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ABSTRACT 

Microglia have a measurable morphologic response to injury, reflecting their cell function 

as well as the health-status of the cells in their micro-domains. We postulate that microglia 

morphology could be a biomarker of brain physiology/pathophysiology. Early Infantile Epileptic 

Encephalopathy was modeled using SCN8a mutated mice where the gain of function in neuronal 

sodium channels leads to neuronal hyperexcitability and intractable seizures. We aim to determine 

the usefulness of computer-aided methods to quantify microglia morphologies in the epileptic 

brain. We hypothesize that 1) microglia morphology in the CA1 and entorhinal regions are 

significantly different among SCN8a wild-type, heterozygous and mutant mice and 2) that 

increases in microglia ramification will correlate to increases in seizure activity. TALEN 

SCN8atm1768DMm mice were observed for epileptic seizures, euthanized at 20-days and brain 

tissue was collected. Microglia ramified morphology and complexity were quantified from 

photomicrographs imaged from brain regions after immunohistochemistry. ImageJ was used to 

quantify cell ramification, complexity and shape. Our data shows that microglia morphology and 

size are different among mice at post-natal day 20 in the hippocampal and entorhinal regions, but 

is inconclusive due to sample size. We present simple and highly-sensitive computer-aided 

methodologies useful in quantifying microglia morphologies in the healthy and injured brain. 

 

 

 

 

 

 

 

 

 

 

 

 



INTRODUCTION 

 

What is early infantile encephalopathy?  

 

 Early Infantile Epileptic Encephalopathy (EIEE)—alternatively known as Ohtahara 

Syndrome—is a rare progressive neurological disease and is one of the most severe forms of age-

related epileptic encephalopathies. Encephalopathy is a broad term used to describe a condition or 

disease that alters the function or structure of the brain. EEIE is characterized by the early onset of 

epilepsy in neonates—specifically, within an infant’s first three months of life (Beal, Cherian, & 

Moshe, 2012). 

Infants with EIEE commonly have tonic seizures (the stiffening of muscles) more often 

than partial seizures, but on rare occasion, can experience myoclonic seizures—the jerking of the 

extremities and upper body. Further, those with EIEE do not respond well to anti-epileptic 

medication, are at an increased risk for sudden unexpected death in epilepsy (SUDEP) (Frasier et 

al., 2016) and have a high mortality rate before reaching the age of two. Even if an infant survives, 

they will most likely have severe developmental issues such as severe mental retardation and some, 

but not all, will develop other seizure disorders, including West syndrome and Lennox-Gastaut 

syndrome. 

Early Infantile Epileptic Encephalopathy is currently classified as a ‘rare’ disease by the 

Office of Rare Diseases (ORD) of the National Institute of Health (NIH). This means that EIEE 

affects less than 200,000 people in the United States. On the other hand, Orphanet defines ‘rare’ 

as occurring in 1 out of 2,000 people and include EIEE as a rare disease. The incidence rate and 

the prevalence of this disease are not well-known and this may be due to problems in diagnosis 

and treatment. That being said, different sources cite different incidence rates. One publication has 

the rate estimated at around 0.1 per 10,000 live births  (Hino-Fukuyo et al., 2009). Orphanet has 



the incidence rate at 1/100,000 births in Japan and 1/50,000 births in the UK (Cross, 2014). An 

informational pamphlet promoting genetic testing services in London—part of the NHS 

Foundation Trust—lists the annual incidence rate of EIEE at approximately 27/100,000 (Great 

Ormond, n.d.). On four large screens of individuals with epileptic encephalopathies, de novo 

mutations of SCN8a were identified in 1% of cases (13/1557) (SCN8a, n.d.). One report suggests 

that attacks of cerebral spasms—not EIEE specifically but epilepsy-like episodes—occur in 1.5-5 

per 1000 newborn post-partum (Panayiotopoulos, 2005). A couple of things can be said about the 

epidemiology of EIEE: it appears to be slightly male-dominant and current reported cases may be 

an underestimation due to many newborns with severe cases and early deaths escaping clinic-EEG 

diagnosis. These EEGs show mainly tonic spasms and suppression–burst patterns that consistently 

occur in the sleeping and waking states (Panayiotopoulos, 2005). 

Early Infantile Epileptic Encephalopathy is a significant health problem because it is 

caused by more than a dozen ‘de novo’ mutations of SCN8a, which makes it a new source of 

neurological disease (Jones & Meisler, 2014). A de novo mutation can be somatic (acquired) or 

hereditary. What makes it so unique and dangerous is that (although it is almost impossible to 

determine when a de novo mutation happens) the mutation can often show up in a person’s 

gametes, but not any other cells. The mutation can also happen in the fertilized egg shortly after 

the egg and sperm meet—as the fertilized cell divides and grows, the mutation is passed on to 

every single cell of the embryo. This type of mutation can explain some genetic disorders where a 

child may have mutations in their cells, but the parents do not and there is no family history of the 

disease (What Is a Gene Mutation, 2017). Thus, EIEE’s randomness makes it hard to detect in 

potential parents. Voltage-gated sodium channel (VGSC) β subunit-specific drugs have not yet 

been developed which makes prognosis devastating (O’Malley & Isom, 2015). Although anti-



epileptic drugs are used to ameliorate the seizures and corticosteroids are occasionally helpful with 

symptoms, they are not usually not effective (Ohtahara Syndrome, 2017). On the other hand, some 

medicines (like carbamazepine, oxcarbazepine, phenytoin and lamotrigine) that reduce or block 

Na+ concentrations seem to have a positive effect in people with EIEE by preventing or reducing 

seizures (SCN8a, n.d.). However, the root of EIEE is genetic and the cause of the seizures appear 

to be channelopathies, which current therapeutics do not treat (Rose, 1998).         

