to 

lead to reactive oxygen species mediated membrane lipid peroxidation preferentially on 

glial cells, which reduces removal of glutamate from the synaptic cleft, leading to overall 

hyperexcitability and the eventual development of a seizure focus (54, 77-80). Animal 

models of focal TBI, including the fluid percussion injury and controlled cortical impact 

models, also lead to focal seizures, but these more complex models normally have fewer 

than ~1 seizure/day. Future work should investigate the capability of encircling laser cuts 

to attenuate the seizures that are produced by these models as well.  

 One remaining question is how to translate this approach into the operating room. 

With the laser system used in this study we have demonstrated cortical transections as deep 

as ~1 mm, but this will be inadequate in larger and more complex brains (42). The human 

cortex is not only thicker (1- 4.5 mm) but is also convoluted with gyri and sulci (81). This 

presents two problems: first, the need for increased light penetration to achieve laser 

ablation at greater depths; and second, the need for a laser delivery system that can traverse 

the folds of the brain without damaging the surrounding tissue. With longer wavelength 

laser light, tissue scattering is reduced while linear absorption by water and lipids increases, 

leading to optimal wavelengths for tissue penetration at the 1.3-µm and 1.7-µm local 

minima in water absorption (82). At these wavelengths, targeted tissue cuts as deep as 5 

mm (1.3-µm pulses) and nearly 1 cm (1.7-µm pulses) are theoretically possible (33). Using 
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these wavelengths is also likely to decrease the impact of large surface blood vessels on 

sub-surface ablation, as they did for 2PEF imaging (83). Laser technologies that could 

produce energetic, femtosecond pulses at these wavelengths are becoming increasingly 

mature (high energy Yb femtosecond laser driving an optical parametric amplifier (84) or 

other nonlinear conversion process (85)). To enable cortical cuts within the folds of the 

cortex, a probe that gently penetrates sulci and “side fires” into the cortex could be used. 

Supporting such a possibility, a flexible, sulci-penetrating needle probe that can enable 

multiple cortical regions, both on top of gyri and inside sulci, to be reached from a single 

skull burr hole has recently been demonstrated in cadavers (86, 87). With longer 

wavelength femtosecond pulses, a sulci-penetrating probe that can focus the light into the 

tissue and anatomically-registered robotic guidance of probe motion, our procedure could 

provide a new neurosurgical approach to treating cortical focal epilepsy in patients. 

 

4.5 Materials and Methods  

4.5.1 Study Design 

Detailed descriptions of relevant materials and methods are in the Supplementary 

Materials. All animal experiments were approved by Cornell’s Institutional Animal Care 

and Use committee. The aim of this study was to determine the effect of encircling 

micrometer-wide laser cuts that severed lateral connections in layers II-IV of the neocortex 

on the initiation and propagation of seizures from an induced epileptic focus, as well as to 

determine the impact of such cuts on the structure and function of surrounding brain tissue. 

To induce an epileptic focus, we microinjected iron chloride into the cortex of 

craniotomized mice. Tightly-focused femtosecond laser pulses were then used to produce 
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sub-surface cuts encircling the injection site. Using implanted intracortical electrodes, we 

measured electrophysiological ECoG recordings from the seizure focus and at electrodes 

placed 1 and 2 mm away for 12-33 weeks and quantified seizure propagation by examining 

the correlation of the distant recordings with the seizure focus. We examined four groups: 

epilepsy controls (n = 4) (induced with seizures but did not have laser cuts), epilepsy with 

laser cuts (n = 8) (induced with seizures and had laser cuts), laser cut controls (n = 3) (given 

a sham intracortical injection, but had laser cuts), and surgical controls (n = 3) (given a 

sham intracortical injection and had no laser cuts). We further tested the effect of adding 

concentric laser cuts with “close” (n = 4) and “wide” (n = 5) spacing in mice with epilepsy. 

To assess the effects of laser cuts on the structure and function of the cortex, we used 

several approaches. We imaged mice (n = 5) with fluorescently labeled neurons and 

microglia using multiphoton microscopy before and after ablation to see the acute effect 

on tissue architecture. We followed cortical blood flow changes in the same mice over two 

weeks after ablation using multi-exposure laser speckle imaging. In mice that had laser 

cuts for about a month, we histologically examined impacts on tissue architecture and 

cellular composition near the cuts. Lastly, we examined the impact of cuts placed in motor 

cortex on success in a skilled forelimb reaching/grasping task. Mice were broken into three 

groups: sham surgery (n = 6) (just a craniotomy), regular ablation (n = 6) (laser cuts were 

placed in caudal forelimb motor cortex), and severing ablation (n = 7) (laser cuts in the 

same place, but with the addition of a full ablated layer at the bottom of the cylinder, 

thereby severing vertical cortical connections). In the task, mice learned to grasp a sugar 

pellet through a narrow opening, and we assessed changes in their success after treatment. 

Sham surgery mice repeated the experiment after being given a photothrombotic stroke of 



 114 

similar size to the laser ablated region, as a positive control. For the seizure propagation 

and grasping task experiments, group sizes were determined from power analysis based on 

results from pilot experiments (see Supplementary Methods).  
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4.7 Figures 

     
Figure 4.1. Laser microtransections encircling a chronic seizure focus significantly 
attenuated or blocked seizure propagation. (A) Schematic representation of our surgical 
procedure. (1) Created a 4 X 10 mm2 craniotomy between lambda and bregma. (2). Laser 
ablation in 1-mm diameter circles at every 10 µm from 550 µm (bottom of layer IV) to 70 
µm (top of layer II) beneath the cortical surface. (3) Chronic focal seizures induced by a 
microinjection of ~350 nL of 100-mM FeCl3 in saline into the center of the ablated 
cylinder. (4) Electrodes implanted in the bone flap at the seizure focus, 1-mm away, and 2-
mm away. The bone flap was then reimplanted. (5) Animals were chronically recorded for 
twenty-four hours once a week for three, or more, months. (B) Representative local field 
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potential recordings with correlation coefficients, which indicate how well the recordings 
at 1-mm and 2-mm distance match the recordings from seizure focus. Background colors 
are used to indicate where these seizures fall in the plots in C and D (indicated by same 
color dots). (C) Violin plots of all seizure correlation coefficients for epilepsy controls  and 
epilepsy with laser cuts (red) (****P<0.0001, Kolmogorov-Smirnov test). (D) 2-D contour 
maps of the density of seizures as a function of the 1- and 2-mm correlation coefficients, 
clustered into three groups termed: propagated (top right), attenuated (middle), and non-
propagated (bottom left). The representative seizures shown in B include: propagated in a 
control animal (left), then non-propagated, attenuated, and propagated seizures in a laser 
cut animal (3 right panels). (E) Bar graph indicating the percentage and number of seizures 
that fell into the three clusters (propagated, attenuated, or non-propagated) for both the 
epilepsy control and epilepsy with laser cuts. The clustering was statistically different 
between laser cut and control groups (P<0.0001, Chi-squared test of associations). (F) Area 
under the curve for seizures at the focus comparing the total power of seizures in each 
cluster between epilepsy with laser cuts (red) and epilepsy control. Dots represent 
individual seizures (blue dots indicate an outlier animal). (G) Area under the curve at 
distant electrodes comparing clusters (propagated, attenuated, and non-propagated) 
between epilepsy control and epilepsy with laser cuts (red) (dots represent individual 
seizures).  
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Figure 4.2. Closely- and widely-spaced double cuts did not further decrease the 
percentage of propagated seizures but did decrease the number of daily seizures. (A) 
Schematic representation of the different laser cut geometries. (B) Percentage of seizures 
that propagated in epilepsy control, single cut, close double cut, and wide double cut 
animals (*P=0.01, One-way ANOVA, Tukey post hoc multiple comparisons correction). 
(C) Comparison of the average number of seizures per day between controls and the three 
types of laser cuts made. (D) Average number of seizures per day that propagated in each 
group (****P<0.0001, One-way ANOVA, Tukey post hoc multiple comparisons 
correction). 
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Figure 4.3. Laser ablation significantly reduced average seizure propagation across 
all animals and remained effective over time. (A) Percentage of seizures that propagated 
as a function of seizure incidence for both epilepsy controls and epilepsy with laser cuts 
(red). Each animal is represented by a different shape, with recordings from multiple days 
for each animal. (B) Average seizure propagation for each animal for epilepsy with laser 
cuts and the epilepsy control groups (***P=0.0001, unpaired t-test). (C) Percentage of 
propagated seizures, (D) total number of seizures per day, and (E) total number of 
propagated seizures per day, averaged across all animals, as a function of time for the 
epilepsy control group and the epilepsy with laser cut group (red). 
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Figure 4.4. Seizure propagation blocking by laser cuts was stable over time. A closely-
spaced double cut, a single cut, and a control animal, each with high incidence of seizures, 
were followed for an extended period of time to inspect the week-to-week changes in the 
efficiency of laser cuts in blocking seizures. (A) 2-D contour plots of the correlation of 
recordings of seizures at 1 and 2 mm with the recording from the seizure focus at different 
times for a mouse with closely-spaced double cuts. (B-D) 2-D contour plots of correlation 
coefficient over time showing the average centroid and the 80th and 33rd percentile contours 
for the peak density of seizures for each week for mice with a closely-spaced double cut 
(B), a single cut (C), and no laser cuts (D). The lines connect successive geometric medians 
of seizure density, with the color of the centroid indicated the recording time and the size 
of the centroid indicating how many seizures occurred during the 24-hour recording that 
week (scale in top left corner). To have sufficient data to determine the averages of the 
correlation coefficients, we excluded data from any recording days that had fewer than 10 
seizures.   
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Figure 4.5. Laser cuts cause minimal collateral damage and only a modest, transient 
impact on local cortical blood flow. (A) Two-photon images showing blood vessels (red), 
neurons (yellow), and microglia (cyan). Top panel boxes show low magnification images 
taken before and after producing a 1-mm diameter ablation from 550 µm to 70 µm beneath 
the surface of the cortex (white dotted circle: ablation, blue box: center, yellow box: border) 
(scale bar: 100 µm). Middle and bottom panels show zoomed-in views of the border and 
ablated regions, respectively, before and after ablation (scale bar: 100 µm). (B) Multi-
exposure speckle contrast imaging captured before, after, and 3, 7, and 14 days after 
ablation. Images show a single exposure time (25 ms). The ablated region is evident as a 
faint white ring in the post image (scale bar: 500 µm). Yellow dashed box indicates the 
field of view for images in panels C and D. (C) Heat map showing the fractional change in 
blood flow over the two weeks recorded. (D) Map of the fraction of light scattered by 
moving scatterers, such as flowing blood cells, over time. The cellular debris from the 
ablation shows up as a dark ring in the post image. (E) Parenchymal blood flow, expressed 
as a fraction of baseline, as a function of distance from the cut center and measured 
immediately after and one day after the ablation. (F) Fractional changes in baseline 
parenchymal blood flow for each region (inside the cut, at the border, and outside the cut) 
as a function of time. (G) Fraction of light dynamically scattered as a function of distance 
from the cut center measured before, immediately after, and the day after ablation. (H) 
Fraction of light dynamically scattered for each region as a function of time. 
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Figure 4.6. Thirty days after laser cuts the cortical structure was intact and had 
minute scarring with inflammatory infiltrate, minor gliosis, and mild loss of myelin. 
(A) The left panel shows a light microscope picture of a 5-µm thick coronal section through 
the cylindrical laser cut, stained with hematoxylin and eosin (H&E), with arrowheads 
indicating the top, middle, and bottom of the cuts. The dashed box indicates the location 
for the panel on the right showing a zoomed in image of the laser cuts. Additional panels 
show histological stains and immunohistological labeling at the location of laser cuts for: 
(B) Iba1 (microglia/macrophages), (C) Prussian blue (hemosiderin), (D) Luxol fast blue 
(myelin), (E) Olig2 (oligodendrocytes), and (F) glial fibrillary acid protein (GFAP; 
astrocytes) (scale bars: 100 µm). 
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Figure 4.7. Regular encircling laser ablation targeted to forepaw motor cortex did not 
reduce long term ability to perform skilled reaching tasks. (A) Timeline of when food 
deprivation and pellet reaching training and testing occurred during the pellet reaching 
experiment. (B) Video snapshots of a first-time successful attempt where an animal grabs 
and eats the pellet on the first try (green), a miss where an animal reaches and cannot grab 
the pellet (orange), and a fail where the animal knocks the pellet out of reach (red). (C) 
Schematic representation of a cortical column with the surgical treatment for each of the 
four experimental groups: sham, regular ablation, a “severing ablation” where the bottom 
of the cylinder is also laser cut, and a focal photothrombotic stroke. To the right, the panel 
shows graphical representations of the success of a representative animal’s reaches for a 
sucrose pellet in the first three minutes of their recording on day 3 post-surgery, for each 
group. Dashed line box in the regular ablation row indicates the reaches that are shown in 
panel B. (D) Average success rate, (E) average first attempt success rate, and (F) total 
number of attempts to grab and eat a pellet during training and after surgery for all four 
groups (n = 6-7 mice/group). The dashed line box in D indicates the timepoint of the 
representative data shown in C.  
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4.8 Supplementary Materials 

