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ABSTRACT 
 

Epileptic seizures are diagnosed in patients with the autoimmune demyelinating 

disease multiple sclerosis (MS) at a rate three times higher than the population overall.  

Despite prognosticating fulminant course of disease and early mortality, scientific 

understanding of seizures in MS remains significantly limited.  In this series of 

experiments, we observe electrographic, cellular, and molecular changes engendered by 

demyelinating disease that may feed into neuronal hyperexcitability and seizures using 

animal models and postmortem human brain tissue.   

We report that mice given 0.2% dietary Bis(cyclohexanone)oxaldihydrazone for up 

to twelve weeks display electrographic and behavioral seizures.  Epileptiform discharges 

are observed in lateral cortical areas of these mice.  In addition, differential changes to 

electroencephalogram spectral power in cortex and hippocampus in chronically 

demyelinated mice, suggesting regional heterogeneity in response.  Electrographic 

changes occurred concomitant to GABAergic PV+ cell loss and remodeling of inhibitory 

synapses, upregulation of hippocampal glutamate receptors, and perturbation of 

Amanda Wong
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molecules crucial for astrocyte metabolite handling.  Loss of glutamate transporters and 

water channels were observed in postmortem human hippocampal tissue, bolstering the 

translational relevance of murine findings.  These data suggest poorly constrained 

glutamatergic signaling pursuant to loss of parvalbumin+ GABAergic innervation, aberrant 

GluA2+ glutamate receptor expression, and altered astrocytic handling of potassium and 

glutamate may contribute to demyelination-induced seizures.   
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BACKGROUND & INTRODUCTION 

Multiple sclerosis (MS) is an autoimmune demyelinating disease of the central 

nervous system (CNS) that affects roughly 913,925 in the United States (1).  Disease 

onset frequently occurs between ages 20-50 and is diagnosed in women at a rate three 

times greater than men (2), however pediatric .  Neurological symptomology in MS is 

multifarious and cumulative, owing to the largely non-stereotyped distribution of leukocytic 

lesions throughout the brain and spinal cord of MS patients (3, 4).  Regularly reported 

complaints include sensorimotor deficit, cognitive & affective impairment, and autonomic 

dysfunction, but can include more exotic manifestations, such as seizures (1, 2, 5, 6).   

Although largely permanent, the rate at which disability in MS is accrued depends 

on disease phenotype.  Relapsing-remitting (RR)MS is the most commonly observed 

disease course, affecting roughly 85% of patients (2).  In this form, periods of relatively 

little demyelinating activity (remittance) are punctuated by acute flares of multifocal 

inflammatory lesion deposition (relapse) (2).  Among RRMS patients, 65% will undergo 

conversion into secondary progressive (SP)MS, which is characterized by reduced 

frequency and intensity of relapses, but ongoing clinical deterioration (7).  Roughly 15% 

of MS patients are diagnosed with primary progressive (PP)MS, which, similar to SPMS, 

involves fewer relapse-like events, but is associated with more rapid acquisition of 

disability and does not require a previous RRMS diagnosis (8).   

Diagnosing MS can be challenging due to the variety of forms the disease can take 

at presentation and the requirement of temporal dissemination of demyelinating plaques 

(2).  Magnetic resonance imaging (MRI) is the gold standard used in MS diagnosis in 

combination with clinical examination (9).  According to the widely accepted McDonald 

criteria, at a minimum, MS diagnosis requires appearance of two or more enhancing 
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lesions in different CNS sites that correlate with episodes of clinical disease lasting for ≥24 

(9).  Although lesions can form within any myelinated area, although the white matter tracts 

surrounding the ventricles and adjacent to the meninges are often attacked, thereby 

holding some diagnostic value (10).   These findings are frequently validated by additional 

paraclinical measures.  In combination with clinical examination, observation of oligoclonal 

bands when patient cerebrospinal fluid (CSF) is electrophoresed across an agarose gel, 

which indicates a high degree of immunoglobulin production within the CNS (3). 

Etiologically, the factors driving MS predisposition are poorly understood, but likely 

involve both genetic risk variants & environmental exposure.  Genetic risk factors for MS 

have remained elusive despite strong evidence for familial clustering of the disease.  

People with an affected immediate family member develop MS 20-40 times more often 

than someone without such a relation, while concordance among monozygotic twins 

ranges from 30-50% (4).  Perhaps lending credence to the notion that MS arises at the 

confluence of genetic and risk factors, many of the >200 genetic variants associated with 

MS are in genes that participate in antigen presentation and lymphocyte function (11).   

Of the genetic factors identified, the most significant risk for developing MS comes 

from the human leukocyte antigen (HLA)-DRB1*1501 variant of the class II major 

histocompatibility complex (MHC) (12, 13).  MHC class II HLA alleles are co-expressed 

constitutively by professional antigen presenting cells (APCs), such as dendritic cells, B 

cells, and macrophages (14, 15).  Once phagocytosed, cathepsins cleave exogenous 

peptides and HLA-DM chaperones ready nascent MHC class II molecules for antigen 

loading before returning to the cell surface (15).  Once there, APCs bearing epitope laden 

MHC class II activate CD4+ T lymphocytes bearing cognate T cell receptors (TCRs) 

through MHC and co-stimulatory molecule interactions (16, 17).   
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The strong association between MS & HLA-DRB1*1501 has led some to speculate 

that HLA-DRB1*1501 bearing a yet-unknown peptide fragment forms a molecular complex 

similar enough to myelin to cause expansion of autoreactive T cells (18, 19).  Lending 

credence to this model, translational study in mice expressing limited TCR repertoires and 

the human HLA-DRB1*1501 allele spontaneously develop a form of experimental 

autoimmune encephalomyelitis (EAE) (20).  However, structural analysis of differences in 

MHC-peptide moieties have not supplied clear answers regarding their involvement in MS 

pathogenesis: other HLA-DRB1 alleles are indistinguishable at the sequence level at sites 

known to interact with immunoregulatory molecules (11, 13, 18).  Furthermore, the sheer 

complexity of MHC class II regulation and signaling has led some to question whether 

HLA-DRB1*1501 may increase MS risk independent of its role in antigen binding (12, 18, 

21).  While no clear answers exist pertaining to the role of HLA-DRB1*1501 in MS, 

research is ongoing to determine whether changes to epigenetic or other regulatory 

elements participate in MS pathogenesis.  

Beyond antigen presentation, several immunoregulatory genes display variants 

associated with enhanced MS risk.  Though myriad minor links between MS and a 

constellation of such genes have been noted, major variants associated with MS are 

observed in interleukin (IL)-2 receptor(R)A (also called CD25), IL-7R, and TNFRSF1A, the 

gene that encodes tumor necrosis factor (TNF) receptor 1 (TNFR1) (22-25).  Broadly, the 

products of these genes influence leukocyte survival and response to inflammation but 

also participate in highly nuanced lymphocyte biology. 

Among the most robust findings in genome-wide association studies (GWAS) 

probing genetic susceptibility to MS is polymorphisms in IL-2 signaling pathways, 

specifically within the IL2RA locus (26).  IL-2 is a highly pleiotropic cytokine involved in 
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both immunological development and immunity, acting on heteromultimeric IL-2 receptors 

composed of α (IL-2Rα/CD25), β (IL-2Rβ/CD122), & common γ chain subunits (IL-

2Rγ/CD132) (27).  During T cell maturation, stromal IL-2 mediates negative selection of 

double-positive thymocytes (28, 29).  CD4+ cells secrete low basal levels of IL-2, which it 

is thought to support regulatory T cell (30) survival and facilitate early T cell expansion, 

but is rapidly upregulated in response to TCR stimulation (31, 32).   