What is the role of SCN8a mutation in early infantile epileptic encephalopathy and related 

seizures? 

 

 Neurons work upon a system of membrane potentials rapidly rising and falling in 

succession. As the polarity changes across the membrane, Na+ and K+ voltage-gated ion channels 

open and close as the membrane goes from rest and approaches its threshold potential—the critical 

point where the inward Na+ current (based on the available voltage-gated Na+ channels x 

probability of channel opening) is greater than the outward K+ and Cl- (leak current-non-voltage 

gated channels) currents and leads to a positive feedback loop. This positive feedback loop allows 

the adjacent membrane potentials to also depolarize—it seems to ‘flow’ down the axon (Purves et 

al., 2001). Without Na+ and K+ channels, neurons would not be able to work. Channelopathies 

occur when there is a malfunction of ion-channel subunits or its regulatory proteins, leaving the 

ion channel partially-working. This partially-working ion channel in the neuron may work more 

(by letting more ions through) or less (by letting less ions through); whatever the case may be, the 

channelopathy has a definite effect on how the neuron functions thereafter.     

In 2012, a case of early onset epileptic encephalopathy in a child led researchers to identify 

de novo mutations of the voltage-gated Na+ channel SCN8a gene as a cause of epileptic 

encephalopathy. The mutation results in an increased persistent Na+ current and hyperactivity of 

affected neurons. Further, SCN8a specifically encodes the voltage-gated Na+ channel Nav1.6, a 



major voltage-gated neuronal Na+ channel in the CNS and PNS that is concentrated at the axon 

initial segment (the site of action potential initiation) and the node of Ranvier (the site of action 

potential regeneration during axonal saltatory conduction). Nav1.6 is expressed in both excitatory 

and inhibitory neurons and regulates neuronal signaling by controlling the initiation and 

propagation of action potentials (Wagnon et al., 2015). This Na+ channelopathy allows more Na+ 

to be present, sets action potentials off and increases uncontrolled neuronal activity. 

 The overwhelming neuronal activity triggers an epileptic seizure that not only affects the 

brain, but the full body. During an epileptic episode, mice are observed experiencing a variety of 

seizure types. The first is an absence seizure where all motion stops and appears as if the mouse 

has ‘spaced’ out before returning to their normal behavior. The second type of seizure seen in the 

mice is a partial complex seizure which can be characterized by beginning with an aura—or a 

certain behavior—a change in consciousness (sometimes confused as an absence feature because 

of it) followed by involuntary movements. The last type of seizure seen is myoclonic—perhaps 

the most violent—in which the body experiences brief jerks. Mice are usually seen grooming prior 

to an attack, enter the myoclonic seizure and continue grooming after coming out of it. In 

conversations with Dr. Hammer, he believes that mice may be able to sense that an epileptic seizure 

may be coming and use grooming as a coping mechanism or therapeutic defense.        

What is the pathophysiology of SCN8a mutation—how does this mutation relate to seizure 

activity (channelopathies)? 

 The term pathophysiology refers to the actual disordered physiological processes 

associated with disease or injury. In the case of EIEE, the disordered physiological process occurs 

in the SCN8a gene due to the de novo mutation. The mutated SCN8a gene causes a channelopathy 

in the Nav1.6 sodium channel and leads to seizure activity.  



Ten missense mutations of SCN8a have also been functionally evaluated for their effect on 

Nav1.6 channel activity and eight resulted in elevated channel activity. There are three functional 

changes leading to elevated channel activity: premature channel opening, impaired channel closing 

and increased persistent current (Meisler et al., 2016). These three changes can be classified as 

“gain-of-function” mutatations, as opposed to “loss-of-function.” Gain-of-function mutations 

induce new properties in the mutant channel that are not seen in the wild-type channel. Although 

it seems as if the whole Nav1.6 sodium channel is being affected, this is not the case.             

Specifically, the SCN8a gene carries the instructions for making the sodium channel α 

subunit Nav1.6. This subunit is the current-conducting component of a complex that also contains 

modulatory β subunits. The alpha subunit forms the hole (pore) in the cell membrane through 

which sodium ions flow (SCN8A Gene, 2017). Nav1.6’s structure is composed of four homologous 

domains which each contain six transmembrane segments, two large intracellular loops, the 

inactivation gate located between D3 and D4, and intracellular N- and C-terminal domains. The 

pathogenic mutations are predominately located in the transmembrane domains, the inactivation 

gate and the C-terminus. These regions of the channel are more likely to be conserved through 

evolution (as opposed to the large intracellular loops) and are more likely to be involved in channel 

function (SCN8A, n.d.). There is also a hinged-lid mechanism that allows the channel to fast-

inactivate. When the channel fast-inactivates, it generates higher levels of persistent and resurgent 

current—the perfect combination that leads to repetitive neuronal firing and creates seizure activity 

(Meisler et al., 2016).  

The location of these channels is a significant contributing factor to the phenotype 

associated with this mutation. Nav1.6 sodium channels are highly concentrated on the distal end of 

axon initial segment (AIS). Since Na+ is needed for neuron activity, the higher concentration of 



Nav1.6 channels in the AIS makes it the preferred site for action potential initiation in cortical 

pyramidal neurons. A differentiating factor of the AIS is that it has the lowest threshold for action 

potential initiation, up to 15 mV lower than that at the soma due to increased number of sodium 

channels (Hu et al., 2009). This lower threshold makes it easier for any electrical impulse to set 

off a chain of events that—when uncontrolled—may lead to an epileptic seizure.   