4.8.1 Detailed Materials and Methods 

1. Surgery and electrophysiological recording for evaluation of long-term impact of laser 

ablation on seizure propagation  

All animal procedures were approved by the Cornell Institutional Animal Care and Use 

Committee (protocol number 2015-0029) and were conducted following NIH guidelines. 

These experiments required a staged animal preparation procedure. First, access to the 

neocortex was obtained by performing a craniotomy (Fig. 1A1). Next, we used two-photon 

microscopy to map the cortex and guide the production of a 1-mm diameter cylindrically-

shaped sub-surface cut through targeted cortical layers using tightly-focused femtosecond 

duration laser pulses, in order to sever lateral neural connections (Fig. 1A2). We then 

microinjected iron chloride into the cortex at the center of the cut region, which drives the 

formation of a seizure focus within 1-2 weeks (Fig. 1A3). Finally, electrodes were 

implanted over the craniotomy to record from the seizure focus, and at two sequential linear 

distant locations that sit outside the cylindrical cut (Fig. 1A4). Mice with only iron chloride 

injections, with only laser cuts, or only the electrodes served as controls. We then took 

freely behaving electrophysiological recordings for 24 hours, weekly for 1-33 weeks (>8 

weeks for 75% of mice), and quantified the incidence and propagation characteristics of 

epileptiform events. The sections below provide detailed descriptions of these 

experimental steps.  
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1.1. Animal groups and preparation for surgery 

All animals were purchased from Jackson Laboratory (strain: 000664-B6, Jackson 

Laboratory) or locally-bred C57BL/6J wildtype mice, ranging from 18 - 40 g in weight, 

between 2 and 12 months in age, and split between male and female animals in each 

experimental and control group. Animals were split into four groups with three to eight 

animals per group: an experimental group which received laser ablation, iron chloride 

injection, and electrode implantation (n = 8, 5 male and 3 female) ; an epilepsy control 

group which received iron chloride injection, electrode implantation but no laser ablation 

(n = 4, 3 male and 1 female); a laser cut control group which received laser ablation, saline 

injection, and electrode implantation (n = 3, 1 male and 2 female); and a surgical control 

group which received saline injection, electrode implantation, but no laser ablation (n = 3, 

2 male and 1 female). Group sizes were determined based on preliminary data from pilot 

experiments that showed epilepsy control animals would have around 25 +/- 10 seizures a 

day. A power analysis was run with GPower to determine statistical significance at a p = 

0.05 level for a 10% decrease in seizure propagation frequency, suggesting about 700 

seizures were needed. We achieved this with a minimum of 4 animals per group with at 

least 8 weekly recording sessions per animal (~200 seizures per animal). Laser cut controls 

and surgical controls were deemed sufficient when the first three animals showed 

essentially no seizures. Data collection was stopped when 4 animals in both the epilepsy 

control and epilepsy with laser cuts had made it through at least 8 -12 weeks of recordings.  

All surgeries were performed at the same time of day using the same tools and in 

the same location within the laboratory. Animals were induced using 3-4% isoflurane in 

100% oxygen through a nose cone and then maintained at 2-2.5% isoflurane with minor 
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adjustments to maintain a respiration rate of ~1 Hz. Every hour during the surgical 

procedure the animals were given subcutaneous injections of atropine (0.005 mg/100 g 

mouse weight; 54925-063-10, Med Pharmex) to help suppress excess lung secretions, and 

5% glucose (1 mL/100 g mouse weight) in saline to prevent hypovolemia. The animal’s 

temperature was maintained at 37ºC using a feedback-controlled heating pad (40-90-8D 

DC, FHC). A large (~4x10 mm2) craniotomy was opened using a dental drill to expose the 

cortex. The removed bone piece was maintained in sterile saline for later reimplantation 

with inserted recording electrodes. The animals in the epilepsy-only and surgical control 

groups were immediately prepared for intracortical injection by applying saline to the 

exposed brain and preparing the Nanoinject II (Drummond). The animals in epilepsy with 

laser cut and laser control groups had the craniotomy temporarily closed with a 13-mm 

diameter circular cover glass, with saline underneath, that was lightly adhered with 

cyanoacrylate adhesive (Loctite 420) at the rostral and caudal edges. The rim of the 

craniotomy was then sealed using Kwik-Sil (World Precision Instruments) and the animals 

were moved to the microscope for imaging and ablation.  

 

1.2.  Imaging and ablation procedure 

For the ablation procedure, mice were first retro-orbitally injected with Texas Red dextran 

(40 μl, 2.5% w/v, molecular weight = 70,000 kDa, Thermo Fisher Scientific) in saline to 

label the vasculature. Mice were then moved to a custom built two-photon excited 

fluorescence (2PEF) microscope that utilized a 1,030-nm femtosecond laser for excitation 

(Satsuma, Amplitude Systemes). Texas Red emission was collected on a photomultiplier 

tube (PMT) through a 630/92 nm (center wavelength/bandwidth) emission filter. Laser 
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scanning and data acquisition was controlled using ScanImage software (88). We collected 

low magnification images of the brain surface vasculature using a 0.28 NA, 4X objective 

(Olympus). This ~2.5 x 2.5 mm2 vascular map enabled us to reliably identify the same 

brain regions under both the 2PEF and the surgical dissection microscope. We then 

switched to a higher numerical aperture 0.95 NA, 20x objective (Olympus) for tissue 

ablation. Ablation utilized 800-nm wavelength, ~50-fs duration pulses from a 1-kHz 

repetition rate Ti:Sapphire laser amplifier (Legend, Coherent), routed into the 2PEF 

microscope as previously described (42, 43). Briefly, the beam from the amplifier was 

passed through a λ/2 waveplate, with computer-controlled rotation, and then a polarizing 

beamsplitter cube in order to adjust laser power. We used an 875-nm long-pass dichroic 

mirror (FF875-Di01, AVR Optics), placed between the scan and tube lenses, to route the 

ablation beam into the microscope. The beam first passed through a -150-mm focal length 

lens that, in combination with the 300-mm focal length tube lens, expanded the ablation 

beam to fill the back aperture of the objective. The mouse was mounted on a computer-

controlled 3D translation stage (XPS, Newport). Custom MATLAB software controlled 

stage movement, shutters for both the amplified beam and the 2PEF beam, as well as laser 

powers. We identified ~1-mm diameter regions for ablation, being careful to obtain regions 

that avoided large overlying blood vessels that could disrupt the ablation beam. All ablated 

regions were located between 0.5 mm and 4 mm lateral from and left relative to the central 

sinus and less than 1 mm caudal from bregma, areas encompassing motor cortex and 

somatosensory barrel cortex (89). We created an open top and bottom cylinder with ablated 

walls by producing concentric circular cuts from ~550 µm to ~70 µm beneath the cortical 

surface (layers II-IV of neocortex) (90), with 10 µm steps. Laser energy was decreased 
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exponentially with decreasing depth (42), starting at ~30 µJ at 550 µm and ending at ~4 µJ 

at 70 µm below the cortical surface to achieve sub-surface cuts to the tissue with uniform 

width (Fig S1D). We moved the stage at 700 µm/s in a 1-mm diameter circle while 

irradiating and blocked the amplifier beam when transitioning between layers. In some 

animals a second layer of cuts were made simultaneously at each layer creating a larger 

diameter circle outside the 1-mm diameter circle (closely-spaced: 1.2 mm diameter (n = 4, 

2 male and 2 female); widely-spaced: 1.6 mm diameter (n = 5, 2 male and 3 female). We 

also monitored, in real time, the success of the laser ablation by visualizing the rupture of 

cortical capillaries that fell in the ablation path using 2PEF imaging (Fig S2A; Movie S1). 

In this and previous work, we found that the presence of large surface vessels interferes 

with ablation efficiency and therefore we manually increased the ablation power to 

maintain successful ablation in such conditions. Mice were removed immediately after 

ablation and returned to surgery. 

 

1.3. Intracortical injection: 

Animals in the experimental and laser control groups had the cover glass over the 

craniotomy carefully removed. All animals had saline-soaked gel foam (Ethicon: 1969) 

applied to the brain to keep it moist. We pulled glass pipettes and then broke the tips to 

create micropipettes with ~10-µm openings, which were filled with mineral oil and then 

backfilled with either 100 mM FeCl3 in saline or just sterile saline. The micropipette was 

connected to a Nanoinject II (Drummond) mounted on a micromanipulator and was 

lowered to a depth of ~550 µm beneath the cortical surface (~layer V of the cortex) (90). 

For animals in the experimental and laser cut control groups the pipette was directed to the 
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center of the ablated cylinder, while for animals in the surgical control and epilepsy control 

groups the pipette was placed at anatomically equivalent locations. We injected ~350 nL 

(rate: 46 nL/s) of either FeCl3 for the experimental group and epilepsy-only control or 

saline for the laser cut control and surgical control (54).  