IL2RA (the gene encoding CD25/IL-2Rα) polymorphisms linked to MS are 

associated with elevated concentrations of the soluble form of the receptor (sIL-2Rα) in 

peripheral blood (24).  Although soluble sIL-2Rα is able to neutralize circulating IL-2, the 

IL-2/CD25 complex formed may retain the ability to signal through membrane bound IL-

2Rs or trans pathways, offering one possible pathophysiological mechanism for myelin-

reactive T cell expansion in the context of MS (33-36).  Furthermore, the IL-2Rα 

polymorphisms observed in MS are associated with enhanced IL-2/STAT5-dependedent 

granulocyte-macrophage colony stimulating factor (GM-CSF) secretion by CD4+ T cells, 

which itself comprises a key component of myeloid cell recruitment and proliferation during 

inflammation (35, 37, 38).  IL-2Rα risk alleles may also contribute to Treg hypofunction in 

MS, whose immunosuppressive effector action issues from IL-2R/STAT5 responsive 

genes (31, 39, 40).  Similarly, variants in the APC-expressed costimulatory molecule CD58 

are associated with poor engagement of its receptor CD2 present on Tregs, likely also 

contributing to poor immunosuppression (41) 

Polymorphisms in IL7R, which encodes the receptor for IL-7, are also correlated 

with enhanced MS risk (23).  IL-7 is a lymphoid tissue-derived interleukin that signals to 

lymphocytes through IL-7Rα/CD132 heterodimers, which together comprise the IL-7R 

(42).  In addition to providing survival cues during T & B cell receptor recombination, 
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ongoing IL-7/IL-7R pathway engagement is required for T cell survival as well as 

expansion in the context of lymphopenia (42).  IL7R alleles associated with MS risk 

increase soluble IL-7Rα, which sequesters and extends the signaling efficacy of IL-7 (43).  

As the pool of available IL-7 is thought to be significantly restricted and invariant in its 

production, mutations that enhance IL-7ergic signaling may allow myelin-reactive T cells 

to evade thymic selection and persist until exposure to their cognate antigen (44). 

Although GWAS consistently implicate the TNF pathway in harboring MS risk 

factors, recent data indicate one possible mechanism contributing to immune dysfunction 

in MS (45).  TNFRSF1A variants associated with MS limit the ability of TNF to induce 

apoptosis by releasing excessive TNF-neutralizing soluble TNFR1 (22).  Ongoing 

research seeks to place the relevance of this finding within the constellation of genetic 

factors predisposing to MS.   

In addition to the immunogenetic variants described above, several factors tied to 

environmental exposure also correlate strongly with risk of developing MS.  Both 

increasing distance from the equator and little exposure to ultraviolet light are associated 

with increasing probability of developing MS and may be exacerbated by MS risk alleles 

that further depress 1,25-dihydroxycholecalciferol (vitamin D) biosynthesis (46-49).  

Supporting an environmental influence over this risk category, while MS prevalence is low 

among people living close to the equator, their offspring born in northern latitudes exhibit 

MS risk closer to that of the population where they live (47).  As vitamin D is an essential 

regulator of immune function, reducing its availability may favor autoimmunity (49). 

Infection by Epstein-Barr virus (EBV), a human herpes virus that is a common 

cause of infectious mononucleosis due to its B cell tropism, may render a susceptible 

person more likely to develop MS (50-52).  The connection between these phenomena is 
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not wholly described, but is thought to involve training long-lived EBV-infected memory B 

cells to recognize autoantigens (53).  Again highlighting the additive confluence between 

environmental and genetic risks, HLA-DRB*1501 carriers may be at exceptionally high 

risk of developing MS after EBV exposure (54).   

A theme common to many of the MS risks identified above is insufficient control of 

inflammatory status — which itself may be a risk factor for MS, especially in conjunction 

with HLA haplotype.  Conditions characterized by multi-organ inflammation, such as 

adolescent obesity, cigarette smoke exposure, and air pollution, are increasingly 

recognized as predisposing to MS (55-57).  How these environmental stressors 

specifically raise MS risk is uncertain, but may promote expansion of autoimmune 

lymphocytes in affected tissues that results in MS progression (58).  Support for this 

hypothesis is bolstered by the multiplicative effect these elements have on MS risk in 

combination with MS-associated HLA haplotypes, but specific mediators remain elusive 

(58).  Of note, while smoking contributes to MS risk, oral tobacco may be protective, as 

MS rates are lower among Swedish people that chew tobacco (59).  This is potentially 

mediated by nicotine, which agonizes α7 nicotinic acetylcholine receptors present on 

activated CD4+ T cells and suppressors their effector function (30).  Overall, risk factors 

contributing to MS are diverse, but conditions that allow evasion of immunoregulatory 

frameworks or promote lymphocyte proliferation favor development of autoimmune 

diseases such as MS. 

Perhaps owing to its polyfactorial origins, neurological manifestations of MS are 

diverse, largely unpredictable, and some are poorly understood, such as in the case of 

MS-induced seizures (60, 61).  MS patients are diagnosed with seizure disorders at a rate 

roughly three times higher than the overall population but the pathophysiology driving their 
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appearance has not been identified (62, 63).  MS with seizures (MS+S) is approximately 

similar to MS at the level of cellular actors involved in demyelinating lesion formation.  

Some debate surrounds the degrees to which autoimmunity and 

neurodegeneration drive MS pathology, but the result of these processes is foci of lost or 

thinning myelination with T, B, and phagocytic cell infiltration (64).  During early lesion 

formation, demyelination radiates outward from small post-capillary venous tissue sites, 

which eventually converge and expand into surrounding white matter as “Dawson’s 

fingers” (64, 65).  During periods of remission, lesions may become inactive, in which 

lymphocytic invasion subsides despite ongoing decline of axon health (66).  

Oligodendrocyte precursor cells (OPCs) are attracted to inflammatory demyelination by 

various chemokine receptors and persist to some extent even in chronic plaques (67, 68).  

Despite their presence, however, OPC differentiation into remyelinating oligodendrocytes 

is limited due to reasons encompassing poor penetration into sites of remyelination and 

direct cytotoxic T cell mediated killing (69, 70).  As a result, acute lymphocyte-mediated 

damage is exacerbated as ongoing loss of homeostatic support mechanisms contribute 

to protracted neurodegeneration.   

While axons are spared to varying levels in individual lesions, profound dysfunction 

is commonly observed in remaining fibers.  In addition to loss of myelin at the site of 

autoimmune attack, denuded intralesional axons within the lesion undergo various 

deleterious changes, producing deficits in autonomic, cognitive, motor, sensory, and visual 

function (6, 71-73).  Loss of oligodendrocyte-supplied trophic support, axonal transection, 

and derangement of internodal voltage gated cation channels all contribute to functional 

deficits and degeneration of demyelinated neurons (71, 72, 74-76).  Further injury arises 

from energetic deficits as exposure to inflammatory mediators released during 
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autoimmune attack, such as reactive oxide species & proinflammatory cytokines (IL-1β, 

TNF, IL-6, IL-17, interferon (IFN)γ, etc), and reduced metabolic support from 

oligodendrocytes and astrocytes yields mitochondrial dysfunction (77, 78).  Thus, the 

pathophysiology of MS is likely a result of variegated neurodegenerative processes 

working in parallel. 

Despite the breadth of scientific understanding pertaining to MS, seizures that 

arise during the disease receive little attention.  This is despite epidemiological data 

estimating that the risk of developing a seizure disorder is higher among MS patients than 

the general population (5, 63, 79, 80).  Although classically disregarded clinically as a 

benign manifestation of MS, the appearance of seizures prognosticates earlier need for 

mobility devices and mortality (79, 81, 82).  Complicating their management, many anti-

epileptic drugs exacerbate MS-induced neurological disability, with a significant fraction of 

patients with seizures displaying pharmacoresistant epilepsies (83, 84).  However, despite 

the deleterious sequelae tied to seizures in MS (MS+S), mechanistic insight regarding 

their etiology is finite and confined largely to paraclinical study.  