In this study, we will be imaging in the CA1 region of the hippocampus and the entorhinal 

cortex because these are two regions that have been well documented in the literature as being 

heavily involved in epilepsy propagation. The entorhinal cortex, located in the anterior 

parahippocampal gyrus, serves as the major interface between the hippocampus and sensory 

cortices. The extensive connections between entorhinal cortex and other limbic brain regions 

suggest it is a major relay for seizure activity (Vismer, Forcelli, Skopin, Gale, & Koubeissi, 2015). 

The hippocampus-entorhinal pathway appears to be linked in a causal manner—an event that 

occurs in the hippocampus will cause an effect in the entorhinal cortex and vice versa. Thus, it is 

prudent to image in these regions to increase our possibility of capturing any change that may be 

seen in the microglia morphology.  

Why would microglia morphology be an indicator of altered neuronal function in this 

disease? 

 The Morrison lab focuses on using microglia—the brain’s immune cell—as a 

morphological biomarker of disease in the study of sex differences within ischemic stroke. The 

term ‘morphology’ refers to the shape of an object. Microglia are always monitoring the 

microdomains around them and when there is injury in the brain, the microglia change their 

morphology as they assess and respond to the damage.  



Although healthy microglia have a ramified morphology to begin with, that morphology 

has been seen to be hyper-ramified or de-ramified in ischemic stroke. A hyper-ramified 

morphology has been correlated to the microglia ‘reaching out’ to assess the injury whereas the 

de-ramified morphology has been correlated to tissue that is most impacted by an injury. In 

ischemic stroke, the lack of oxygen that leads to tissue death triggers a morphological change in 

microglia while it is unclear whether microglia morphology differs in the epileptic brain. 

An epileptic seizure is a form of injury to the brain but it does not explicitly degrade the 

tissue in the traditional sense. In comparison, ischemic stroke is a vastly different type of injury to 

the brain than epilepsy, but epilepsy and its seizures are still an injury nonetheless. The 

hyperactivity of the neurons or perhaps the epilepsy itself may induce mild injury, via hypoxia 

ensues, and prompt a microglial morphological response. There is evidence that during neuronal 

hyperactivity, neurons release ATP through volume-activated anion channels (VAACs)—among 

other molecules—in response to axonal swelling. Microglia travel towards the ATP and aid the 

axons in distress. Moreover, it has been shown that microglia contact prevents excess 

depolarization and rescues neurons from excitotoxicity and therefore microglia morphologies may 

reflect this increased contact (Kato et al., 2016).          

 Thus, the ideology behind microglia morphology should still hold: if the microglia 

morphology is significantly altered in the event of ischemic stroke injury, it should also be 

somewhat altered in the event of epilepsy—regardless of tissue death. The importance of microglia 

acting as biomarkers is that it provides another way of detecting injury, brain dysfunction and/or 

neuronal hyperactivity in the brain. It is now possible to quantify several measurements regarding 

microglia morphology—number of process endpoints, summed process length, branch length, 

complexity and lacunarity—to compare to the microglia in healthy controls. This is an 



advancement from simply being able to subjectively categorize microglia morphology or, 

moreover, the inability to detect subtle changes.     

Hypothesis 

We know that brain injury comes in many forms. Whether it is through oxygen depletion 

(ischemic stroke), traumatic brain injury (TBI) or neuronal hyperactivity (epileptic seizures), the 

brain is significantly affected. Our objective is to measure microglia morphological changes in the 

hippocampus and entorhinal regions of mice with and without the SCN8A mutation. Using these 

data, we will correlate microglia morphology to seizure activity recorded for each mouse, 

measured by video-monitoring. We hypothesize that 1) microglia morphology in the CA1 and 

entorhinal regions will be significantly different among SCN8A wild-type, heterozygous and 

mutant mice and 2) that increases in microglia ramification will correlate to increases in mouse 

seizure activity.  

Summary 

 Increased efforts over time have brought more awareness to epilepsy and although a cure 

remains to be found, therapies have been developed to control the symptoms and side-effects of 

the disease. The same cannot be said for more specific and rarer forms of refractory epilepsy, like 

EIEE, which is an important health issue that needs to be explored further. This project aims to 

understand how microglia morphology can be used as a biomarker for brain injury or altered 

neuronal activity by comparing the morphological change within healthy and injured tissue via 

skeleton and fractal analysis in the hippocampus and entorhinal brain regions. We offer a simple, 

effective approach of analyzing microglial morphology in the hopes of adding another tool to the 

diagnostic toolbox that researchers have at their disposal in the search for a better understanding 



of the mechanism of epilepsy, malfunction of the SCN8A gene and the neuronal hyperactivity 

caused by the modified Nav1.6 sodium channel.         

METHODS 

Animals 

 A SCN8atm1768DMm mouse model had the knock-in SCN8a missense mutation 

p.Asn1768Asp (N1768D) in order to model early onset epileptic encephalopathy (Jones & Meisler, 

2014). It is the first mouse model with a gain-of-function mutation of SCN8a. A missense mutation 

is a change in one DNA base pair that results in the substitution of one amino acid for another in 

the protein made by a gene. To get this mutation in the mouse model, Transcription Activator-Like 

Effector Nucleases (TALEN) was used within a developing mouse zygote. 