 

1.4. Electrode implantation: 

The skull fragments removed during the craniotomy were stored in saline until electrode 

implantation. The bone was placed in a sterile field and burr holes were drilled to hold 

electrodes. We placed three sequential burr holes in the bone fragment so that, when it was 

re-implanted, the electrodes were located over the injection site and at distances of 1 and 2 

mm away. Two additional burr holes were created over the contralateral hemisphere for a 

common reference and a ground. Electrodes (0.10” screws with wire leads, Pinnacle 

Technology) were implanted into the burr holes and soldered to an 8-pin head mount 

(Pinnacle Technology). The wire leads were shortened and soldered to bring the head 

mount as close as possible to the bone fragment. Electrodes, head mount, and bone 

fragment are then together lowered utilizing a micromanipulator for precision back over 

the brain being careful to align the first electrode right over the injection site. The implant 

was then sealed using Kwik-Sil (World Precision Instruments) and then cemented using 

dental cement (C&B metabond) that was mounded up around the implant to secure it to 

the head for the next several months. Animals then recovered for 1-2 weeks while the 

epilepsy model developed, and seizures began occurring. 
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1.5. Electrophysiology: 

Electrophysiological recordings were taken using a three-channel tethered system with a 

sampling rate of 400 Hz from the intracranial surface electrodes, together with 

simultaneous video recording (Pinnacle Technology). Electrophysiological and video 

recordings in every animal were taken for twenty-four consecutive hours once a week every 

week for between one and 33 weeks. All recordings were started around 8 am and lasted 

for a full 24-hour cycle.  A red-light lamp was used to illuminate animals at night for the 

video recording.  

Mice were excluded from the study if seizures did not develop after intracortical 

injection of iron chloride or if other aspects of the implantation surgery failed (23 mice 

from epilepsy control group and 10 mice from epilepsy with laser cuts group). This 

variability in epilepsy incidence after iron chloride is larger than reported previously with 

this model (54). Animals were also excluded if they did not survive long enough for at least 

one recording session (2 mice from surgery control and laser cut control groups, each). 

Data from individual recordings was excluded if it was too noisy. The electrode frequency 

spectrum was computed using a Fourier transform and averaged across 3-s time windows 

over the entire recording duration. Electrode channels were excluded when 60 ± 0.67 Hz 

frequencies constituted greater than 10% percent of the total frequency spectrum. Noisy 

channels appeared over time and were consistently noisy after appearing. Only one closely-

spaced double cut animal was removed entirely from the study as an outlier because the 

mouse showed a significantly higher incidence of seizures and would have skewed the 

overall data if included. Seizure propagation in this mouse was analyzed separately (Fig. 

4A and B) 
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1.6. Seizure Event Detection and Classification: 

We used semi-automated approaches to identify episodes of epileptiform activity in the 

~7,500 hours of electrophysiological recordings acquired in this study. To locate potential 

epileptiform events, a 0.25-s long root-mean-square (RMS) moving window filter was 

applied to the signal from the electrode at the seizure focus. Peak RMS values exceeding 

60 µV were identified. Sequential peaks that were within 1 s of each other were combined 

into a single event. Because normal activity sometimes exceeded this threshold, we 

discarded events that did not contain any spiking in the unfiltered signal from the seizure 

focus that did not exceed 250 µV. A researcher blinded to the treatment of the animal then 

manually classified each of these events, looking only at the recording from the seizure 

focus, as an interictal spike (single spike), polyspikes (spiking shorter than 3-s duration), a 

seizure (spiking longer than 3-s duration), or a false positive (e.g. signal due to motion 

artifact) (46). Simultaneous video was recorded and used to help identify false positives by 

identifying scratching epochs or the animal transiently shorting electrodes by hitting the 

enclosure. We then calculated the cross correlation of the electrophysiological recordings 

taken at distances of 1 and 2 mm with the recording from the seizure focus, called R1 and 

R2, respectively (allowing for small temporal shifts between the recordings and finding the 

shift that yields the maximal cross correlation value). We combined all seizures across all 

experimental groups and clustered them using the Mahalanobis distance-based algorithm 

based on these correlation values (47). This was repeated for polyspikes and interictal 

spikes. For the seizures, we found two clear and compact groupings, which we termed 

propagated seizures (approximately: R1 ~ R2 > 0.65) and non-propagated seizures (R1 ~ 



 143 

R2 < 0.25). For the remaining events, we tried different numbers of clusters, but found that 

using more than one additional cluster led to inconsistent clustering and groupings that 

seemed unintuitive. We thus used three clusters total and termed the third cluster attenuated 

seizures (R1 < 0.85, R2 < 0.25). We similarly arrived at three groupings, with quite similar 

boundaries, for polyspikes and interictal spikes.  

Using these recordings, we also characterized seizure duration and band power, as 

well as the delay for the seizure to propagate from the focus to distant electrodes. We first 

determined a threshold power, above which activity was determined to be epileptic. We 

calculated the signal band power (RMS signal strength averaged over a fixed frequency 

range and time interval) between 0 and 50 Hz using sequential 1-s intervals across data 

from the entire recording session and set the threshold for each channel to be the average 

band power plus one standard deviation. We then calculated band power for each seizure 

event, again using 1-s interval and 0 to 50 Hz bandwidth, but now with a 25-ms step size 

through the data (to improve temporal resolution). The channel-by-channel thresholds were 

then applied to this data to determine the beginning and end of each seizure event. From 

this we determined the seizure duration, as well as any delay in seizure onset between the 

focus and distant electrodes. We further calculated the area under the curve (AUC) as the 

sum of the band power over the duration of the seizure, and the maximum band power 

during the event.  

In these electrophysiological recordings, more powerful seizures saturated the 

detection electronics. This was deemed better than having too little amplification and 

missing the propagation of weaker seizures. To determine the effect of signal saturation on 

the calculated correlation coefficient, we took signals from 11 seizures with no saturated 
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voltages (Seizure) as well as normal ECoG signals from a distant electrode within 5 min. 

of the event within the same recording session as the non-propagated signal (Distant) 

(Supplementary Fig. 11). Mixed signals, representing propagated seizures, of different 

seizure amplitude (but similar noise) were created by linearly summing the seizure signal 

with the non-propagated signal as Mixed = (n)Seizure + (1-n)Distant, where 0 ≤ n ≤ 1, 

while saturation was controlled by determining a threshold for which the seizure signal 

reached a set percentage of samples at the positive or negative threshold bounds and 

applying the threshold to both the Seizure (representing the focus) and Mixed (representing 

the propagated) signals. We calculated the correlation coefficients between the Seizure and 

Mixed signals while varying n (e.g. the real amplitude of the propagated seizure) and the 

degree of saturation in the seizure signal for each trial. We averaged trials from the 11 

identified seizures together, and determined the resulting correlation coefficient 

underestimation based on the 0% saturation condition.  

 

2. Chronic imaging for determining the long-term effects of ablation on tissue architecture 

and perfusion 

2.1. Surgical procedure: 

Transgenic animals (B6CgTg(ThyYFPH) (The Jackson Laboratory stock number: 003782) 

x B6.129P2(91)-Cx3cr1tm1Litt/J (The Jackson Laboratory stock number: 005582)) (91) 

were used to label neurons (Thy1-YFPH) and microglia (CX3CR1-GFP) (n = 9, 6 males 

and 3 females). Animals were at least 2 months old, between 18-40 g. Animals received a 

4-mm permanent cranial window between the suture lines lambda and bregma as described 
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above with a 6-mm diameter circular cover glass fitted over the site and adhered using 

superglue and dental cement. A small layer of fibrosis tissue and scarring did occur over 

the craniotomy in four of the nine mice and the layer was removed and new glass cover 

slip fitted to the head in order to maintain image clarity.  

 

2.2. Chronic multiphoton imaging: 

Animals were chronically imaged using both 2PEF and laser speckle contrast imaging 

microscopes before and after ablation to determine the effect of ablation on tissue 

architecture and cortical blood flow. Mice were injected with Texas Red dextran (40 μl, 

2.5%, molecular weight = 70,000 kDa, Thermo Fisher Scientific) and imaged with a 

Ti:Sapphire femtosecond laser (Mira, Coherent) set to 880 nm for immediately before and 

after ablation. The GFP, YFP, and Texas Red fluorescence was collected with a 735-nm 

long-pass dichroic, separated by secondary and tertiary long-pass dichroics at 520 nm and 

593 nm, and detected through bandpass filters with center wavelength/bandwidth of 

494/41, 550/49, and 630/92 nm, respectively. Three-dimensional overview imaging stacks 

were taken of the ablated region before and after ablation using a 4x 0.28 NA objective 

(XLFLuor4x/340, Olympus) to create ~2.5 x 2.5 mm2 overview. More detailed ~0.5 x 0.5 

mm sized 3D image stacks were taken at the center and at the border of the ablated region 

using a 20x 0.95 NA objective (XLUMPLFLN20XW, Olympus). The ablation procedure 

remained the same as described above. As fluorophores labeled distinct structures with no 

anticipated overlap, multiphoton images were spectrally unmixed using the LUMoS 

unmixing method (92) in which image data is clustered based on the number of 

fluorophores used, then the pixel values are scaled based on the original image intensities. 
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2.3. Multi-exposure laser speckle imaging: 

We used multi-exposure speckle imaging (MESI) (50) to assess the impact of the laser cuts 

on tissue perfusion over two weeks following laser ablation. For imaging, a beam from a 

785-nm laser diode (LD785-SEV300, ThorLabs) was variably diffracted through an 

acousto-optic modulator (AOMO 3100-125, Gooch & Housego), then expanded for 

widefield imaging on the mouse cortex. Thirty laser speckle images taken at fifteen 

different exposure times between 50 µs and 80 ms were acquired through a 4X 0.28NA 

objective (XLFluor, Olympus) onto a CMOS camera (acA2040-90umNIR, Basler). A 

linear polarizer and IR bandpass filter were placed in front of the CMOS sensor to increase 

contrast and reduce ambient light levels at the longer exposure times, respectively. A DAQ 

board (USB-6001, National Instruments) was used to adjust the laser power diffracted 

through the modulator to maintain a constant image intensity across all exposure times, 

while a microcontroller gated and synchronized the modulator output with the camera 

exposure. Dark images with no laser illumination were interleaved with these images to 

quantify camera noise. Speckle contrast was calculated as the standard deviation divided 

by the mean (𝐾 = !!
〈#〉

) in a moving 7x7 pixel window, and using the camera noise reduction 

approach from Wang, et al. (93). Following the work of Postnov, et al. (94), pixel contrast 

values at each exposure time were fit to  
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where β is the normalization factor to account for mismatch between the pixel size and the 

speckle size on the camera, ρ is the fraction of scattered light that is dynamically scattered, 

and ν is the instrumentation noise. DMU indicates whether the scattering motion by blood 

cells is ordered like in vessels (DMU = 0) or disordered like in capillary-dense parenchymal 

regions (DMU = 1). 𝑥 = 𝑇/𝜏3, where T is the exposure time and τc is the speckle correlation 

time which is inversely proportional to the blood flow speed or perfusion.  

 Measurements were taken prior to the laser cuts, immediately after, then at 1, 3, 7, 

and 14 days after ablation. We used 50-µs and 80-ms exposure time speckle contrast 

images to locate the border of the laser cut and thus to define the center, where the increase 

in non-moving red blood cells in the tissue at the cut border provided signal changes that 

were readily apparent. We calculated parenchymal tissue perfusion and the fraction of light 

scattered by dynamic (e.g. moving) scatterers for 25-µm wide concentric rings up to 1 mm 

out from the center of the cut. In order to average over only parenchymal tissue, a vessel 

mask was created using the 80-ms exposure speckle contrast images and large vessels were 

excluded to reduce the probability of measurements from large vessels skewing the results. 