MS patients with seizures exhibit a variety of electroencephalographic (EEG) 

abnormalities that localize to structures demonstrating changes in temporal lobe epilepsy 

(TLE), hinting at convergent pathology between the two (83-88).  In addition to the 

appearance of diffuse slowing across monitored sites, EEG recordings from MS+S 

patients display epileptiform spike/wave complexes, high amplitude delta waves, and 

rhythmic interictal discharges in frontotemporal areas (84-87).  Together, these studies 

confirm that seizures in MS patients are electrographically identifiable and may occur 

following a recognizable pattern.   
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Magnetic resonance imaging (MRI) of structures showing EEG aberrations have 

been edifying in characterizing how lesion distribution differentially partitions in MS+S.  

More numerous grey matter lesions (GMLs) are seen in MS+S as well as large cortical 

lesions that extend across adjacent gyri (89, 90).  Furthermore, limbic structures that 

frequently serve as epileptic foci in TLE display significant damage in MS+S, including 

accumulation of enhancing lesions in the hippocampal formation, cingulate cortex, and 

insula (91).  In addition to accelerated temporal lobe atrophy, MS+S hippocampi and 

abutting structures harbor nearly four times as many MRI-identified GMLs than MS only 

(91).  These reports bolster a role for inflammatory infiltration in MS epileptogenesis, 

however, their ability to clarify the cellular mechanism driving seizures in MS is limited.   

Direct histological examination of MS+S postmortem tissue is rare and only 

specifically indicated in a 2016 study by Nicholas et al. (82).  Analyzing entorhinal cortex, 

enhanced thinning of middle temporal gyrus and loss of deep inhibitory GABAergic 

interneurons not explained by leukocyte infiltration or mitochondrial dysfunction in MS+S 

specimens (82).  Epileptic hippocampi exhibit similar neurodegeneration, with sclerosis 

and loss of GABAergic cells both commonly identified throughout the hippocampal 

formation (92, 93).  Thus, MS+S pathophysiology has been infrequently probed and 

significant work remains to fully elucidate its pathophysiology.   

In the following chapters, we contribute to scientific apprehension regarding the 

cellular and functional correlates of seizures in MS.  Utilizing functional, in vivo, and ex 

vivo methodologies, we evaluate how chronic demyelination produces seizures in mice 

using the cuprizone model of MS.  Additionally, we evaluate the translational relevance of 

data obtained in mice by probing postmortem human hippocampi for biomarkers identified 

in animal studies.  Our data indicate that seizures in MS involve perturbation to 
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excitatory/inhibitory (E/I) balance issuing from loss of GABAergic cells and synapses.  

Glutamatergic drive is also putatively enhanced in these animals due to postsynaptic 

glutamate sensitization as well as dysregulated presynaptic and astroglial control of 

synaptic glutamate release.  Lastly, in addition to reduced glutamate transporter 

expression, astrocyte-mediated K+ and water homeostasis is putatively altered in 

demyelinated mice, suggesting neuronal greater excitability and energy demands.  In 

summary, demyelination-induced seizures likely result from polyfactorial E/I imbalance.  
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1.1 ⏐ ABSTRACT 

Multiple sclerosis (MS) patients are three to six times more likely to develop 

epilepsy compared to the rest of the population.  Seizures are more common in patients 

with early onset or progressive forms of the disease and prognosticate earlier disability 

and death.  Grey matter atrophy, hippocampal lesions, interneuron loss, and elevated 

juxtacortical lesion burden have been identified in MS patients with seizures; however, 

translational studies aimed at elucidating the pathophysiological processes underlying MS 

epileptogenesis are limited.  Here, we report that cuprizone-mediated chronically 

demyelinated (9-12 weeks) mice exhibit marked changes in electroencephalography 

(EEG) and evidence of overt seizure activity. Subsequently, histopathological correlates 

were probed by immunohistochemistry, revealing extensive demyelination, loss of 

parvalbumin inhibitory interneurons in the hippocampus CA1 subregion, widespread 

gliosis and changes to astrocytic aquaporin-4 expression.  Our results suggest that 

chronically demyelinated mice are a valuable model with which we may begin to 

understand the mechanisms underlying demyelination-induced seizures.   
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1.2 ⏐ INTRODUCTION 

 Multiple sclerosis (MS) is an autoimmune demyelinating disorder of the central 

nervous system (CNS) that affects roughly 2.3 million people worldwide (94).  In the United 

States, MS prevalence is estimated at 40-177 people per 100,000 (80) and varies with 

sex, ethnicity, and distance from the equator (95).  While MS clinical presentation is 

multifarious, epidemiological studies show that MS patients are three to six times more 

likely to develop epileptic seizures than the overall population, with incidence rising with 

time since MS diagnosis (62, 96-98).  Seizures in MS may signal disease onset or relapse 

in a subset of patients (99, 100) and are associated with diminished cognitive function 

(90), fulminant disease course, and accelerated time to disability (82, 83).  However, 

despite increased occurrence of seizures among MS patients, little research exists probing 

their pathogenesis.   

Electroencephalography (EEG) recordings from MS patients have revealed 

aberrant low-amplitude cortical alpha waves and the appearance of delta waves in awake 

patients, while MS with seizures (MS+S) patients display these changes and exhibit 

waking theta frequencies and paroxysmal discharges (85, 101).  Magnetic resonance 

imaging (MRI) of MS+S patients demonstrates abundant temporal leukocortical lesions, 

and hippocampal accumulation of demyelinating foci (86, 91, 102, 103) in addition to 

findings common to MS, such as global cortical thinning and ventricular hypertrophy (104).   

Examining postmortem MS+S entorhinal cortex, Nicholas et al. reported 

augmented middle temporal gyrus thinning relative to other cortical regions and loss of 

layer IV & VI GABAergic interneurons not explained by leukocyte infiltration or 

mitochondrial dysfunction (82).  This is analogous to findings from epileptic hippocampi, 

which show loss of pyramidal neurons and GABAergic interneurons throughout the 
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hippocampal formation (92, 93).  Interestingly, MS+S cortical atrophy and neuron loss is 

localized to structures associated with mesial temporal lobe epilepsy (MTLE) (82, 90), 

suggesting convergent pathology between MTLE and MS with seizures.  However, while 

the development of seizures secondary to MS has been probed by a limited number of 

EEG, MRI, and postmortem histological studies, little is known regarding its etiology or 

neuropathology. Furthermore, translational research examining this phenomenon and its 

origins is restricted to a single 2008 study (105).   

 Although several well-established mouse models of MS are available (106, 107), 

the cuprizone (bis-cyclohexanone-oxalyldihydrazone; CPZ) diet was utilized by this study 

to probe seizures secondary to demyelination.  CPZ symptomology is highly reproducible 

and is thought to be an excellent model of progressive MS (108-110).  CPZ 

neuropathology includes axon damage (111, 112), mitochondrial stress (8, 108), motor 

deficits primarily relegated to gait ataxias (113), and easily identified tonic-clonic seizures 

(105, 108).  