The whole idea behind TALEN is based on a non-specific DNA cutting enzyme that can be 

repurposed to link to specific DNA sequence recognizing peptides. For this to work, something 

uncommon among restriction enzymes had to occur. An endonuclease that had a separate DNA 

recognition site and cleaving site had to be found. Once identified, the cleaving portion could be 

separated from the endonuclease—it would be non-specific since it did not have a recognition site. 

This cleaving portion could be linked to sequence recognizing peptides that could lead to high 

specificity—Fok1 is a restriction enzyme that has such property. Another advantage of using Fok1 

is that it requires dimerization to have nuclease activity—since it requires two of itself to work, it 

increases TALEN’s specificity in finding the desired DNA sequences. Further, Fok1 nucleases are 

engineered to only function as heterodimer and have increased catalytic activity, avoiding the 

possibility of unwanted homodimer activity. Once the two Fok1 endonucleases meet at the specific 

DNA site, they cause a double strand break and provide a region of homology. At this point, when 

it is time to repair the DNA, the mutated DNA sequence that would cause the mutation is inserted 



as a ‘fix’ and is integrated into the genome. This mutated DNA sequence must be injected prior to 

TALEN so when the time comes, there is enough material present to be potentially used (Jones & 

Meisler, 2014).                 

Although the TALEN procedure itself has a high rate of success, the number of animals that 

contain the mutation and survive is low—around 15%. The TALEN procedure was discontinued 

after a colony was successfully created because the mutation was now in the germline and could 

be passed down within the mice. Given that these mice are extremely special, they are kept in a 

barrier facility to minimize exposure to the outside world. 

Currently, the mice used for the experiments are a combination of 88% C57BL/6 and 12% 

C3H/HeJ. This specific percentage—accidently developed at first—seems to produce more mutant 

pups per liter and has been beneficial to the project. Homozygous SCN8aN1768D/N1768D male and 

female mice exhibit severe generalized tonic-clonic seizures and generally live to 21 days before 

dying continuous seizures, a manifestation of their mutation.  

Measuring seizure activity  

  

When the Hammer lab began their experiment, the mutated mice were sacrificed at 21 days 

because that is when they were thought to have seizures. The problem that quickly arose was the 

possibility of having mice that had gained the mutation, but did not have the expected epileptic 

seizures. To make sure that all brain tissues had gone through the expected seizures and so that the 

data could be compared, the protocol was modified twice.   

The main change to the protocol called for the mice to be filmed and observed for 21 days. 

The mice were placed in a special cage that has a camera mounted on the top looking down with 

the mouse marked to indicate their genotype. These video files are recorded on a computer and 

saved for analysis. The videos are watched for epileptic seizures which are then logged along with 



notable features of the epileptic episode in an Excel file to guarantee that the mice had some injury. 

Once confirmed and at the 21-day mark, the mice were sacrificed and the brain tissue collected. 

However, some mice that were confirmed to have had seizures were dying at the 21-day mark 

before being sacrificed—this left the tissue uncollectable and useless. To address this, a second 

change in the protocol was made. This change would standardize the day of sacrifice at day 20. 

This change is late enough to observe some epileptic seizures, but early enough to avoid most 

premature deaths. 

As a supplement to the visual observation of seizures, an implant in the mutant mice being 

observed can be turned on and off with a magnet to trigger an EEG recording to analyze brain 

wave activity. Matching the EEG readings with the video files, it is possible to visually see the 

seizures happening and correlate them to the EEG data. These animals will not be included in this 

study.         

Tissue preparation     

The tissue collected from this study were 20-day old mice. These mice were anesthetized 

with 5% isoflurane and oxygen prior to being euthanized. Using surgical scissors, the mice were 

decapitated and the cranium cut away to expose the brain. The whole brains were carefully 

removed and immediately fixed for 24 hours in 4% paraformaldehyde followed by a 72-hour 

incubation in a 30% sucrose solution. These brains were stored at −80°C until sectioning. For 

sectioning, the frozen whole brains were cut into coronal sections using a Leica cryostat CM3050. 

Coronal sections 50 μm in width were collected. Microglia processes span more than 30µm, 

depending on their location. The 50 µm sections accommodate microglia identification and 

imaging without creating additional problems of antibody penetration which may occur when 

using immunohistochemistry protocols in thick tissue slices.  Brain tissue slices were then stored 



at a -20°C in cryoprotectant solution made from 50% 50 mM PBS, 30% ethylene glycol and 20% 

glycerol until it was time to process it for immunohistochemical staining (Morrison & Filosa, 

2013).   

Immunohistochemistry 

Immunohistochemistry (IHC) refers to the use of primary and secondary antibodies that 

bind to specific antigens and can be visualized using special microscopes in situ—everything can 

be done within the brain tissue. The product is a fluorescent image that highlights the presence of 

the antigen in question. IHC is a versatile tool that can be used for disease diagnosis, biological 

research and drug development (Overview of Immunohistochemistry, n.d.).   

Generally, IHC uses monoclonal and polyclonal antibodies to determine the tissue 

distribution of specific antigens in health and disease (Duraiyan, Govindarajan, Kaliyappan & 

Palanisamy, 2012). Although there are different protocols for preparing an IHC, the final decision 

depends on the experimental design of each specific experiment. The main dogma behind the 

general protocol for IHC remains the same for all experiments. A blocking reagent is used on the 

tissue to prevent non-specific binding of the protein—the primary antibody should ideally only 

bind to the antigen of interest. After the tissue is blocked, the primary antibody is introduced and 

binds to the antigen. At this point though, the antigen cannot be visualized because it does not 

fluoresce. A secondary antibody is used to bind to the primary antibody so it can fluoresce when 

imaged in the microscope—allowing researchers to take snapshots of the antigen within the tissue.           