Two mice were excluded from speckle imaging due to being “over ablated,” where 

excessive laser power was inadvertently used and much wider laser ablation with increased 

intraparenchymal bleeding was observed, and two more were excluded due to 

instrumentation issues with the imaging setup during baseline recording.  
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3. Acute in vivo imaging and histology to determine optimal cut speed and cut 

completeness 

3.1. Surgical procedures: 

All animals were C57BL/6J wildtype mice (18-40 g) bred in our colony and at least 2 

months old (n=30). Animals were fitted with a cranial window and laser ablations were 

performed in the cortex using the same 2PEF imaging and ablation setup described above. 

Immediately after ablations occurred, animals were transcardially perfused using 4% 

paraformaldehyde (PFA) and brains were removed for histologic analysis.   

 

3.2. Ablation procedure for optimal cut speed: 

To find an optimal cutting speed with the 1-kHz laser pulse train, the sample stage was 

programmed to move the laser focus in single lines of 1-mm length with rostral-caudal 

orientation at specified depths in the cortex, using the depth-dependent energy found to 

produce about 50-µm wide cuts in our previous work (42). Each of 25 mice received 

ablations at three different depths in four separate columns, two on each hemisphere of the 

parietal cortex. Cut speeds varied across 100, 300, 500, 700, or 900 µm/s, and cuts were 

made at depths of 600, 400, and 200 µm below the surface of the brain. We volumetrically 

imaged (Texas red dextran was intravenously injected, as above) a subset of the cut lines 

using an Olympus 20x 0.95NA objective to determine in vivo approximation of cut width 

to compare with histologic analysis.  
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3.3. Ablation procedure for cut completeness: 

The ablation laser and 2PEF imaging were set up, five animals were retro-orbitally injected 

with Texas red dextran, and a vascular map of the craniotomy was obtained using in vivo 

imaging, as described above. Circular laser cuts were created on both hemispheres having 

a 1-mm diameter from 550 µm to 70 µm below the surface of the brain. Animals were 

imaged after ablation with the 0.28 NA 4x Olympus and Olympus 20x 0.95NA objectives 

to create volumetric stacks (~2.5 x 2.5mm2; ~0.5 x 0.5 mm2) for in vivo visualization of 

acute cuts.  

 

3.4. Histologic and image analysis: 

After ablation animals were perfused using 4% PFA in PBS and brains were extracted from 

the skull before being stored in 4% PFA for 24 hours. Brains were then switched to a 

solution of 30% sucrose in PBS for another 24 hours. Next, brains were frozen in optimal 

cutting temperature (OCT) compound (Fisher Healthcare) and sectioned in 25-µm thick 

sections using a microtome cryostat (Microm HM 550, Thermo Fisher Scientific). Animals 

with laser cuts from the cut speed experiments were sliced into coronal sections and 

animals with circular cuts to determine cut completeness were sectioned using horizontal 

sections to show the entire circle. Sections were mounted on slides and then stained using 

3,3'-Diaminobenzidine (DAB) to highlight red blood cells, in order to show the cut regions 

more clearly. Images were taken utilizing a one-photon microscope (Zeiss Axio Examiner, 

with a QICam camera) and image analysis was conducted in ImageJ.  
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Images of line cuts in the coronal sections showed the cross section, allowing 

measurement of the cut width to determine cutting speeds that minimized collateral damage 

and verifying the appropriate depth-dependent laser energy. Images of circular cuts in the 

horizontal sections showed the 1-mm diameter circle where ablation was attempted, 

allowing the completeness to be measured by manually identifying gaps in the cut. In order 

to account for misalignment of the cutting plane with the cylinder axis when slicing, the 

first and last 100 µm of tissue containing circular cuts were excluded, so the cut 

completeness assay focused on the internal 300 µm.  

 

4. Pellet reaching task to assess the effect of laser ablation on fine motor function of mice 

4.1. Animals 

All animals (n = 24) were C57BL/6J mice (strain: 000664-B6, Jackson Laboratory) (12 

female, 12 male) between 4 and 5 months of age. Mice were housed in cages with Alpha-

Dri bedding (to avoid mice eating cornmeal bedding and thus not being food motivated) 

and were acclimated to the new cage for one day before food deprivation. Food deprivation 

was conducted by removing food at 6:00 pm and returning it the next day after the animals 

completed the task. Acclimation to food deprivation was repeated for 2 days prior to the 

shaping phase of the study. Behavior tests were performed for each animal beginning at 

approximately 8:30 am each day in a skilled forelimb test apparatus with an adjustable 

vertical pellet holder (Maze Engineers) (95). The apparatus was 23-cm long, 10-cm wide, 

and 20-cm tall with a 0.5-cm wide vertical slit for the animals to reach through. Testing all 

24 mice required about six hours. To reduce the effects of prolonged fasting on the animals’ 
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behavior, mice were randomized into three groups of eight and the testing order was rotated 

each day between groups. Mice are weighed immediately prior to behavioral testing to 

track weight loss. 

In order to determine the number of animals necessary for this study we conducted 

a pilot study with three animals where we ran the mice through both the shaping and four 

days of training before and after laser ablation or stroke (n=2/group). Based on the effect 

size and variability in success observed in this pilot study, power analysis, run in GPower, 

indicated we needed 6 mice per group to determine a statistical difference at the p = 0.05 

level. Because we knew that we would lose some animals due to surgical error and 

unwillingness to perform the task we increased our groups to 8 mice.  

 

4.2. Pellet Reaching Test 

Shaping: Animals were placed in the behavior chamber for 20 minutes on 3 consecutive 

days. On day 1, sucrose pellets (20 mg, ScottPharma) were scattered within the chamber 

and placed in a tray outside the slit, within reach of the animals’ paws but not their tongues 

to encourage grasp attempts. On days 2 and 3 of shaping, the pellets were only outside of 

the chamber for the mice to reach. Videos of the animals were manually scored by counting 

how many grasps were attempted by each paw to determine the animals’ left/right paw 

preference.  

Training: The animals were trained on their preferred paw for 8 days. Mice were 

placed in the behavior chamber for 20 minutes or until they reached 30 successful grasps. 

Sugar pellets were placed on the pellet holder 6 mm from the chamber wall and 3 mm 

lateral from the midline of the slit, contralateral to the animal’s dominant paw. A blinded 
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researcher, independent of those running the behavioral tests, manually scored videos of 

the animals’ performance and tracked the total number of successful grasps, successful first 

attempt grasps, misses, and failed attempts where the pellet was knocked out of reach. 

  Testing of pellet reaching success occurred in three phases: before surgical 

intervention, in the week after surgical intervention, and three weeks after surgical 

intervention. Performance in the first phase guided which surgical intervention the animals 

should receive. Mice were removed from the study if they failed to reach a success rate of 

~20% following initial training (2 mice). The remaining mice were divided into 3 groups 

to receive a craniotomy, a craniotomy with a regular ablation, or a craniotomy with a 

“severing ablation.” Mice were allocated such that the average success rate, ratio of male 

to female mice, and ratio of mice from each original group of eight were approximately 

equal. Mice that received only a craniotomy were given a focal ischemic stroke after their 

three-week post-operative testing and the one week and three-week post-operative testing 

was repeated, so these same mice served as both positive and negative controls. Training 

was paused following the initial training phase for about a month and was resumed two 

days prior to any surgical procedures to refamiliarize the animals to the task. Performance 

remained high over this one month pause, consistent with previous findings (96). 

 

4.3. Surgery 

Craniotomies for the behavior task differed from what was previously described only in 

location. Craniotomies were performed over the caudal forelimb area (CFA), contralateral 

to the animal’s preferred paw, were centered ~1.5 mm lateral to bregma, and were 3 mm 

in diameter (53, 95) (Fig. S9A). For performing the ablation and severing ablation, the 
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imaged field of view was centered ~1.5 mm from the sagittal sinus to cut a 1 mm diameter 

circle within the CFA. The regular ablation was created by cutting the same 1-mm diameter 

open cylinder spanning 70 to 550 µm depth, as described above (Fig. S9B). The severing 

ablation added a fully ablated 1-mm diameter plane at a depth of 500 µm below the cortical 

surface to this cylinder (Fig. S9C). The ablated layer was created by passing the beam path 

in a bidirectional manner from one end of the circle to another, with parallel lines spaced 

25 µm apart. 

Mice were given two days after surgery to recover and were given wet food during 

recovery. The pellet reaching task resumed for the second testing phase on the second full 

day post-operation although the animals were not food-restricted overnight. For day 3 post-

operation onwards, food restriction resumed prior to behavioral tasks. 

 

4.4. Stroke 

Mice that received a craniotomy only for the pellet reaching task had a subsequent stroke 

induced over the CFA after completing the three-week post-operative testing. Mice were 

given 50 µL retroorbital injection of Rose-Bengal (10 mg/mL) in saline. Under 2PEF 

imaging, a region was located within the CFA. A green CW laser at 530 nm was focused 

through the 0.95 NA 20x objective for 5 min to occlude vessels in the cortex 

(Supplementary Fig. 9D). The occluded region was confirmed using MESI. Mice were 

given the same 2-day rest period as was done for the first set of surgeries before resuming 

behavioral testing.  
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5. Histological analysis of laser cuts to determine the chronic damage associated with 

ablation 

5.1. Histology of laser cuts 

Mice (n=12, 7 males and 5 females) from both the chronic imaging and behavioral study 

were perfused between 3-5 weeks after laser ablation using 4% PFA in PBS and brains 

were extracted from the skull before being stored in 4% PFA for 24 hours. Brains were 

then switched to a solution of 30% sucrose in PBS for another 24 hours. Brains were then 

cut into ~3-mm thick coronal slabs centered on the laser ablated region (marked on the 

dorsal surface with surgical ink). Tissues were washed in tap water and then processed on 

a Sakura Tissue-Tek VIP 6 tissue processor overnight where the tissues were infiltrated 

with a series of graded alcohol (70%, 80%, 95%, 100%), xylene, and finally melted 

infiltrating paraffin. Once processed, tissues were placed into a metal embedding mold 

filled with melted embedding paraffin and fixed into the appropriate orientation by placing 

the mold on a cold plate to semi-solidify the paraffin. The cassette was then placed on top 

of the mold and filled with embedding paraffin, and the completed block was placed on the 

cold plate to solidify. The tissue was cut in 5-µm thick coronal sections which were 

mounted and stained using histochemical and immunohistochemical stains. Every other 

section was stained with hematoxylin and eosin. The intervening sections were stained for 

one of the following: Iba1 (microglia; Wako, Catalog #019-19741, 1:3000 dilution), 

Prussian blue (hemosiderin), luxol fast blue (myelin), olig2 (oligodendrocytes; ABCAM, 

catalog# ab109186, clone EPR2673,1:2000 dilution), and glial fibrillar acidic protein 

(astrocytes; Dako/Agilent, Catalog #Z0334, 1:3000 dilution). Each slide was examined by 
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a board-certified veterinary pathologist, comparing the cut region with the contralateral 

cortex as a control. 