Early reports examining CPZ intoxication noted convulsions in Swiss mice fed 

³0.3% CPZ for ≥7, but did not investigate their pathogenesis (114, 115).  To our 

knowledge, only one group has previously characterized seizures induced by the lower 

0.2% concentration of CPZ currently used to model MS (105).  This group observed 

unusual spiking in intracortical EEG recordings from chronically (≥9 weeks) CPZ 

demyelinated C57BL/6 mice and degenerating hippocampal neurons but did not identify 

vulnerable populations or address glial involvement. To elucidate specific cellular 

involvement, our group examined CA1 electrophysiology and histopathology of mice 

subject to chronic CPZ-induced demyelination.  The hippocampal formation frequently 

exhibits profound changes in MS (116) and MTLE, and has been implicated as a focus of 
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seizure initiation (92) and maintenance (117, 118).  These changes include loss of 

inhibitory interneuron populations, degeneration of CA1 principle neurons, and 

derangement of dentate gyrus projections into CA regions (92, 119).  For these reasons, 

we probed CA1 neuronal pathology, including parvalbumin (PV)+ inhibitory interneurons 

due to this population’s vulnerability in demyelination and seizure models (119-121).   

Glia were also assessed, since CPZ induces astrogliosis and phagocyte infiltration 

at intervals shorter than the chronic model utilized in this study (108, 122-125).  In addition, 

both human postmortem tissue and animal models of seizure show reactive astrocytes, 

which exhibit increased expression of the intermediate filament glial fibrillary acidic protein 

(GFAP) and alteration of astrocyte channels, including the water channel aquaporin-4 

(AQP4) and the inward rectifying potassium channel Kir4.1, both of which are central to 

epileptogenesis (92, 126-130).   

In this study, we characterize EEG waveforms recorded from within the dorsal 

hippocampus of chronically demyelinated mice with seizures.  Our findings indicate that 

theta and beta frequency power differ with duration of CPZ administration.  Additionally, 

we describe CA1 neuronal and glial histopathology, including infiltration of 

microglia/macrophages, appearance of reactive astrocytes, changing AQP4 expression 

with CPZ duration, pyramidal layer atrophy, and loss of PV+ interneurons.  These results 

lay a solid foundation for the study of seizure development secondary to demyelination 

and highlight the necessity of additional research into the pathogenesis of this 

phenomenon.   
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1.3 ⏐ MATERIALS & METHODS 

Animals B6.Cg-Tg(Thy1-YFP)16Jrs/J mice backcrossed to wild type C57BL/6 mice 

for more than five generations (hereafter referred to as Thy1-YFP mice) were obtained 

from the Jackson Laboratory (Bar Harbor, ME) and maintained at the University of 

California Riverside (UCR) animal facility.  Originally described by Feng et al. (131), Thy1-

YFP mice express yellow fluorescent protein (YFP) under the control of a modified mouse 

Thy1 promoter construct at high levels, resulting in YFP expression in axons, dendrites, 

and soma of sensory, motor, and some central neurons with no detectable expression in 

other cell types.  Thy1-YFP mice are healthy and have no distinguishable phenotype aside 

from neuronal YFP expression.  All procedures and experiments were conducted in 

accordance with the National Institutes of Health (NIH) Guide for the Care and Use of 

Laboratory Animals and approved by the Institutional Animal Care and Use Committee at 

UCR. 

Cuprizone treatment  Eight week old male Thy1-YFP mice were assigned to 

groups that received standard chow (normal; n=10) or 0.2% cuprizone (CPZ)-milled chow 

(Harlan Teklad, Madison, WI) as detailed in Crawford et al. (132) for 9 or 12 weeks—

hereafter referred to as 9 wk CPZ (n=10) and 12 wk CPZ (n=9), respectively.  Normal mice 

received standard chow (Picolab, St. Louis, MO) following the same timeline.  All groups 

had access to food and water ad libidum and were housed on a 12 hr light/dark cycle 

under pathogen-free conditions at the UCR animal facility.  

Electroencephalography (EEG) probe preparation A 3-channel twisted bipolar stainless 

steel electrode was used for all EEG experiments (Plastics One, Roanoke, VA).  The 

bipolar wires were cut to 2 mm in length for intrahippocampal recordings.  Similarly, an 

epidural ground electrode was cut to 0.5 mm and placed during stereotactic surgery (133).  



 17 

Approximately 0.5 mm of the insulating coat was removed at the distal tip of the bipolar 

recording electrode using a scalpel to ensure high-fidelity EEG recordings.  Implants were 

sterilized with 70% ethanol and the ground position on top of the implant pedestal was 

marked to ensure proper placement of the pins during data acquisition prior to insertion.  

EEG implantation  Unilateral indwelling EEG electrodes were chronically 

implanted in the right dorsal hippocampus after 8 weeks of CPZ or control chow for 

longitudinal recordings as detailed in (134).  Mice were anesthetized by intraperitoneal 

(IP) injection of 80 mg/kg ketamine (Phoenix Pharmaceuticals, Burlingame, CA) and 10 

mg/kg xylazine (Akron Inc., Lake Forest, IL).  Anesthesia was continuously monitored by 

testing hind limb paw pinch reflex and additional anesthetics were administered as 

needed.  Body temperature was maintained at 37°C using a homeothermic pad. Scalp 

hair was removed using clippers and depilatory cream (Nair; Church Dwight Company, 

Inc., Trenton, NJ), then disinfected with betadine solution (Purdue Products, Stamford, 

CT) and cleaned with 70% ethanol. 

Mice were immobilized within a stereotaxic frame (Stoelting, Wood Dale, IL) and a 

midline incision was made and reflected to expose the skull, which was then cleaned with 

sterile saline and cotton swabs.  Etching gel (Kuraray America, New York, NY) was applied 

to the skull for 10 s, then washed 2-3 times with sterile saline.   

EEG electrodes were implanted 1.8 mm caudal and 1.6 mm lateral to bregma to 

position probe at the right dorsal hippocampus.  A 2 mm diameter craniotomy was 

performed to accommodate the distance between the recording and ground wires using a 

high-speed surgical hand drill (Foredom, Bethel, CT) equipped with a 1/4-HP sized carbide 

bur (SS White, Lakewood, NJ).  The skull was cleaned again with sterile saline and the 

dura was carefully removed using a 27G needle to prevent laceration of the pia or 
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underlying cortex.  Bonding agent (Clearfil photo bond; Kuraray America) was prepared 

according manufacturer instructions and carefully applied on the skull by microbrush to 

avoid the brain, then cured until completely set.  The EEG implant was then secured onto 

a probe holder with a side clamp and lowered into the hippocampus until the implant 

pedestal contacted the top of the skull (2 mm per the length of the probe).  After verifying 

that the implant was in place, permanent cement (Panavia SA Cement; Kuraray America) 

was applied caudal to the implant and skull, then light cured until set.  The side clamp was 

carefully released and the probe holder was raised.  Remaining cement was applied in 

even layers to the exposed skull and the margins of the scalp to ensure a strong hold. 

Video-EEG recordings  Treatment groups were separated into two 

subgroups for staggered video-EEG (vEEG) recordings, which were obtained at weeks 9 

and 12 for 4 hours per day.  Animals 1-3 were recorded on Days 1 and 3, and animals 4-

5 were recorded on Days 2 and 4.  Control animals were recorded one week after probe 

implantation.  Animals were connected to a tethered EEG recording system via a 

commutator (Plastics One) connected to a digital EEG acquisition system (MP150, 

AcqKnowledge 4.4 software) to allow them freedom of motion during data acquisition.  

Normal EEG output was filtered at 35 Hz (low pass) and 0.1 Hz (high pass) at a gain of 

20,000 with a sample rate of 5,000 samples/s.  Behavioral activity was recorded using a 

Sony FDR-AX33 digital video camera (New York, NY) placed in front of the animals’ home 

cages capable of infrared dark phase recording.   