Specific to this study, we used IHC methods to identify microglia and neurons in brain 

tissue regions. Free-floating brain sections were blocked in a 10% horse serum solution (0.01M 

PBS 0.05% Triton X 0.04% NaN3) for one hour. This was followed by a 24-hour incubation with 

primary antibodies (rabbit anti-Iba-1 1:1,000, Wako no. 019–19741; mouse anti-NeuN 1: 1,000, 



Millipore MAB377). A four-hour secondary incubation followed (donkey anti-rabbit-Alexa 488 

no. 711-546-152, 1:250, donkey anti-mouse-Dylight 649 no. 715-606-150, 1: 250; Jackson 

ImmunoResearch Laboratories). All reactions occurred at room temperature and were washed 

between incubations with 0.01M PBS for 15 minutes. Slices were washed and mounted to slides 

using Vectashield (Vector Laboratories, H-1000) to hold the brain tissues in place on the slide 

(Morrison & Filosa, 2013). Photomicrographs of microglia were acquired using a confocal 

microscope (30-μm z-stack at 2-μm intervals, Zeiss 880 NLO, 40×oil objective) in CA1 and 

entorhinal regions. These image files were saved as TIFF files for skeleton and fractal analysis. 

Morphology Analysis 

Skeleton Analysis 

The anti-iba1 TIFF files are opened using ImageJ—a free, open-source, image-analysis 

tool for researchers—as these pictures show the green fluorescent microglia. Once open, a 

sequence of plugins from ImageJ are used to make an accurate, tagged and skeletonized 

representation of the original image. It is important to make sure that the skeletonized image 

reflects the original image so correlations hold value.  

 When the image is opened, the first series of step in converting the original image is to 

apply the following plugins under the Process tab: Process  Filters  Unsharp Mask. When the 

pop-up window appears, the radius should be set to 5 pixels and the max weight to 0.6. This 

brightens up the picture and makes the microglia processes thicker. Next, Process  Smooth is 

used to smooth out the image and fill in small gaps in the florescence. Lastly, Process  Filters 

 Noise  Despeckle to remove much of the single pixel background noise. The next major step 

in converting the image is to threshold all of the positive staining. This is done via Image  Adjust 

 Threshold  select Huang from the drop-down menu  apply. 



 There is a critical step before getting to the tagged skeletonized version of the original 

image. The image must be turned into a binary image before it can be skeletonized, otherwise 

ImageJ cannot process the image. To do this, the Process tab is used again: Process  Binary  

Make binary. At this point, some processes may be faint or have small pixel-wide gaps that may 

disturb the skeletonizing process. To correct for this, Process  Binary  Close- is used and it 

makes the binary image bolder. The last step before skeletonizing the image is to remove the 

outliers. This is done via Process  Noise  Remove outliers. This prompts a pop-up box—the 

radius should be set to 2, the threshold at 50 and the drop-down box should read ‘bright’. Once 

‘OK’ is pressed, the image is saved in a folder with the rest of the binary images. This is done as 

a backup but also as an aid when it comes to counting cells.                 

 One extra step before skeletonizing the image is filling in any remaining holes (or gaps) in 

the somas of the microglia using the paintbrush tool. This small action does not negatively alter 

the integrity of the image—it makes the skeletonized representation more accurate because the 

somas are represented as a single point and extra non-existent processes are avoided. Once the 

gaps are filled, the binary image is skeletonized. This is done via Process  Binary  Skeletonize. 

Skeletonizing will erode the binary image down to a single pixel representation. All binary and 

skeletonized images are saved for future reference.  

The AnalyzeSkeleton plugin is used to collect morphology data from the skeletonized 

image. AnalyzeSkeleton is an ImageJ plugin developed and maintained by Aranda-Carreras et al. 

(2010) which identifies and tags process endpoints, branches and junctions. This is done via 

Analyze  Skeleton  Analyze Skeleton (2D/3D) check the ‘show detailed information’ 

option  OK. Two pop-up windows with information labeled ‘Branch Information’ and ‘Results’ 

appear; endpoint voxel data are collected from “Branch Information’ whereas branch length data 



are collected from ‘Results’. Data are copied and pasted to an Excel sheet the reflect the order of 

these pop-up windows. The raw data should always be kept, but also copied into another tab so it 

can be trimmed. The data are trimmed using two steps to eliminate single point and small branches 

that are present and result from non-specific IHC staining. First, the ‘Branch Information’ is 

custom sorted in Excel by endpoint voxels going from largest to smallest. Any data with an 

endpoint voxel less than two is erased. From the remaining data, endpoint voxels are summated 

and recorded in a separate Excel sheet. Similarly, the ‘Results’ data are custom sorted by branch 

length from largest to smallest. Any data with a branch length less than one is erased. The 

remaining branch length measurements are summated and recorded in the separate Excel sheet 

mentioned above. All skeleton analysis morphology data are standardized to the number of 

microglia present in each photomicrograph. The number of microglia cell somas are counted in 

each photomicrograph frame. The summed endpoints/frame and summed process length/frame are 

divided by the number of cell somas/frame and data are summarized as summed 

endpoints/microglia and summed process length/microglia.  