6. Data visualization and statistics 

Plots and graphs were created using Prism 8 (GraphPad) and MATLAB. For the correlation 

coefficient data (Fig. 1, Supplementary Figs. 3 and 4), correlation coefficients were 

calculated using MATLAB to compare the distant electrodes to the seizure focus, and 

violin plots comparing correlation coefficients were made in Prism 8 with the maximal 

width being at the highest density of values. Statistical significance for differences in the 

distribution of correlation coefficients between groups was determined using the 

Kolmogorov-Smirnov test. The 2-D contour plots were created using custom software in 

MATLAB and clustering used the Mahalanobis distance clustering method (47). Contours 

were created using a linear scale, distributing 30 contours between the maximum and 

minimum values of the data point density. All bar graphs (Figs. 1, 2, and 5, Supplementary 

Figs. 3 and 4) were created with the bar indicating the mean and whiskers showing standard 

deviation. Box and whisker plots (Figs. 1 and 2, Supplementary Figs. 6 and 7) were made 

with the box to include values between the 25th and 75th percentile with the whiskers 

extending to 1.5 times the interquartile range outside the box. Means were calculated using 

all values and are highlighted. Figure legends indicate when animals with outlier behavior 

were singled out with distinct color datapoints and means calculated with them excluded. 

Line graphs with shading that indicates the standard deviation were made in MATLAB 

(Figs. 2 and 4). Imaging data was analyzed in ImageJ and MATLAB. Statistical analyses 

were done on Prism 8 and JMP Pro 15. When comparing groups, significance was 

determined using a one-way ANOVA with Tukey honest significant difference post hoc 
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multiple comparisons correction for more than two groups and using an unpaired t-test for 

two groups. The number of epileptiform events that propagated, were attenuated, or were 

non-propagated were compared between control and laser cut mice using a Chi-squared 

test of association. To determine if the percentage of seizures that propagated changed over 

time, we ran a linear mixed effects model with a fixed effect of week and a random intercept 

and slope at the animal level for laser cut animals. For controls we ran a similar linear 

mixed model with the random intercept at the animal level. Fixed effect of week was tested 

using an F-test to determine if the trend over time was statistically significantly different 

than a slope of zero. For all linear and linear mixed effects models the residuals were 

assessed for normality and homogeneous variance; response variables were log 

transformed when needed. P-values were considered statistically significant when they 

were below 0.05. Statistical indicators are used consistently in figures, as follows: *P<0.05, 

**P<0.01, ***P<0.001, ****P<0.0001. Further details of each plot including sex 

differences, groups compared, statistical test, p-value, and explanatory notes are included 

in the figure legends. 
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4.8.2 Supplementary Figures: 

 

Figure S4.1. Laser and cutting parameters were optimized to produce cuts that were 
uniformly ~50-µm wide as a function of depth into the cortex. (A) Two-photon images 
taken immediately after ablation at 600 µm below the cortical surface for cuts produced 
with 12 µJ and at several translation speeds (scale bar: 100 µm). Texas red dextran labeled 
the vasculature, and the extravasation of blood plasma into the brain tissue at the cut 
location is apparent. (B) Light microscope images of 3,3′-diaminobenzidine (DAB) stained 
coronal slices at the location of laser cuts produced at different speeds across several 
depths, with the laser energy varying with depth as shown in panel D. Cuts in each column 
were made with at the same speed, as indicated above the column (scale bar: 100 µm). (C) 
3D plot of cut width as a function of depth and laser energy. Colors are a secondary 
indicator of cut width to make the results more apparent. Above each plot is the speed with 
which the stage was moved. (D) Laser energy used as a function of depth into the cortex, 
showing the exponential increase in energy needed to overcome optical scattering losses 
(based on results in Nguyen, et al. (42). While this prior work established appropriate laser 
energy as a function of depth, optimal laser translation speeds through the tissue that were 
as fast as possible while producing uniform cuts were not determined. (E) Cut width as a 
function of depth beneath cortical surface for 700 µm/s translation speed while using the 
depth-dependent energy shown in panel D. Values at each depth are an average of the cut 
widths for the energies that were used and fit the curve in part D (average: 55 µm).  
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Figure S4.2. Cuts at depths ranging from 550 µm to 70 µm below the cortical surface 
were ~85% complete with a ~55 µm cut width. (A) Two-photon images taken before and 
after laser ablation with blood plasma labeled by Texas Red-dextran. Top left image: before 
ablation; Bottom left image: after ablation; Right images from the center (top) and edge 
(bottom) of the cut at higher magnification after ablation. Scale bars: 100 µm. (B) Images 
of DAB-stained horizontal brain slices through the circular ablated region. Images between 
170 and 450 µm (indicated by the black dotted lines) were used to measure cut 
completeness. Slices from above and below this region often contained tissue above or 
below where we cut, due to a small tilt of the cutting plane relative to the brain surface, 
and were ignored. The completeness of the cut (e.g. yellow dotted line in the middle 
picture) and gaps in the cut (indicated by an arrow in the middle picture) were identified. 
(C) Average cut width and (D) cut completeness as a function of depth below the cortical 
surface, showing data from five separate brains in grey and smoothed average lines in 
black.  
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Figure S4.3. Laser cuts significantly blocked polyspike propagation. (A) Examples of 
polyspikes from epilepsy controls (left: propagated) and epilepsy with laser cuts (right: 
non-propagated, attenuated, and propagated, respectively from left to right), with the 
corresponding correlation coefficients indicated below each trace. (B) Correlation 
coefficients comparing the events at 1-mm and 2-mm electrodes with the seizure focus 
between controls and laser cut animals (****P<0.0001 Kolmogorov-Smirnov test). (C) 2-
D contour plot of epilepsy controls (left) and epilepsy with laser cuts (right) with clusters 
bounded by blue lines: propagated (top right), attenuated (middle), non-propagated (bottom 
left). (D) Bar graph representing the percent of total polyspikes in each of the clusters for 
epilepsy control and epilepsy with laser cuts (red) (numbers above columns are the number 
of polyspikes in each of the clusters). Clustering was different between laser cut and control 
groups (P<0.0001, Chi-squared test of associations).  
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Figure S4.4. Interictal spike propagation was reduced by laser ablation surrounding 
a seizure focus. (A) Examples of interictal spikes from epilepsy controls (left: propagated) 
and epilepsy with laser cuts (right: non-propagated, attenuated, and propagated, 
respectively from left to right), with the corresponding correlation coefficients indicated 
below each trace. (B) Correlation coefficients comparing the events at 1-mm and 2-mm 
electrodes with the seizure focus between controls and laser cut animals (****P<0.0001 
Kolmogorov-Smirnov test). (C) 2-D contour plot of epilepsy controls (left) and epilepsy 
with laser cuts (right) with clusters bounded by blue lines: propagated (top right), 
attenuated (middle), non-propagated (bottom left). (D) Bar graph representing the percent 
of total interictal spikes in each of the clusters for epilepsy control and epilepsy with laser 
cuts (red) (numbers above columns are the number of interictal spikes in each of the 
clusters). Clustering was different between laser cut and control groups (P<0.0001, Chi-
squared test of associations).  
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Figure S4.5. Incidence of epileptiform events across all experimental groups show 
that iron chloride was the inciting factor for seizure induction, and laser cuts did not 
cause seizures. Comparison of epileptiform events across laser cut control, surgical 
control, epilepsy with laser cuts, and epilepsy control. Animals with zero recorded seizures 
were set to 0.1 events/day to facilitate visualization on a log plot.  
 
 
 

 
Figure S4.6. Combination of all epileptiform events across epilepsy control and 
epilepsy with laser cut animals indicate three clear clusters of events: propagated, 
attenuated, and non-propagated. (A-C) 2-D contour map of correlation coefficients 
combining both epilepsy control and epilepsy with laser cuts for (A) seizures, (B) 
polyspikes, and (C) interictal spikes. 
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Figure S4.7. Seizure metrics at the focus suggest that non-propagated seizures in 
epilepsy with laser cut animals would have propagated without laser cuts. (A) Seizure 
duration at the focus compared across clusters for epilepsy control and epilepsy with laser 
cut groups. (B) Max band power at the seizure focus compared between epilepsy control 
and epilepsy with laser cuts (red) over the three clusters. (C) Time of day that seizures 
occurred across groups and clusters. Data points from outlier mice are shown with different 
colors to avoid hiding average trends (blue: epilepsy control outlier – black mean indicators 
show trend; orange: epilepsy with laser cuts outlier – red mean indicators show trend). 
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Figure S4.8. Seizure metrics at distant electrodes show our method of clustering 
accurately portrays the physiological seizure propagation. (A) Seizure duration and (B) 
Max band power at the distant electrodes, as a fraction of the value at the focus, for epilepsy 
control and epilepsy with laser cuts (red) mice and across propagated, attenuated, and non-
propagated seizures. (C) Delay between seizure initiation at the focus and arrival at the 
distant electrodes for epilepsy control and epilepsy with laser cuts groups, illustrating 
propagated (left) and attenuated (right) seizures (filled bars – 1-mm, open bars – 2-mm).  
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Figure S4.9. Laser cuts did not reduce polyspike or interictal spike frequency. Average 
number of (A) polyspikes and (B) interictal spikes per day for epilepsy control, epilepsy 
with laser cuts, epilepsy with double laser cuts, and epilepsy with wide double laser cuts 
groups.  
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Figure S4.10. Treatments used for behavioral testing were confirmed to be in the 
caudal forelimb area of motor cortex. (A-C) Green light images showing blood 
vasculature on the right with a map indicating the craniotomy location with a red box and 
outlining the location of laser cuts in B & C with a red circle. (D) Focal stroke with the 
same map and indicators on the left and heat map based on laser speckle contrast imaging 
on the right. The stroked area is highlighted with a red dotted line and indicated by a lower 
fraction of baseline blood flow. Scale bars: 500 µm. 
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Figure S4.11. Saturation of ECoG signal during epileptiform events decreases the 
correlation coefficient between the seizure focus and distant electrodes but does not 
significantly impact classifications. (A) The cumulative distribution of all seizures that 
fall below a given percentage of samples within the signal that are saturated. (B) The 
theoretical differences of correlation coefficients at varying levels of saturation and seizure 
amplitude breakthrough. No experimental data is in the lightly shaded region. (C) A 
displacement map of the measured correlation coefficients (black dots) and the distances 
to the true measurements under a 20% (red) and 40% (blue) saturation condition overlaid 
onto the contour distribution of seizure correlation measurements. 
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4.8.4 Supplementary Movies 

 
Movie S4.1. Two-photon microscopy video of the production of a 1-mm dimeter 
cylindrical laser cut through cortical layers II-IV (550 µm to 70 µm). Blood vessels are 
labeled with Texas Red dextran. Video starts at the surface of the brain and then steps down 
to 550 µm below the cortical surface where laser ablation begins. Ablation moves in a 
circular pattern, pauses to move dorsally 10 µm, and then repeats the circle again. This 
process is repeated from 550 µm to 70 µm below the cortical surface. 
 

Movie S2. Two-photon imaging depicting closely spaced double laser cuts (100-µm 
spacing) made from 550 µm to 70 µm below the cortical surface. Video follows the 
same trajectory as Supplementary Video 1 but completes the inner circle (1-mm diameter) 
and then the outer circle (1.2-mm diameter) at every level before moving dorsally.  
 