EEG analysis  Mice that had no EEG signal due to poor contact of electrodes 

resulting from chronic recording were excluded from analysis.  One mouse was excluded 

from the normal group (final n=9) and 3 mice were excluded from the 9 week demyelinated 
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group (final n=7).  No mice were excluded from the 12 wk CPZ group (n=10).  Resting 

EEG data were analyzed using BrainVision Analyzer 2.1 (Brain Products GmbH, Gilching, 

Germany).  Mice were recorded for 4 hrs and the entire recording period was analyzed to 

avoid bias.  Artifacts were removed with semi-automatic procedure in BrainVision Analyzer 

2.1 software based on gradient, max-min, and low activity criteria.  Resting EEG signals 

were divided into 1 s segments and Fast Fourier Transform (FFT) was performed on each 

segment at 1Hz resolution from 1-29 Hz to generate frequency values for each animal in 

the groups analyzed.  Predetermined frequency ranges [Delta (1-4 Hz), Theta (4-7 Hz), 

Alpha (7-15 Hz), and Beta (15-29 Hz)] were compared by one-way ANOVA with Tukey’s 

post test for multiple comparisons.  

Immunohistochemistry (IHC)  After concluding EEG recordings, all mice, 

regardless of EEG contract strength (Normal n=10, 9 wk CPZ n=10, 12 wk CPZ n=9), 

were perfusion fixed and processed for immunohistochemistry (135).  Briefly, mice were 

deeply anesthetized by isoflurane inhalation (Piramal Healthcare, Mumbai, India) and 

perfused transcardially with cold phosphate buffered saline (PBS, Thermo Fisher 

Scientific, Waltham, MA) then 10% formalin (Thermo Fisher Scientific).  Brains were 

dissected and post-fixed in 10% formalin (Thermo Fisher Scientific) for 24 hrs, 

cryoprotected in 30% sucrose (EMD Millipore, Darmstadt, Germany) for 48 hrs, and 

embedded in gelatin for sectioning.  40 μm coronal sections were cut using a HM525 NX 

cryostat (Thermo Scientific).  Sections containing rostral corpus callosum or dorsal 

hippocampus were stained by IHC following a previously described protocol (136, 137).  

Myelination, gliosis, and CA1 pyramidal cell layer neuron densities were visualized 

by the following primary antibodies at a concentration of 1:500 in PBS unless otherwise 

noted: chicken anti-myelin basic protein (MBP; polyclonal, EMD Millipore), rabbit anti-olig2 
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(polyclonal, Thermo Fisher Scientific), mouse anti-cleaved caspase 3 (1:400, clone 

AM1.31-11, EMD Millipore), mouse anti-glial fibrillary acidic protein (GFAP; clone 1B4, BD 

Biosciences, San Diego, CA), rabbit anti-aquaporin 4 (AQP4; polyclonal, EMD Millipore), 

mouse anti-NeuN (clone A60, EMD Millipore), mouse anti-parvalbumin (PV; 1:400, clone 

PARV-19, EMD Millipore), mouse anti-adenomatous polyposis coli (CC-1; clone CC-1, 

Genetex, Irvine, CA), rabbit anti-Ki-67 (1:250, polyclonal, EMD Millipore), and guinea pig 

anti-doublecortin (DCX; polyclonal, EMD Millipore).   

Secondary staining was performed using these polyclonal fluorophore-conjugated 

antibodies from ThermoFisher Scientific diluted 1:500 unless otherwise noted: goat anti-

rabbit IgG (H+L) Cy3 (EMD Millipore), goat anti-mouse IgG (H+L) Alexa Fluor®647 

(AF647), goat anti-mouse IgG2a AF647, rabbit anti-goat IgG (H+L) AF647, goat anti-rabbit 

(H+L) AF647, goat anti-mouse IgG2b AF647, goat anti-guinea pig IgG (EMD Millipore), 

and donkey anti-chicken IgY Cy3 (EMD Millipore).  Nuclei were stained with 4′,6-

diamidino-2-phenylindole (DAPI, 2 ng/ml; Molecular Probes) for 15 min after incubation 

with secondary antibodies and sections were mounted onto positively charged glass 

slides, allowed to dry, and coverslipped using Fluoromount G mounting medium (Thermo 

Fisher Scientific).  

Confocal microscopy and analysis  Corpus callosum (CC) and hippocampal CA1 

contralateral to probe were imaged using an Olympus BX61 confocal microscope 

(Olympus America Inc., Center Valley, PA) at 10X or 40X magnification.  ≤20 µm thick z-

stack projections were compiled using SlideBook 6 software (Intelligent Imaging 

Innovations, Inc., Denver, CO).  Whole coronal section images were acquired at 10X 

magnification and stitched with Olympus cellSens Software (Olympus America Inc.).  

Immunostaining was quantified using Fiji version 2.2.0-rc-46/1.50g (NIH).  One data point 
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per stain per animal was entered for each brain region analyzed.  To avoid experimenter 

bias, auto-adjustment of brightness and contrast, as well as threshold of staining signal, 

was carried out by NIH software.  NeuN+, PV+, GFAP+, Olig2+, CC-1+, Thy1-YFP+ blebs, 

and Ki-67+ cells were quantified by drawing a region of interest (ROI) around a brain 

structure to be analyzed (CC, CA1 subfields), measuring the area delineated by the ROI, 

counting immunoreactive cells within the ROI, then counts were normalized to area 

measured.  GFAP, MBP, and DCX immunoreactive signal intensity was determined by Fiji 

and normalized to area of ROI.  Iba1, AQP4, and MBP+ % area was measured as percent 

positive immunoreactivity within ROIs.  

Statistical analysis  Statistical analysis was carried out per previously published 

work (136, 138).  All statistics were performed using Prism 6 software (GraphPad 

Software, La Jolla, CA).  Differences were considered significant at p≤ .05.  P values are 

represented by the following: *p≤ 0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001.  Effect size 

(η2) is reported as the fraction of the overall variance of all groups pooled attributable to 

differences among the group means.  EEG and IHC data are presented as mean ± SEM 

and were analyzed by ordinary one-way ANOVA with Tukey’s post test for multiple 

comparison test to generate p-values. Number of animals in each group ranged from 7-

10/group for EEG analysis and 8-12/group for IHC analysis.  
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1.4 ⏐ RESULTS 

Chronic cuprizone demyelination-induced behavioral seizures and changes to 

hippocampal EEG  

 Thy1-YFP mice fed CPZ diet for 9 weeks (9 wk CPZ) and 12 weeks (12 wk CPZ) 

appeared somewhat more active to experimenters when undisturbed in their home cages 

relative to standard diet-fed control (normal) mice, but activity level was not quantified.  

Overall, non-seizure behavioral changes between groups were minimal and have been 

described previously (108, 113).  Overt seizure-like behavior (Figure 1.1A) was observed 

during handling in approximately 30.0% of 8 wk CPZ mice.  Seizure behavior increased 

to 57.5% in 9 wk CPZ mice and 66.25% in 12 wk CPZ mice (n=20-45 total mice observed 

over 4 experiments, Figure 1.1B).  Spontaneous seizures were also seen in mice 

unperturbed in their home cages during both light and dark cycles by vEEG (Supplemental 

Video 1 – available online).   

Verification and characterization of seizure waveforms in chronically demyelinated 

mice was performed by intrahippocampal EEG recording.  The dorsal hippocampus was 

selected as the site of implant for its role in seizure initiation and maintenance (92, 117, 

118).  One week after EEG electrodes were placed, resting state EEG waveforms were 

acquired to determine if electrical signals corresponded with behavior observed.  Mice 

were awake and freely moving during vEEG recordings (Figure 1.1A).   

Significant changes to EEG power were observed with chronic demyelination 

(Figure 1.1C—D).  9 wk CPZ mice (n=7) displayed suppressed EEG waveform power 

compared to normal mice (n=9), but 12 wk CPZ group (n=10) waveform power was 

equivalent to normal (Figure 1.1C—D).  Theta, alpha, and beta frequencies were 

significantly increased in 12 wk CPZ mice compared to 9 wk CPZ mice and delta power 
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also trended toward increase (Figure 1.1E; delta p=0.0573, η2=0.2320; theta *p≤0.05, 

η2=0.2928; alpha *p≤0.05 η2=0.2571;  beta *p≤0.05 η2=0.3203).  EEG data were analyzed 

by one-way ANOVA with Tukey’s post test for multiple comparisons. 