Fractal Analysis 

Fractal analysis is a research tool used to measure a change in a complex pattern by 

applying nontraditional mathematics to patterns that defy understanding with traditional Euclidean 

concepts (ImageJ, n.d.). Fractal is another word for ‘complexity’ and in fractal analysis, 

complexity is measured as a change in detail with change in scale (Karperien, 1999-2013) 

(Karperien et al., 2013). Imagine a snowflake that does not melt while being imaged: 

microscopically, it is a repeating pattern and as the scale increases, the pattern continues to repeat. 

If the pattern does not change as the scale changes (i.e. a circle), the fractal dimension is low. 

Likewise, the more the pattern changes as the scale changes, the higher the fractal dimension. With 



the FracLac ImageJ plugin, we can quantify the fractal dimension (complexity) and lacunarity (cell 

heterogeneity) as additional objective measures of microglia morphology (Karperien et al., 2015). 

The first step in running this fractal analysis protocol is to open the binary version of the 

needed image which was generated for skeleton analysis. Next, a region of interest (ROI) is drawn 

using the rectangle tool, making sure that the box is large enough to capture whole cells without 

cropping out any processes. Fractal analysis is dependent on scale; thus, to compare data between 

cells, the same ROI must be used for the entire dataset. Once the ROI has been drawn, hit ‘T’ on 

the keyboard to add the ROI to the ‘ROI Manager’. Select ‘More’ on the manager and save the 

ROI for future use.  

Second, a numbered grid is overlaid onto the photomicrograph and a random number 

generator is used to select three or more cells from the photomicrograph. Select the rectangle tool 

and position the box over the randomly selected cell. On the ROI manager, select ‘Update’ to lock 

the ROI onto the cell’s position. Use ‘ctrl+shift+D’ to duplicate the area within the ROI as a new 

window, then save the cropped cell. On the corresponding binary image, duplicate the same cell 

using the same ROI. Repeat until at least three cells have been randomly selected. 

Third, double-click the paintbrush tool, set the color to black and adjust the brush width as 

needed. Using the photomicrograph as a reference, use the paintbrush on the binary image to 

remove adjacent cell processes and isolate the cell of interest. Holding ‘alt’ will switch the 

paintbrush from the foreground color (black) to the background color (white). Once the binary cell 

has been isolated, save both the binary and reference image for future use and reference. Note: 

This step is most easily done using a graphics tablet, but a computer mouse may also be used. 



Fourth, FracLac analyzes the edges of a pattern. Therefore, the binary cell must be 

converted to an outline prior to running a box-counting scan. To convert the binary cell to an 

outline, use Process  Binary  Outline. 

Fifth, open FracLac (Plugins  Fractal Analysis  FracLac) and select ‘BC’ (box- 

counting). In the Grid Design settings, set Num G (the number of box counting grid orientations 

used during the scan) to 4. Under the Graphics options, check the ‘metrics’ box to analyze the 

convex hull and bounding circle of the cell. When finished, select OK. Note: FracLac settings will 

only need to be set up once per session. Once the settings have been entered, the ‘Scan’ button will 

become available. If FIJI/ImageJ is exited, FracLac settings must be reset. 

Sixth, select the Scan button to run a box-counting scan on any images open in FIJI. The 

scan will generate three windows with data outputs: Hull and Circle Results, Box Count Summary 

File and Scan Types. The ‘Scan Types’ window contains a log of the settings used, as well as 

standard deviations for certain measures. Note: For the purposes of this protocol, the ‘Scan Types’ 

window is not used and may be closed or saved for future reference. 

Lastly, in the ‘Hull and Circle Results’ window, collect the Density (column 4), Span Ratio 

(column 5) and Circularity (column 10) results. In the ‘Box Count Summary’ window, collect the 

fractal dimension (column 6) and lacunarity (column 87) results. Collected data should be saved 

into an Excel file prior to statistical analysis (Karperien et al., 2013).     

Statistical Analysis  

Data are summarized as mean ± standard error of the mean (SEM) and tested for statistical 

significance between groups for each region using GraphPad Prism software. To analyze the 

genotype and test whether the morphology is different among the groups (wild-type, heterozygous 

and mutant), a one-way ANOVA is applied. This is appropriate because there is only one factor 



(independent variable): genotype. Lastly, to test whether microglia morphology correlates to 

seizure activity, a Pearson’s correlation is used as it shows the linear relationship between two sets 

of data.    

RESULTS 

Skeletal Analysis and Fractal Analysis 

Microglia morphology differences in the CA1 and entorhinal regions are inconclusive. 

Our main objective was to measure microglia morphological changes in the hippocampus 

and entorhinal regions of mice with and without the SCN8A mutation. Our first hypothesis was 

that microglia morphology in the CA1 and entorhinal regions would be significantly different 

among SCN8A wild-type, heterozygous and mutant mice. Photomicrographs of microglia in the 

hippocampus and entorhinal regions at 40X magnification are shown in Figure 1 and 2, 

respectively. The number of cell somas in each photomicrograph field was quantified to normalize 

subsequent skeleton analysis data. Data collected from the hippocampus is summarized in Figure 

1 and the entorhinal region in Figure 2. Figure 3 and 4 show representative images of the data 

alongside its cropped version. From this cropped image, the specific microglia was isolated and 

turned into a binary version. The outline of the binary image was used for the fractal analysis. Both 

figures show that there are differences in the fractal dimension, lacunarity, span ratio and density 

in the CA1 region.      

 

 

 

 

 



Figure 1 

Figure 1. Example photomicrographs (top) are shown of the CA1 region with corresponding binary (middle) and skeletonized 

(bottom) images. Summary data of the number of microglia per photomicrograph and the number of endpoints/cell and process 

length/cell are shown. Statistical analysis was not applicable due to the small sample size in the SCN8A mutant group (N=1). 