 
 
 
 
 



 168 

 
 

Movie S4.3. Two-photon imaging illustrating widely spaced double laser cuts (300-
µm spacing) made from 550 µm to 70 µm below the cortical surface. Video follows the 
same trajectory as Supplementary Video 1 but completes the inner circle (1-mm diameter) 
and then the outer circle (1.6-mm diameter) at every level before moving dorsally.  
 

 
Movie S4.4. Two-photon imaging demonstrating the severing of vertical connections 
for the severing ablation group for the pellet reaching task. Blood vessels are labeled 
with Texas Red dextran. Single laser ablation from 550 µm to 70 µm below the cortical 
surface was completed as with above (Supplementary video 1). Severing of a single layer 
at 500 µm below cortical surface is depicted here by panning the laser back and forth with 
25 µm between lines.  
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CHAPTER 5 

Combined wireless electrophysiological recording and optogenetic stimulation 

device for blocking seizures 

 

5.1 Open Source Instruments 

 Over the last four years I have been working with Open Source Instruments (OSI), 

an industry company, who develops new products for research purposes. The newest 

product being developed by the company in conjunction with our lab is a wireless 

electrophysiological recording device that can also optogenetically stimulate the brain. The 

device will be closed loop so that when it detects altered electrophysiological data it can 

turn on a light and optogenetically stimulate a population of neurons to change the 

electrical activity at that location or another location in the brain. This can be useful in 

many situations where an altered electroencephalography (EEG) recording is detected and 

stimulation of excitatory or inhibitory neurons can prevent or promote the effects of the 

abnormal brain activity. The device is called mouse sized implantable stimulator with lamp 

(MS-ISL). Whether the abnormal activity comes in the form of a seizure like in epilepsy 

or increases in beta band activity like in Parkinson’s disease the ability to record this 

Figure 5.1. A prototype Implantable Stimulator-Sensor is the first attempt at combining wireless 
electrophysiological recording with optogenetic stimulation. The top two leads are the positive and 
negative stimulus for the fiber coupled LED to be attached. The bottom two leads are the sensors for 
picking up electrophysiological data from the surface of the brain. This prototype also has onboard 
computing for event detection, closed loop processing, and a battery pack large enough to support 
experiments for a couple of weeks. Downside of this prototype is that it is large for a mouse with 1.7 ml 
volume and 2.7 g mass. (Image used with permission from OSI) 
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information and then modulate it could revolutionize our understanding and treatment of 

neurologic disorders. 

 

5.2 The MS-ISL 

 The combined wireless optogenetically stimulating and electrophysiologically 

recording device is an innovative new technology for research and could lay the 

groundwork for a new way of modulating human brain activity. The device is currently 

wireless, and battery operated allowing for 20 minutes of stimulation and one hour of 

recording every day for up to 68 days working up to 1400 hours (Fig 5.1). Current research 

in optogenetics and electrophysiological recordings are both mainly done with tethered 

systems like the other experiments outlined in Chapters two and four with our tethered 

recording systems. The ability for animals to remain in their home cage keeps the 

environment the same including cagemates, smells, food and water availability, and 

familiar enrichment, which can ultimately help make sure recording of neural activity will 

more accurately mirror brain activity from a more relaxed and enriched mouse. The device 

is small enough to be implanted under the skin. The light on the end of the implantable 

stimulation lamp can be either a fiber-coupled surface LED or a fiber-coupled penetrating 

LED to activate a region of neurons deep within the brain more specifically (6-10 mm) 

which can reach deep nuclei or even the brain stem of mice (1, 2). The color of the light 

can be exchanged easily to interact with different types of photosensitive proteins including 

channelrhodospin, halorhodopsin, and archaerhodopsin. Each of these can play a role in 

activating different types of channels for instance channelrhodopsin normally opens 

cationic channels letting in positive ions and depolarizing neurons while on the other hand 
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halorhodopsin opens up anion channels like chloride channels which hyperopolarizes a 

neuron and makes it harder for them to fire (3-5). Overall, this device opens up countless 

avenues in research where optogenetics along with electrophysiology and behavior are 

becoming the premiere way to run studies inspecting brain function as these methods allow 

you to record and modulate brain activity.  

 

5.3 Altered EEG Activity 

Altered brain activity has been correlated with many different neurologic diseases 

and is an area of active research (6-14). On top of that, the fields of optogenetics and deep 

brain stimulation where researchers modify brain activity is becoming a very large research 

field and area of treatment for neurologic diseases in humans. Combining 

electrophysiology and optogenetics into one device will allow for researchers to test for 

altered brain activity and modify it in real time. This can lead to a better understanding of 

diseases like Parkinson’s disease, dementia, Alzheimer’s disease, depression, epilepsy and 

more.  

More specifically, Parkinson’s disease has shown to have altered brain activity with 

the reduction of median spiny neurons in the substantia nigra of the basal ganglia. Recent 

advances in optogenetic stimulation of Parkinson’s disease have shown the first empirical 

in vivo data to determine the cellular mechanisms with which the basal ganglia controls 

motor movement and the cellular mechanism behind Parkinson’s disease (11, 15). Kravitz 

et al. showed that optogenetic stimulation of the median spiny neurons (MSNs) in the 

indirect pathway bilaterally elicits a Parkinson state and bilateral optogenetic activation of 

the direct pathway recovered deficits found in models of Parkinson’s disease (15). Kravitz 
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et al. utilized not only optogenetic stimulation to make this discovery but also 

electrophysiological recordings to determine these mechanisms. More recent advances in 

Parkinson’s disease have shown that there is extra activity within the beta band of 

electrophysiological recordings (16, 17). The real time feedback of the new MS-ILS device 

can allow researchers to make corrections to altered brain activity while it is still occurring. 

This can possibly allow researchers to see the effects of halting the altered activity. One 

example is increased activity in the beta band during electrophysiological recordings of 

patients with Parkinson’s disease. This has been shown to occur because of long bursting 

activity in the basal ganglia that synchronizes the basal ganglia-cortical circuit and has been 

hypothesized to reduce the ability of the basal ganglia to encode new motor movements 

(16). Therefore, if there was a way to record this bursting in the basal ganglia and then 

modulate the beta bursts with optogenetic stimulation in real time more motor programs 

may be able to be processed in patients with patients with Parkinson’s (17).  

Another recent discovery is that sharp wave ripples can be revived by the brain 

during memory retrieval (18). It has been shown that normal memory function requires 

these sharp wave ripples (19). The process of sharp wave ripples is a delicate ensemble of 

excitatory and inhibitory activity that when disrupted can lead to altered brain activity 

including fast wave ripples. It has been found that memory disorders like dementia and 

especially Alzheimer’s disease have pathological changes in sharp wave ripples that 

significantly affect the delicate balance of excitatory and inhibitory activity and create fast 

wave ripples. While each mouse model of Alzheimer’s disease has shown different 

attributes to the changes in neural activity, they all agree that the sharp wave ripples are 

disrupted and that they are significantly reduced which many hypothesize could be leading 
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to the loss of memory (2, 18-28). The use of a device like the ML-ISL might be able to not 

only record the changes in sharp wave ripples but can stimulate different subsets of neurons 

causing the altered activity to determine if there is a way to reduce or abolish the fast wave 

ripples and increase the sharp wave ripples thus returning memory processing and retrieval.  

Lastly, optogenetics and electrophysiology have played a huge role in seizure 

disorders like epilepsy. It has been shown by multiple studies that activation of inhibitory 

neurons within the cortex or inhibition of excitatory pyramidal cells within the cortex can 

both diminish or expunge seizures and their propagation (3, 29-33). There has not yet been 

a device that can wirelessly record electrophysiological activity while simultaneously 

getting real time feedback and ontogenetically stimulating to disrupt seizure propagation. 

While many forms of altered brain activity are pathological there are some that 

perform beneficial behaviors. Another finding in the literature is that sharp ripples have 

also been found in the hippocampus of mice to be involved in memory consolidation during 

sleep (2). These studies have shown that these sharp wave ripples occur during sleep in the 

hippocampus for consolidation of spatial memory (2, 34). In combination with these 

findings, it was found that selective inhibition of these sharp wave ripples prevents 

consolidation of spatial memory (27). Most recent research has shown that the combination 

of electrophysiological recording and optogenetic stimulation does increase working 

memory (35). Therefore, the combination of being able to do electrophysiological 

recordings with optogenetic stimulation in one device with closed-loop processing could 

revolutionize sleep studies to be able to determine where information like memory 

consolidation is occurring and ways to increase it in the future. A device like this would 

completely change research and give us the possibility of a clinically applicable way to 
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disrupt seizures, prevent Parkinson’s disease, help repair memory deficits in Alzheimer’s 

disease and even increase memory consolidation in sleep. 

 

5.4 Why did we choose a mouse model 

Animal models have always been a point of controversy due to their different 

attributes and drawbacks for utilization in various fields of research. Mice are the most 

abundant animals to have transgenic manipulations as well as optogenetic experiments 

performed and published (3, 36). Because of their fast-breeding habits, mammalian 

characteristics, and easy embryonic stem cell manipulations mice make an optimal animal 

model for genetic manipulation for transgenic implantation of opsins (4). The previous 

design of these wireless implantable EEG monitoring systems was developed for rats 

because OSI needed a larger device to work out the finer electronics. Now that they have 

been able to miniaturize this device and are combining it with an optogenetic stimulating 

lamp for a more diverse utilization in research, a mouse model is a far more appropriate 

animal model. Mouse models in optogenetics are the most widely used in research. Mouse 

models are used in a variety of optogenetic modulation including research in 

monoaminergic systems, localized control of circuits in diverse brain regions, amygdala, 

behavioral studies, fear and anxiety disorders, epilepsy, addiction, depression, autism, 

Alzheimer’s disease, schizophrenia, Parkinson’s disease (3, 4, 36, 37). Many of these 

research avenues not only widely use optogenetic stimulation as a strategy but also utilize 

EEG monitoring of neuronal activity to get a better understanding of the disease (1, 4, 5, 

15, 29-33, 35-49). Combining these two techniques can give insight into how optogenetic 

manipulation can modulate brain activity from a disease state to a potential physiologic 
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state. New technology like Open Source Instruments is developing could pave the way for 

many new research studies looking at the effect of modulating altered brain activity that 

shows up in many diseases including Parkinson’s disease, dementia, Alzheimer’s disease, 

depression, post-traumatic stress disorder, epilepsy, anxiety disorders, addiction, 

schizophrenia, autism, and more (6-14). The development of this technology for mouse 

models is of the utmost importance and could lead to groundbreaking work in neurobiology 

and the pathogenesis of many diseases and disorders. 

 

5.5 Recording of seizures and building an archive of events  

In order to develop the MS-ISL wireless recording and optogenetically stimulating 

combined device, OSI developed each piece of the device separately before combining 

them together. The electrophysiological recording device dubbed the mouse-sized 

Figure 5.2. Mouse-sized implantable subcutaneous transmitters (MST) and the implantable 
stimulator transponder (IST) were implanted separately to determine if they function correctly. 
(A) Surgical implantation of MST for electrophysiological recording of abnormal brain activity. (B) 
Video recording of mice in their home cages performing daily behaviors while simultaneously recording 
EEG. (C) Wireless EEG recording of seizures. Left panel shows a 100 s recording with multiple seizures 
while the right panel shows the first seizure magnified to examine its characteristics. (D) implantation 
and optogenetic stimulation of channelrhodopsin in VGAT+ neurons by the IST.  
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implantable subcutaneous transmitter (MST) was the first standalone device developed. 