 

Demyelination occurs in the corpus callosum and hippocampus of chronically 

cuprizone-fed mice  

Cuprizone diet causes demyelination throughout the CNS by induction of apoptotic 

pathways in post-mitotic oligodendrocytes (OLs) secondary to mitochondrial dysfunction 

and accumulation of reactive oxygen species (108, 139). Montages of coronal brain slices 

immunostained for myelin basic protein (MBP-green) with nuclei counterstained by 4′,6-

diamidino-2-phenylindole (DAPI-red) from normal, 9 wk CPZ and 12 wk CPZ groups 

showed extensive demyelination in the corpus callosum-CC, cortical hemispheres, and 

hippocampus-hipp (Figure 1.2A). A detailed analysis of CC (Figure 1.2Bi) and CA1 

SR/SLM subregions contralateral to EEG implant (Figure 1.2Bii) revealed a significant 

decrease in myelin density in the CC (Figure 1.2C; 9 wk CPZ vs normal **p≤0.01, 12 wk 

CPZ vs normal **p≤0.01, η2=0.4373) and CA1 SR/SLM subregions (Figure 1.2G; 9 wk 

CPZ vs normal ****p<0.0001, 12 wk CPZ vs normal ****p<0.0001, η2=0.7453) of CPZ fed 

groups.   

To investigate the status of OLs in the CNS after chronic demyelination, brain 

sections were immunostained for the OL lineage-specific transcription factor olig2 (140).  

No difference was observed in the number of OLs immunostained with olig2 in the CC of 

any group (Figure 1.2Bi—D).  Olig2+ OLs were significantly decreased in the CA1 of 12 

wk CPZ mice versus normal (Figure 1.2Bii—H, *p≤0.05, η2=0.2725).   
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Post-mitotic OLs were identified by positive immunostaining for both olig2 and 

adenomatous polyposis coli (CC-1), a negative regulator of Wnt/b-catenin signaling in 

myelinating OLs in the CNS (141).  The number of olig2+CC1+ post-mitotic OLs, were 

decreased by >75% in the CC of 9 wk CPZ and 12 wk CPZ groups (Figure 1.2E, 9 wk 

CPZ vs normal ****p<0.0001, 12 wk CPZ vs normal ****p<0.0001, η2=0.8933).  Similarly, 

decreased olig2+CC-1+ OL numbers were observed in the CA1 of 9 wk CPZ and 12 wk 

CPZ mice relative to normal (Figure 1.2Biv, I; 9 wk CPZ vs normal **p≤0.01, 12 wk CPZ 

vs normal ****p<0.0001, η2=0.5471).   

To assess the status of ongoing apoptosis in OLs due to CPZ diet, immunostaining 

for cleaved caspase 3 was performed.  In the CC of 9 wk CPZ mice, 46.70±1.784% of 

olig2+ OLs exhibited cleaved caspase 3 staining, indicating cells committed to apoptosis 

(142)  (Figure 1.2F, 9 wk CPZ vs normal ****p<0.0001, η2=0.9784). Similarly, apoptotic 

cells comprised 46.39±1.661% of total olig2+ OL lineage cells in the CC of 12 wk CPZ 

mice (Figure 1.2F, 12 wk CPZ vs normal ****p<0.0001, η2=0.9784).  Interestingly, 

although MBP reactivity and olig2+ OL lineage cells were reduced in the CA1 of 9 wk CPZ 

and 12 wk CPZ mice, significant cleaved caspase 3 immunoreactivity was not observed 

in either group (Figure 1.2J), indicating that olig2+ cell loss was caspase 3 independent.  

IHC data were analyzed by one-way ANOVA with Tukey’s post test for multiple 

comparisons.   

 

Microglia/macrophage infiltration, astrogliosis, and dysregulation of AQP4 

expression  

 Microglia/macrophages expressing ionized calcium-binding adaptor molecule 1 

(Iba1), a cytoplasmic protein constitutively expressed by macrophages and microglia 
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(143), occupied 10.44±1.254% of imaged CA1 in normal mice and 13.26±3.270% in 9 wk 

CPZ mice (Figure 1.3C).  Iba1+ immunoreactive area increased more than three-fold in 

the CA1 of 12 wk CPZ mice to 47.29±10.98% of imaged fields (Figure 1.3C, 12 wk CPZ 

vs normal **p≤0.01, 12 wk CPZ vs 9 wk CPZ **p≤0.01, η2=0.5128).  

 Upregulation of the intermediate filament glial fibrillary acidic protein (GFAP) by 

reactive astrocytes occurs in the context of inflammatory demyelination and MTLE, 

confining damage and inflammatory mediators to the area behind the resulting glial scar 

(144, 145).  GFAP+ cells in the CA1 of both 9 and 12 wk CPZ groups displayed 

hypertrophic morphology characteristic of reactive astrocytes, membrane varicosities, and 

loss of non-overlapping process domains (Figure 1.3B; arrowheads), but these 

parameters were not quantified.  The number of GFAP+ astrocytes significantly increased 

in the CA1 of 9 wk CPZ (***p≤0.001) and 12 wk CPZ (***p≤0.001) groups compared to 

normal mice (Figure 1.3D, η2=0.5658).  GFAP staining intensity per astrocyte increased 

in 12 wk CPZ mice compared to normal, indicating increased GFAP expression per cell in 

the chronically demyelinated CA1 (Figure 1.3E, *p≤0.05, η2=0.2514). 

 The astrocytic water channel aquaporin-4 (AQP4) plays a crucial role in 

maintaining CNS water and ion homeostasis (129, 146).  Perturbations in AQP4 

expression and localization has been identified in postmortem sclerotic hippocampal 

tissue from epileptic donors (147) and translational models of epilepsy (134).  In normal 

mice, AQP4 reactivity covered 8.628±0.6162% of the imaged CA1 and followed 

vasculature (Figure 1.3B).  AQP4 immunoreactive area decreased to 4.281±0.4782% in 

9 wk CPZ mice, approximately 49% of normal controls (**p≤0.01, η2=0.5668), but 

recovered to 10.64±1.297% in 12 wk CPZ mice (Figure 1.3F, 12 wk CPZ vs 9 wk CPZ 
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****p<0.0001, η2=0.5668).  IHC data were analyzed by one-way ANOVA with Tukey’s post 

test for multiple comparisons. 

   

Callosal axon damage, reduced CA1 pyramidal cell layer thickness and loss of 

parvalbumin+ interneurons in the CA1 

 To assess the potential demyelination-induced axon damage blebbing of axonal 

plasma membranes that is associated with toxic protein accumulation (148) was analyzed 

in chronically demyelinated brain.  The coherent linear morphology of Thy1-YFP+ axons 

observed in the CC of normal mice was lost with chronic demyelination.  Thy1-YFP+ axon 

varicosities, indicative of transected axons or impaired transport, were observed in 9 wk 

CPZ and 12 wk CPZ groups (Figure 1.4A; arrowheads).  Quantification of axon blebs in 

the CC (Figure 1.4E) showed a significant increase in 9 wk CPZ mice (9 wk CPZ vs normal 

****p<0.0001, η2=0.9258) and 12 wk CPZ compared to normal mice (12 wk CPZ vs normal 

*p≤0.05, η2=0.9258).  Blebbing in 9 wk CPZ mice was significantly higher compared to 12 

wk CPZ mice (12 wk CPZ vs 9 wk CPZ ****p<0.0001, η2=0.9258), possibly reflecting loss 

of Thy1-YFP+ axons.  However, no axon or dendrite swelling/blebbing was observed in the 

SLM or SR) of any group (Figure 1.4B).  CA1 stratum oriens (SO) projection blebbing was 

not quantified due to its proximity to the CC which made distinguishing the two fiber tracts 

unclear.   