Figure 2 

Figure 2. Example photomicrographs (top) of the entorhinal region are shown with corresponding binary (middle) and skeletonized 

(bottom) images. Summary data of the number of microglia per photomicrograph and the number of endpoints/cell and process 

length/cell are shown. Statistical analysis was not applicable due to the small sample size in the SCN8A mutant group (N=1). 



Figure 3 

 

Figure 3. Original representative photomicrographs (first column) of the CA1 region for the wild-type, heterozygous and 

homozygous mice are shown with its corresponding cropped (second column), binary isolated cell (third column) and outline of 

the isolated cell (fourth column). The bottom row shows the summary data for the fractal dimension, lacunarity, span ratio and 

density. Statistical analysis was not applicable due to the small sample size in the SCN8A mutant group (N=1). 

 

 

 



Figure 4 

 

Figure 4. Original representative photomicrographs (first column) of the entorhinal region for the wild-type, heterozygous and 

homozygous mice are shown with its corresponding cropped (second column), binary isolated cell (third column) and outline of 

the isolated cell (fourth column). The bottom row shows the summary data for the fractal dimension, lacunarity, span ratio and 

density. Statistical analysis was not applicable due to the small sample size in the SCN8A mutant group (N=1). 

 

 

 



Video recording of the mutant mouse show numerous severe epileptic seizures. 

Our second hypothesis was that increases in microglia ramification would correlate to 

increased seizure activity. The mutant mouse is the only mouse that was expected and observed to 

have a seizure phenotype. Videos were obtained between 11/13/17 and 11/18/17. There are three 

small pups that can be seen and the mutant mouse (394) is identified by the white line down its 

back. This is the only mouse being observed and tallied. Example images of mouse seizure activity 

(arrow and white stripe) is shown in Figure 5. 

Figure 5 

 

 



Figure 5. The four screenshots show the progression of a myoclonic seizure from start to finish—the mouse’s body contorts back 

and forth unnaturally for nearly 18 seconds.    

Table 1 summarizes the seizure activity for mouse 394. Correlating video footage to EEG 

readings was not possible because the mutant mouse was too young to undergo the EEG procedure. 

Therefore, no EEG readings were recorded for this mouse before being sacrificed. It is important 

to mention that the videos were analyzed by only me. It would be important to have other sets of 

eyes to look through the videos as well to make sure the scoring was accurate. I am not an expert 

in this type of video analysis although I have tried to be as accurate as possible.  

MUT 394 Number of Seizures 

Absence 0 

Myoclonic 37 

Partial-Complex 0 

Total 37 

Table 1. Data summary of Mouse 394 seizure activity. 

DISCUSSION 

Current Literature 

 Microglia are well known to play a critical role in maintaining brain homeostasis. However, 

their role in epileptogenesis has yet to be determined. Little is known about whether and how 

microglia regulate the structure and function of neural circuits under epileptic conditions. In a 

recent review of the existing literature, it was stated that microglia exhibit complex phenotypes 

that could be either proepileptic or antiepileptic. Further, it was suggested that short-term 

microglial activation could be beneficial while chronic microglial activation could be detrimental 

for the pathogenesis of epilepsy (Hiragi, Ikegaya, & Koyama, 2018). An obstacle in clarifying the 

role of microglia after seizures and in epilepsy that the review pointed out is attributed to the 



inconsistency of the models of epilepsy because the status of microglial activation is affected by 

how the epileptic seizures are induced in each model.  

 A study that moved closer to showing the importance of microglia as a potential therapeutic 

target for epilepsy prevention found that elevated mTOR signaling can drive microglia to adopt a 

noninflammatory reactive-like phenotype (Zhao et al., 2018). A microglial cell-mediated 

inflammatory response has long been the focus of a plausible epileptogenic mechanism, but Zhao 

et al. claims that they have identified an epileptogenic role for microglia that is independent of an 

inflammatory response. They claim to have identified a clear role for microglia in epileptogenesis 

and a noninflammatory epileptogenic mechanism. 

 Regarding the main effect of the SCN8A mutation, channelopathies are being studied more 

in the hopes of finding a fix and cure. An ideal treatment for a genetic channelopathy would be the 

ability to edit the faulty gene and correct the mutations. Gene editing is an exciting and promising 

gene therapy approach as this strategy offers the prospect of not only treating a channelopathy but 

curing the disease permanently (Wykes & Lignani, 2018). This review points out the many 

challenges that are yet to be solved before gene editing can be a reliable treatment for 

channelopathies. The scientific community is at an exciting climax where although there have been 

great advances in improving gene therapies, these therapies are still not at a point where 

channelopathies can be safely and reliably treated. Fortunately, genetic testing has permanently 

expanded the ion-channel basic research mandate, and focused studies of the functional biology of 

human channel mutations are now essential to the success of precision medicine (Noebels, 2017). 

 There are still gaps in our knowledge between the microglia-neuron communication in 

epilepsy. Future studies that would aid in bridging the gaps in knowledge include epilepsy‐induced 

alterations in basic microglial functions, neuro–microglial interactions during chronic epilepsy, 



and microglial contribution to developmental seizures (Eyo, Murugan, & Wu, 2017). Studying the 

role of microglia in epilepsy could inform therapies to better alleviate the disease. 