The MST is a small telemetry device that is battery powered. The transmitters used in this 

study had two biopotentials with sixteen-bit precision and transmitted the signal through 

radio waves back to a computer processer through multiple antennae in the faraday 

enclosure surrounding the cage of mice. Batteries are rechargeable when removed from the 

animal. There are two helical stainless-steel wires for picking up electrophysiological 

signals that are insulated with silicone. The battery pack also has an antenna looped around 

and covered with silicone. The end of the transmitters are open wires for picking up the 

brain activity. The device allowed for recording for more than 144 hours of data over a 

couple of weeks. This singular device has two recording electrodes and a small battery 

pack. Implantation of these devices is a relatively simple procedure. We implanted several 

devices recording both normal activity and inducing seizures in order to see if the device 

was capable of picking up excessive electrical potentials as well as starting to build a 

catalog of seizures for teaching the future onboard computing. The MSTs are 

subcutaneously placed on the dorsal surface of the abdomen through a small incision that 

is sutured closed to enclose the battery. The recording electrodes are fed under the skin to 

the exposed calvaria where two burr holes are drilled, and they are fed through and fastened 

with screws for recording electrocorticography (ECoG) (Fig. 5.2A). Before electrodes were 

implanted a microinjection of iron chloride was made intracortically through one of the 

burr holes to induce chronic neocortical focal seizures. Once electrodes are implanted and 

cemented down to the skull animals are allowed recover from surgery. Recordings began 

two weeks after surgery giving the model sufficient time to take hold and the animals time 

to recover. During recording sessions animals were video recorded to see any behavioral 
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correlations to epileptiform activity and to determine the Racine score for any seizures (50) 

(Fig. 5.2B). Multiple seizures were recorded from multiple animals with similar numbers 

to our results in chapter four (51) (Fig. 5.2C). These seizures were determined by looking 

for activity in the ECoG that was 2.5 times the standard deviation of baseline brain activity 

(52). Recording of these seizures was the first step in developing this device to be able 

perform a closed-loop experiment with recording of seizures, onboard determination of the 

seizure, and optogenetic stimulation of neurons to inhibit the seizure activity. As we 

showed in chapter 4 mice with iron chloride injections have on average about 43 seizures 

a day (Chapter 4 Fig. 4.2B). By recording a significant number of seizures, we can build 

up a repository of epileptiform events to train the onboard computing to recognize seizures 

before or at the beginning of each event which determines the proper time to activate the 

optogenetic stimulating LED. This will then allow the closed-loop device to stop seizures 

in their tracks by modulating the neural activity.  

 

5.6 Optogenetic Circling 

Optogenetics works through the interaction of light with microbial proteins called 

opsins which are light sensitive (53). These proteins change their structure based on the 

presence or absence of specific wavelengths of light. When the light is present the structure 

of the protein changes to a different conformation like opening of a membrane bound 

channel. It has been shown that these proteins when integrated into membranes of specific 

neurons can change the membrane potential by causing depolarization or hyperpolarization 

of the membrane through the movement of ions across the channel (54). Some of the first 

optogenetic studies showed that hippocampal neurons can express channelrhodopsin and 
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were activated with millisecond latency when blue light illuminated the neurons (55). In 

order to test the optogenetic properties of the MS-ISL, OSI developed the implantable 

stimulator transponder (IST). As discussed in the last section each part of the MS-ISL had 

to be individually tested for operational efficiency first. The IST is a battery pack connected 

to a fiber coupled LED for optogenetic stimulation. This device was implanted in the exact 

same way as the MST, but instead of implanting the electrodes through the burr hole the 

burr hole was expanded to make a small 1.5 mm2 opening and the LED was implanted over 

the opening. This allowed for illumination of the surface tissue below and for the bright 

LED (optical power: 10.3 mW at 10 mA) to optogenetically stimulate a specific 

subpopulation of neurons. To run this IST through a series of tests the device was implanted 

in a series of animals with the intent of testing the operational efficiency, battery life, ability 

to stimulate, and potential for chronic implantation. First, we tested operational efficiency 

by implanting the device in mice with channelrhodopsin expressed in VGAT+ neurons 

which is associated with gamma-Aminobutyric acid (GABA) producing neurons or 

inhibitory interneurons of the brain. The IST was then tested just after implantation, 3 days, 

1 week, 2 weeks, 3 weeks, 4 weeks, and 5 weeks (Fig. 4.2D). The implants were able to 

work out to 5 weeks with no operational difficulty. The computer software from OSI allows 

for varying of stimulation patterns and frequencies which were tested at each part of these 

trials. Next, implants were tested for surgical longevity, and it was found that implants 

would remain in animals for over 9 months with no long lasting effects that were seen with 

observation. Lastly, we needed to test the stimulation potential of the IST. We needed to 

know if the IST could properly stimulate neurons and see if we could get a response, but 

because the IST is just an optogenetically stimulating LED we could not record neural 
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responses to the stimulation. Therefore, we needed a test that had a dramatic behavioral 

response to optogenetic stimulation. One of the hall marks of optogenetics is an experiment 

the Deisseroth lab showing that if you unilaterally stimulated the secondary motor cortex 

(M2) of a mouse it would circle contralateral to the stimulation (56). This circling provided 

the perfect test for our IST device. ISTs were implanted in transgenic mice expressing 

channelrhodopsin in Thy1-promoting neurons. These neurons have been shown to be 

mainly excitatory pyramidal neurons in the cortex and the channelrhodopsin works to 

depolarize their membranes making them fire (56, 57). Therefore, when optogenetically 

stimulated these neurons will fire in the M2 cortex causing the animal to move only the 

contralateral limbs and therefore move in a circle to the contralateral direction. Once the 

ISTs were implanted into mice the device was tested and then the animal was given a day 

to recover. After a day the animal was tested using different frequencies, periods, and 

durations of stimulation. Frequencies were varied from 15 to 90Hz, periods were varied 

from 1-9ms, and durations were varied from 1-30s. It was determined that mice circled 

most prominently when stimulated at 30Hz with 3ms pulses for 7s (Fig. 4.3A). 

Figure 5.3. IST optogenetic stimulation induces circling contralateral to the stimulation. (A) Image 
sequence of a Ch2-Thy1 transgenic mouse with the IST LED implanted over the right secondary motor 
cortex (1 mm AP, 0.5 mm ML) circling when stimulated for 7s at 30Hz 3ms pulses. (B) Number of 
quarter rotation turns per second as a function whether the light was on or off and whether they turned 
left or right (P<0.001****, Mixed-effects analysis).  
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Unfortunately, most other parameter combinations caused seizure like activity or elicited 

minor to no activity at all. Once the proper parameters were determined to induce circling 

testing was done to determine that the optogenetic stimulation of the tissue was the factor 

that was inducing circling. We recorded the number of turns to the left and the right made 

when the IST was on and off. The IST was implanted in the right M2 cortex therefore we 

hypothesized the animal would circle to the left. The IST was first implanted in four 

wildtype animals and the light was tested to make sure it functioned inside a living animal 

and did not induce any noticeable behavioral changes. The mice circled significantly more 

to left when the light was on than when the light was off (Fig. 4.3B) suggesting the 

optogenetic stimulation was responsible for inducing the circling. There were significantly 

more turns to left when the light was on than to the right (P=0.0009, Mixed-effects analysis, 

multiple comparisons) or left (P=0.0003, Mixed-effects analysis, multiple comparisons) 

when the light was off. There were also significantly more turns to the left than the right 

when the light was on indicating that turning the light on is not just driving more turning 

in general (P=0.0006, Mixed-effects analysis, multiple comparisons). The work here has 

shown that the IST can to wirelessly optogenetically stimulate neurons for up to 5 weeks 

after implantation, it can last for over 9 months implanted in an animal, and it reliably can 

induce a behavioral response.  Ultimately, both the MST and IST have both worked 

individually to record seizures and optogenetically stimulate mice therefore the next step 

is to attempt combining the two to try and disrupt seizure initiation and propagation. 

 

5.7 Conclusions 
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 The combination of electrophysiology recording and optogenetic stimulation 

allows for experiments to better understand normal and pathologic brain activity while also 

modulating the activity at the same time to see how altered activity can change behaviors. 

This could give new ways of attacking neurologic diseases by helping to treat problems 

like seizures in epilepsy, increased beta band activity in Parkinson’s disease, or sharp wave 

ripples in Alzheimer’s disease. It could also pave an avenue toward perpetuating desirable 

brain activity like sharp wave ripples during sleep for memory consolidation. So far, we 

have shown the MST’s ability to perform long-term experiments recording significant 

amounts of brain activity over weeks as well as the ISTs ability to optogenetically modulate 

brain activity to induce specific behaviors like circling. The combination of the MST and 

IST into one device is still being developed but the closed-loop and wireless nature of the 

device could allow researchers to not even disturb animals while simultaneously recording 

and modulating brain activity. Moving forward this device is being adapted not only for 

future work in neurologic and neurodegenerative diseases but also in the cardiac diseases 

where stimulation has the possibility of helping with heart disease and other cardiac 

problems like the need for a pacemaker.  

 Currently there are still a lot of challenges and ethical implications in the study of 

optogenetics for use in humans. There has been relatively limited use of optogenetics in 

nonhuman primates, but the possibilities for improvements in diseases like epilepsy, 

Parkinson’s or even other neurolgic disorders is unprecedented (4, 41, 43, 45, 47). 

Optogenetics has moved beyond neurologic diseases and some research has shown the use 

of optogenetics in pacemakers or other cardiac function is possible (4, 42, 43, 47). This 

could eliminate some of the pain and discomfort associated with shocking the heart and 
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may give people with cardiac pacemakers a better quality of life (4, 42, 43, 47). 

Optogenetics in humans has some limitations to overcome including genetic delivery of 

the opsins to a large brain like in nonhuman primates or humans and light penetration to 

deeper parts of the brain without causing collateral damage (41, 43, 45, 47). Ultimately, 

these types of devices do hold promise, but are still a long way off from human application. 
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CHAPTER 6 

Conclusions and Future Directions 

 

 Epilepsy is a debilitating neurologic disorder. People with epilepsy live in fear that 

at any moment of any day they could lose consciousness, lose control of their body, and 

possibly hurt themselves or others around them during a seizure. Not only are they worried 

about having a seizure that could potentially do harm, but also about the toll that the 

seizures take on their brain. Seizures were shown to increase both morbidity and mortality 

(1-12). While medical management is the preferred option for most patients it doesn’t 

work in about 45% of patients with focal epilepsy (6, 13-15). These patients are left with 

very few alternatives besides neurosurgical resection of the seizure focus, which can leave 

patients with neurologic deficits (1, 12, 15-34). The most prominent etiology of medically 

refractory partial-onset or focal epilepsy is traumatic brain injury (TBI). TBIs account for 

20% of all symptomatic epilepsy patients and most TBIs occurs in the cortex causing 

either temporal lobe epilepsy or extratemporal lobe epilepsy (35-44). Resective surgery 

was found to work better in temporal lobe epilepsy and cause fewer deficits (22, 25, 26, 

32-34, 38, 45-48), but in extratemporal lobe epilepsy the likelihood that the seizure focus 

is in a vital part of the brain is much higher. Therefore, surgical resection often comes 

with neurologic deficits (16, 26, 30, 46, 49-58). Ultimately there is a need for a new 

minimally invasive treatment option for partial-onset epilepsy in the neocortex. 