Degeneration of hippocampal pyramidal neurons is a feature commonly observed 

in sclerotic epileptic and MS hippocampi (92, 149).  CA1 pyramidal cell layer thickness, 

measured as height of pyramidal layer nuclei reactive for NeuN, a neuron-specific epitope 

found on the FOX-3 transcription factor (150), was significantly reduced in the brains of 

12 wk CPZ mice relative to normal (Figure 1.4C & F; *p≤0.05, η2=0.2458).  However, total 
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NeuN+ pyramidal layer neurons did not change between groups (Figure 1.4C & G) and 

did not co-localize with cleaved caspase 3 in groups examined (not shown), suggesting 

atrophy of neuronal cell bodies and/or dendrites.   

The effect of chronic demyelination on neuronal regeneration was assessed by 

immunostaining for doublecortin (DCX), a microtubule associated protein expressed by 

newly generated neurons (151) and Ki-67, a nuclear protein expressed by proliferating 

cells (152).  DCX+ cells were not observed in the CA1 of normal mice.  However, DCX+ 

cells with stellate morphology resembling astrocytes or appeared in the CA1 SO and 

overlying white matter tract of 9 wk CPZ (****p<0.0001) and 12 wk CPZ (**p≤0.001) mice, 

but did not penetrate the pyramidal cell layer (Figure 1.5A—B), η2=0.6077).  Ki-67+ nuclei 

were rarely observed in all group analyzed and did not co-localize with DCX+ cells.  These 

data indicate that new neurons did not account for unchanged pyramidal cell numbers 

despite pyramidal layer thinning during chronic demyelination.  

 Loss of inhibitory interneuron populations occurs in a variety of disease states, 

including experimental autoimmune encephalomyelitis (EAE), an autoimmune mouse 

model of MS, chemical/traumatic seizure induction, MTLE, and human MS lesions (82, 

93, 149, 153).  Parvalbumin (PV) is expressed by subset of GABAergic interneurons, 

including basket, axo-axonic, bistratified, and oriens-lacunosum moleculare cells in the 

hippocampus (119, 120).  Quantification of PV+ inhibitory interneuron soma in the CA1 

revealed significantly fewer cell bodies in 12 wk CPZ mice compared to normal (Figure 

1.4D & H *p≤0.05, η2=0.4372).  IHC data were analyzed by one-way ANOVA with Tukey’s 

post test for multiple comparisons.  
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1.5 ⏐ DISCUSSION 

Despite increased seizure incidence in MS patients (80), little is known regarding 

the pathophysiology or risk factors that contribute to epileptogenesis in these patients.  We 

have for the first time demonstrated that long-term CPZ administration reproduces facets 

of neuropathology observed in human MS patients with seizures (82, 154).  We observed 

changes in intrahippocampal EEG recordings from demyelinated mice that experienced 

spontaneous seizures during chronic CPZ treatment.  Specifically, we found a reduction 

in EEG power at the 9-week time point, which may reflect the electrophysiological effects 

of widespread cortical demyelination.  Interestingly, we observed recovery of EEG power 

at the 12-week time point.  Future studies will need to assess the timing of onset of 

spontaneous electrographic seizures in this model as well as the relationship of seizure 

onset to demyelination and other cellular and molecular changes. 

 While the pathophysiology leading to seizures in chronic demyelination remains to 

be elucidated, our results indicate several possibilities.  Loss of CA1 PV+ cell bodies 

suggests impaired inhibition may contribute to seizures during demyelination.  PV+ 

inhibitory interneurons comprise an essential component of the hippocampal timing 

circuitry crucial to maintaining physiologic seizure resistance (93, 120, 155).  Our results 

mirror models of seizure disorders (93, 119, 156, 157) and autoimmune inflammatory 

demyelination (149), where drop-out of PV+ immunoreactivity is also observed.  Future 

studies will examine whether CA1 inhibitory interneuron loss is confined to PV+ cells, or 

extends to other GABAergic populations, such as cholecystokinin octapeptide+ cells which 

are thought to represent a distinct inhibitory network (158).   

CPZ intoxication does not contribute to neuronal pathology directly (108).  Neuron 

sparing in the face of mitochondrial stress imposed by CPZ has been explained by 
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metabolic coupling to astrocytes, which augment neuronal resilience by carrying out 

glycolysis in response to energetic deficits (108, 159, 160).  In addition to increased 

numbers of GFAP+ reactive astrocytes, astrocytes displayed crossed domains, membrane 

blebbing, upregulation of GFAP, and altered AQP4 expression with chronic demyelination 

concurrent with changes to theta and beta frequency power and spontaneous seizure.  

Membrane blebbing of astrocyte processes has been shown to precede apoptotic cell 

death following oxygen-glucose deprivation (161), and is associated with impaired ATP 

metabolism in other cell types (162).  However, whether blebbing observed reflects 

impaired metabolism or pre-apoptotic astrocytes requires additional investigation.     

Recent research illustrates the importance of astrocyte-astrocyte and astrocyte-

oligodendrocyte gap junction coupling in maintaining astrocyte homeostatic function and 

survival (163).  Genetic ablation of connexin-30 and connexin-43, two connexin proteins 

responsible for oligodendrocyte-astrocyte gap junction pairing, leads to marked 

astrogliosis, myelin vacuolation, and tonic-clonic seizures (163).  While astrogliosis begins 

early with CPZ administration (123), in the chronically demyelinated CNS, loss of 

astrocyte-oligodendrocyte coupling via gap junctions could feasibly contribute to the 

seizures and pathological astrocyte morphology that our group observed.  In addition, 

increased expression of the astrocyte gap junction protein connexin-43 and more rapid 

decay of inward glutamate currents in astrocytes have been shown to accompany kainic 

acid-induced seizures (164).  These changes occur prior to alteration of astrocyte inward 

potassium currents, indicating that changes in astrocyte coupling with other glia and 

glutamate buffering may herald the onset of spontaneous seizures in that model.  Future 

studies will probe the extent to which changes in astrocyte-oligodendrocyte gap junctions 
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are featured in the genesis of seizures in chronic CPZ-mediated demyelination and what 

consequences these changes may have on glutamate and potassium handling. 

Mounting evidence suggests that downregulation of AQP4 is observed in seizure 

models and may play a role in hyperexcitability leading to seizures  (129, 165, 166).  

Specifically, AQP4 appears to be downregulated during the epileptogenic period in which 

spontaneous seizures emerge (134, 165, 166).  Our results showed a similar pattern, with 

transient decrease in CA1 AQP4 expression at 9 weeks of demyelination at the earliest 

onset of observable seizures, then rising at 12 weeks once seizures were well established.  

Changes in aquaporin expression may be significant as their expression has been shown 

to trace Kir4.1 localization in astrocytes, implicating the co-involvement of these two 

molecules in regulating osmolarity that could contribute to perturbation of resting 

membrane potential and hyperexcitability (129) by increasing extracellular potassium 

concentration.  Additional study is necessary to identify whether alterations in Kir4.1/AQP4 

homeostasis contributes to seizure genesis in chronic demyelination.  In addition, chronic 

video-EEG monitoring will be needed to determine the exact time course of onset of 

spontaneous seizures in the CPZ model, and the site of seizure genesis (hippocampus 

vs. cortex) (105). 

The appearance of augmented Iba1+ immunoreactivity coinciding with seizures 

and changes to EEG theta and beta frequency power is congruous with findings from both 

translational models of epilepsy and analysis of postmortem human tissue (167, 168).  