Our Contribution  

A study that was conducted that seemed like it could benefit from our lab’s skeletal analysis 

procedure aimed to explore the spatiotemporal progression of the morphological changes, which 

may help define the extent of microglia reactivity after status-epilepticus (SE) and potential 

function (surveillance, inflammatory, phagocytic) (Wyatt-Johnson, Herr, & Brewster, 2017). They 

determined that there were different microglial morphologies (ramified, hypertrophic, bushy, 

amoeboid and rod) in the CA1, CA3, and dentate gyrus. Although Wyatt-Johnson et al. suggest 

that their data shows that SE triggers time-dependent alterations in the morphology of microglial 

cells, our microglial skeletal analysis would supplement their results by revealing whether these 

morphological differences were significant and if so, by how much each region differed. Our 

approach aims to add quantification to morphologies rather than simply stopping at almost aimless 

categorizations. 

We offer a microglia morphology skeletal analysis method that is easy-to-employ and 

accurate—it allows for the quantification of different features of the morphology. The science can 

begin to move away from simply categorizing microglia morphology to correlating microglia 

morphology changes that may depend on region to different degrees of injury—making microglia 

morphology a possible biomarker of injury. Our method adds another tool in the scientist’s toolbox 

and allows for another dimension of analysis to be included.    

Limitations  

It is unfortunate that the results our data collection were inconclusive due to the limited 

sample size of the mutant group. In both Figure 1 and 2, there appear that, with continued data 



collection, differences in cell counts, endpoints/cell and summed process lengths/cell may be 

present. Similarly, in both Figure 3 and 4, there appear that, with continued data collection, 

differences in fractal dimension, lacunarity, span ratio and density may be present. The limited 

sample size was out of our lab’s control and based simply on whether there was available tissue to 

analyze. We hoped that there would be more tissue by the time we were finished analyzing the 

initial set to increase the sample size, but this was not the case for multiple reasons. According to 

the animal facility, offspring output hit a low due to the construction of a new building taking place 

adjacent to the facility. The vibrations from the construction seemed to be affecting the amount of 

offspring being produced and severely handicapped the progress of the project. As the building 

neared completion, the hopes were that breeding numbers would return to normal. In fact, output 

increased, but we continued to receive wild-type and heterozygous mice when we needed at least 

one other mutant mouse.  

 If it was not enough that our project had been stalled for a couple of months, an 

unforeseeable problem arose. After some pressure from the breeding facility, Dr. Hammer allowed 

the strain of mice being used to be combined with another strain to make a better model. It soon 

became apparent that the mice that were expected to die—almost reliably—near 21 days were 

simply not having seizures and dying. These observations indicated that this new strain was in fact 

more resistant to epileptic seizures, causing a loss of the phenotype, but opening a new avenue of 

exploration into this strand’s genetics in relation to epilepsy. This mishap had Dr. Hammer 

backtracking to see how far back the colony had been tainted. It was determined that it would be 

better to start another colony to correct the phenotype, further delaying the project. Thus, the single 

mutant tissue is a valuable indicator of possible differences between the groups, but cannot be 



trusted by itself—this single tissue could be an outlier. Continued data collection is necessary to 

draw conclusions.  

Future Directions  

Moving forward, it would be worth waiting for more tissue to increase the size of all 

groups. Larger sample sizes will increase the rigor of this study by: 1) ensuring that the results 

more representative of the larger population and 2) increased sampling will allow statistical 

analysis. The statistical analysis would include a one-way ANOVA and a Pearson’s correlation.  

Another area that could be explored in the future could be an analysis of the strand that was 

introduced into the colony. Something specific to that strand made it more resistant to epileptic 

seizures and eliminated the seizure phenotype. It would be worthwhile to see how the microglial 

morphology differs in this strand when compared to our original mice. 

A different aspect of this project that could examined could be to what extent sex-

differences play a role in epileptic seizures. Although this disease appears to be slightly male-

dominant, it would be interesting to see if there are any significant differences between microglial 

morphology and sex (Panayiotopoulos, 2005). In a disease that is not well understood, more study 

in a specific area could only be constructive.  

Lastly, matching the seizures/sleep captured on video with EGG recordings from the mice 

would add the ability to specifically correlate sleep behavior with brain events. The mice would 

have to old enough to undergo the EEG procedure, but young enough to experience the seizures 

prior to death. Sleep is a behavioral variable and one that can be collected non-invasively, lending 

translatability to humans. Sleep data may highly correlate to EEG data and may be used as a non-

invasive biomarker of seizure activity or deleterious brain function. Similar to seizure activity, 



both EEG and sleep data could be tested for significant correlations to histological data (microglia 

morphology).                          

CONCLUSION 

 We demonstrate that it is feasible to quantify microglia morphology in the hippocampal 

CA1 and entorhinal regions of mice. We speculate that differences in microglia cell counts, 

endpoints and summed process lengths in the hippocampal CA1 and entorhinal region may be 

revealed among genotype groups with continued evaluation. Unfortunately, due to a limited 

sample size in the mutant mouse group (N=1), we were unable to run the necessary statistical 

analysis to reveal whether the morphological differences were significant among the groups. 

However, this was an exciting project because it left the door open for future exploration and the 

possibility for significant differences to be found. Microglia were once the overlooked type of glia, 

but as it becomes more apparent that future therapies for epilepsy focus around microglia and their 

function/morphology, they are becoming more popular in the scientific community. There is a 

great need of an increase in research in this cross-section of microglia and epilepsy—the current 

gaps of knowledge prevent extreme forms of epilepsy, such as EIEE, from being successfully 

treated or cured.   
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