 Laser ablation is a technology that has begun revolutionizing microsurgery as it 

can be a form of safe tissue removal deep inside optically transparent tissues (59-65). 

While different laser frequencies and wavelengths can dramatically change the nature of 
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the ablation, femtosecond infrared lasers have emerged as the premier laser for 

microsurgery (64-66). The process by which femtosecond infrared laser ablation occurs 

allows for micro to nanoscale ablation. Tightly-focused, femtosecond-duration infrared 

laser pulses initially photoionize the tissue through nonlinear absorption of photons. Then 

once electrons have been ionized, they can be linearly absorbed until they have enough 

energy to drop back down to the valance shell and ionize more electrons which repeats 

itself through the process of avalanche ionization (59, 65). This mass ionization of 

electrons into the conduction band of tissue at the focus of the laser begins plasma 

formation. The plasma gains more energy and expands releasing all its kinetic energy until 

it comes to a sudden halt and releases a pressure wave (59, 65, 67). The electrons still 

bound to the ions by strong electromagnetic pull collide with the ions and release their 

thermal energy heating all the tissue at the laser focus and creating an electron ion vapor 

that expands out pushing the tissue slightly before collapsing in on itself and releasing 

nonharmful elements like oxygen (59, 65, 67). Through this process even subcellular 

components like the cytoskeleton can be targeted (65). This process is in development and 

has been utilized in multiple different facets of medicine and could become a new 

approach for minimally invasive microsurgery (63, 68-89). 

 We developed and optimized a femtosecond infrared laser ablation approach to 

block seizure propagation in multiple mouse model of focal neocortical epilepsy (90, 91). 

Previous research has shown in acutely induced models of seizures that propagation 

mainly occurs along lateral neuronal connections specifically in layers II/III (92-97). 

Therefore, we hypothesized that severing these lateral connections with laser ablation, we 

could block seizure propagation while retaining most of the normal brain activity. We 
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severed these connections surrounding a chronically induced seizure focus and implanted 

electrodes at the seizure focus and at distant locations to monitor seizure propagation for 

3-8 months. We found that in most animals, seizure initiation was reduced by 85% and 

that the number of seizures per day that propagated was reduced from 42 seizures in 

control animals to 1.5 seizures in laser cut animals. We found that 95% of all seizures 

were blocked from propagating beyond 2 mm. Seizure properties including duration, max 

band power, and area under the curve all showed that seizures from laser cut animals that 

were attenuated or didn’t propagate were similar to those that did propagate in control 

animals. This suggests the seizures were not different, and the laser cuts themselves were 

what was blocking them from propagating.  

Due to the invasiveness of the procedure laser cuts were tested for their effect on 

the cellular organization of tissue, brain blood flow and motor behavior. We found that 

laser cuts induce a minor acute drop in global cortical blood flow, but it returns to baseline 

within days. On histology it was found that laser cuts leave a minor glial scar with 

inflammatory infiltration and minor loss of myelination. When laser cuts were placed in 

the caudal forelimb motor cortex animals only showed a minor reduction in their ability 

to complete a complex reaching task that cleared up in days. Overall, laser cuts 

significantly reduced seizure initiation and propagation while having minimal effects on 

both the structure and function of the cortex (91).  

Further work is being done to develop this laser technology to be operating room 

ready by increasing the wavelength of light to allow for deeper penetration into tissue, 

developing a flexible sulcus penetrating probe for navigating the convoluted brain, and 

testing of not only more complicated focal epilepsy models but also other species with 
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convoluted brains. Our laser is currently a tightly-focused 100 femtosecond-duration 

800nm wavelength that has been experimentally found to ablate as deep as 1-mm. Human 

cortex has been found to have a depth of up to 4.5 mm at its deepest and 1 mm at the 

shallowest location (98).  Therefore, in order to ablate at greater depth within the cortex 

the wavelength of the laser needs to be increased. Longer wavelength light has been shown 

to penetrate deeper within cortex without collateral damage. Theoretically, if the 

wavelength was increased from 800 nm to 1.3 or 1.7 µm the depth of ablation can increase 

from 1 mm to 5 mm or 1 cm. Mice brains unlike humans are flat and therefore encircling 

laser cuts are easier to make. The convoluted nature of the human brain makes severing 

the lateral connections in layers II-IV surrounding a seizure focus much more difficult due 

to the constant changing of direction of the cortical structure. Therefore, there is a need 

for a new flexible probe that allows for the laser to move in and out of the convolutions 

in the human brain. Lastly, future testing of this laser neurosurgical approach needs to be 

done to determine if laser ablation after focal epilepsy develops still can block seizure 

propagation. Traumatic brain injury models like the fluid percussion injury model and the 

controlled cortical injury model could provide more testing to determine the clinical 

efficiency of the model.  

 In an attempt to determine another treatment for medically refractory partial-onset 

epilepsy and helping a biotechnology company, Open Source Instruments, cultivate a new 

device for research purposes we helped develop a wireless closed-loop 

electrophysiological recording and optogenetic stimulating device. This device will be 

able to record brain activity and catalog abnormal events so the device can recognize when 

they are occurring and turn on the optogenetic probe to modulate neuronal activity. We 
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first separated the two main components and tested them individually. Both devices were 

tested for the lifespan of implantation, accuracy of recording or stimulation, and duration 

of the battery. It was found that the recording device could record over 144 hours of brain 

activity spanning 5 weeks and accurately record seizures. The optogenetic stimulating 

device was found to be able to induce circling in the contralateral direction from 

stimulation and was able to do this for 5 weeks while the device can remain implanted 

with no further complications for 9 months. Overall, the separated devices both now are 

able to accurately perform their functions, further work is now being done to develop the 

combined device with onboard computing for closed-loop circuitry.  

Previous studies have shown that optogenetic inhibition of seizures is possible (99-

103). Chiang et al. utilized 4-aminopyridine (4-AP), a potassium channel blocker that 

causes acute seizures in mice, combined with channel rhodopsin expressed in 

hippocampal interneurons and optical high frequency stimulation at 50 Hz to block 

seizures 82.4% of the time (99). On the opposite side Tønnesen et al. utilized 

halorhodopsin expressed in conjunction with calcium/calmodulin-dependent protein 

kinase II (CamKII) to hyperpolarize principal cells in the hippocampus. They utilized 

multiple ways to create epileptiform events including picrotoxin, a GABA receptor 

antagonist, and stimulation train-induced bursting. Each of these showed up to  a 75% 

reduction in epileptiform activity by optogenetic stimulation (102). Research has also 

more recently shown that optogenetic activation of halorhodopsin in cortical pyramidal 

neurons is able to suppress and attenuate seizure like activity from a focus created by 

tetanus toxin (103). Therefore, optogenetic stimulation whether used to depolarize 

interneurons or hyperpolarize principal neurons both suppress epileptiform activity and 



 194 

can reduce seizure initiation and propagation in multiple different models of focal 

epilepsy. We hypothesize that the MS-ISL will be able to record seizures, determine when 

they are going to occur or when they are starting and optogenetically stimulate through a 

surface fiber coupled LED to block iron chloride induced chronic focal neocortical 

seizures. The use of the iron chloride model will be more clinically applicable than 

previously utilized acute chemoconvulsant models because it generates a representation 

of focal neocortical epilepsy from traumatic brain injury. Optogenetic stimulation has 

been proven to block other forms of acute chemically and mechanically induced 

epileptiform activity but has not yet been shown to block chronic seizures (104). 

Therefore, the combination of the iron chloride model and the MS-ISL could not only 

indicate the functionality of the new device but also the clinical applicability of 

optogenetic stimulation against chronic seizures.  

Future work is required to determine the feasibility and efficacy of using the ML-

ILS to reduce or abolish epileptiform activity. First and most importantly is to determine 

if a significant reduction in the frequency and duration of seizures between animals with 

optogenetic stimulation and without it. Iron chloride seizures on average last anywhere 

from three seconds to twenty-two seconds with average time being around ten seconds 

(104). Therefore, we would expect for the duration of seizures to decrease to an average 

of three seconds or less. The ML-ILS is able to detect seizures within about 1 second of 

their initiation and turn on the FCL to suppress seizure activity which should result in 

seizures under three seconds. Because the ML-ILS may suppress any epileptiform activity 

we would also expect that seizure frequency will decrease due to the ML-ILS suppressing 

interictal spikes and polyspikes that may be perceived as a seizure. Previous research on 
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electrostimulation devices as well as neurosurgical approaches have found between a 43% 

and 55% reduction in seizure activity and optogenetic approaches to blocking seizure 

activity have shown a reduction of upwards of 75% in seizure frequency (28, 99-103, 

105). Therefore, we expect to see a reduction in seizure frequency of at least 50%. 

Secondly, future work will have to determine if there are any differences in the power, 

line length, and amplitude of the epileptiform activity. Seizure like activity has been 

defined by most researchers to have an amplitude of two and a half times the standard 

deviation of normal activity and lasting longer than at least three seconds (106). If the 

ML-ISL is able to reduce activity back down to baseline levels after three seconds of the 

seizure or reduce the amplitude by more than 50% when compared to controls, we would 

consider that a successful reduction in seizure amplitude. Lastly, the Racine stages should 

be evaluated for the behavioral extent of seizures under the iron chloride model, and to 

determine whether optogenetic stimulation can reduce either the stages or abolish any 

behavioral characteristics associated with the seizures. Overall, while there are still more 

experiments to come in this appears to be a promising avenue worth futher investigation 

for the treatment of intractable seizures.  

 The future for treatment of epilepsy is extremely promising with new treatment 

strategies and AEDs being rapidly developed there is real hope that a viable treatment for 

medically refractory patients could be established in the near future. New developments 

in stimulation technology as well as laser surgery technology could be the future showing 

surprising results that suggest these new techniques might be the best minimally invasive 

approaches to blocking seizures with minimal side effects (90, 91, 107). Drug 

development is also mirroring this revolution with new drug targets that have been 
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recently discovered including new membrane bound proteins that are specific to certain 

brain regions or even specifically to epileptic foci (108). By targeting proteins that are 

more specific to a localized area of the brain we can reduce the adverse sedative effects 

of overloading drugs to get a higher concentration to the localized area. Another new set 

of AEDs have also been developed to work on AMPA receptors in an entirely new way, 

not causing a complete blockage of the receptors but instead stabilizing the amount of 

activity that can occur (109, 110). The combination of these two new features could allow 

for localized action of drugs and the ability to inhibit seizure like activity while still 

allowing for normal brain activity to occur. Overall, these two together could 

revolutionize the medical treatment of epilepsy by allowing normal brain function to occur 

with minimal side effects.  

This thesis shows initial indications that femtosecond infrared laser ablation is a 

promising new neurosurgical approach to treat focal neocortical epilepsy. It also gives the 

first indication that the mechanism determined in acute models of epilepsy is consistent 

for chronic models of seizures and possibly for human epilepsy. Future work needs to 

determine if this is a viable clinical approach for use in other animals and possibly humans.  
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