Infiltration of microglia/macrophages peaks at 4.5 weeks of CPZ intoxication as is 

mediated by the chemokines CCL2, CCL3, and CXCL10 (125).  However, to the best of 

our knowledge, no studies have addressed microglia/macrophage behavior in the chronic 

CPZ model utilized in this study.  In mouse models of epilepsy, microglia/macrophages 
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express so-called M1 pro-inflammatory cytokines such as inducible nitric oxide synthase, 

tumor necrosis factor α, interleukin (IL)-1β, IL-6, and IL-12 as well as lymphocyte co-

stimulatory molecules cluster of differentiation (CD) 80, CD86, and major 

histocompatibility complex II at high levels (168).  M1 polarization may be attributable to 

signaling by TLR4/MYD88 and purinergic receptors, which play a prominent role in many 

neuroinflammatory states (169, 170).  Determining the phenotype of 

microglia/macrophages that appear in CA1 during chronic demyelination may help clarify 

their role in seizures secondary to MS.  

Additional research is required to elucidate the pathophysiology underpinning 

inhibitory cell loss in chronic demyelination with seizures.  However, based on our data, it 

is conceivable that chronic demyelination-induced metabolic dysfunction arising in 

astrocytes due to oxidative stress or uncoupling from post-mitotic oligodendrocytes could 

preclude their ability to execute neuroprotective functions such as maintaining physiologic 

osmolarity and metabolite buffering, thereby leading to loss of vulnerable PV+ neuron and 

seizures.  The resulting release of ATP and inflammatory mediators from hippocampal 

neurons susceptible to excitotoxic death may then attract microglia/macrophages.  Future 

studies will address the functional correlations of our results, while brain tissue from MS+S 

patients will be evaluated for markers observed in the present study to establish 

translational relevance. 

Understanding the pathophysiology contributing to seizures in chronic 

demyelinating disease has implications extending beyond the treatment of MS with 

epilepsy.  Oligodendrocyte death and dysmyelination are frequently noted features of 

seizure disorders.  If a relationship exists between these phenomena and hippocampal 

GABAergic neuron survival, exposing this framework could inform investigation into novel 
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therapeutic targets in epilepsy and MS that could prevent seizure-induced demyelination 

and/or demyelination-induced seizures.  
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1.7 ⏐ FIGURES & LEGENDS 

 

Figure 1.1 | Hippocampal electroencephalogram (EEG) changes occur in chronically 

demyelinated mice.  A) Representative images of a control mouse fed normal diet 

(normal), an experimental mouse that was fed cuprizone (CPZ) diet for nine weeks (9 wk 

CPZ) undergoing seizure-like behavior during handling (seizure), and an image of a 

normal mouse with an intrahippocampal probe tethered to an external EEG recording 

setup to allow freedom of movement (EEG setup).  B) Nearly 30% of mice on CPZ diet for 

8 weeks presented overt seizure during handling. Seizure activity increased to 55% in 9 
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wk CPZ mice and 65% in 12 wk CPZ mice (total of 20-45 mice observed over 3 different 

experiments).  C) Representative 30 min recordings from a normal, 9 wk CPZ, & 12 wk 

CPZ animal are shown.  D) Recording period highlighted in blue box from A was magnified 

to better assess changes in activity.  E) Frequency analysis was performed on 4 hours of 

EEG recordings from the same period in normal [n=9], 9 wk CPZ [n=7], and 12 wk CPZ 

[n=10] groups.  No significant changes were observed in any frequency between normal 

and 9 wk CPZ groups. Similarly, 12 wk CPZ mice showed power equivalent to normal 

across all frequencies, but exhibited increased theta, alpha, and beta frequency power 

compared to 9 wk CPZ (theta *p≤0.05, η2=0.2928; alpha *p≤0.05 η2=0.2571;  beta 

*p≤0.05 η2=0.3203,  one-way ANOVA with Tukey’s post test for multiple comparisons.  
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Figure 1.2 | Demyelination in the corpus callosum (CC) and hippocampus (Hip) during 

chronic cuprizone diet.  A) Representative 10X montages of coronal brain section 

immunostained for myelin basic protein (MBP-green) and double-stranded DNA (DAPI-

red) from normal, 9 wk CPZ and 12 wk CPZ mice show decreased MBP staining in the 

CC and hippocampi of 9 wk CPZ and 12 wk CPZ group.  Scale bar: 1 mm, * indicates 

injury at the site of EEG probe implant.  B) Representative 10X magnified image of CC, 
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scale bar 100 μm (i) and 40X magnified image of hippocampus area showing the stratum 

radiatum (SR) and stratum lacunosum-moleculare (SLM) (ii) immunostained for MBP 

(green) and DAPI (red) antibodies. A decrease in myelinated fibers was observed in 9 wk 

and 12 wk CPZ panels.  40X magnified images of the CC (iii) and CA1 (iv) immunostained 

for olig2 (green) and DAPI (red) were analyzed for olig2+ oligodendrocyte (OL) lineage cell 

numbers. Scale bar in ii, iii, and iv is 10 μm.  C) Quantification of MBP staining intensity in 

the CC normalized to area measured showed a significant decrease in 9 wk CPZ 

(**p≤0.01) and 12 wk CPZ groups (**p≤0.01) compared to normal mice.  8-10 animals/ 

group, one-way ANOVA with Tukey’s post test for multiple comparisons, η2=0.4373.  D) 

No difference was identified in the number of olig2+ nuclei counted in the CC of normal, 9 

wk CPZ, and 12 wk CPZ mice.  7-10 animals/group, one-way ANOVA with Tukey’s post 

test for multiple comparisons.  E) Fewer post-mitotic olig2+CC-1+ OLs were counted in the 

CC of 9 wk CPZ (****p<0.0001) and 12 wk CPZ (***p<0.0001) groups as compared to 

normal mice.  7-10 animals/group, one-way ANOVA with Tukey’s post test for multiple 

comparisons, η2=0.8933.  F) Apoptotic olig2+caspase 3+ cells accounted for 44.29±2.879% 

of all olig2+ OL lineage cells in the CC of 9 wk CPZ mice (9 wk CPZ vs normal 

****p<0.0001) and 46.39±1.661% of total olig2+ OL lineage cells in the CC of 12 wk CPZ 

mice (12 wk CPZ vs normal ****p<0.0001).  No difference was observed between 9 wk 

CPZ and 12 wk CPZ groups.  7-10 animals/group, one-way ANOVA with Tukey’s post test 

for multiple comparisons, η2=0.9784.  G) MBP immunostained areas of CA1 SR/SLM 

subregions were significantly reduced in 9 wk CPZ (****p<0.0001) and 12 wk CPZ groups 

(****p<0.0001) compared to normal mice.  8-10 animals/group, one-way ANOVA with 

Tukey’s post test for multiple comparisons, η2=0.7453.  H) No significant change was 

observed in olig2+ OLs between normal and 9wk CPZ mice, but a 20% decrease of olig2+ 
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OLs was observed in 12 wk CPZ compared to normal (*p≤0.05).  8-10 animals/group, one-

way ANOVA with Tukey’s post test for multiple comparisons, η2=0.2725.  I) Post-mitotic 

olig2+CC-1+ OLs counted in the CA1 were significantly decreased in 9 wk CPZ mice 

(**p≤0.01) and 12 wk CPZ mice (****p<0.0001) compared to normal.  9-10 animals/group, 

one-way ANOVA with Tukey’s post test for multiple comparisons, η2=0.5471.  J) Cleaved 

caspase 3 labeled olig2+ OL lineage cells were not observed in any groups analyzed.  8-

10 animals/group, one-way ANOVA with Tukey’s post test for multiple comparisons.   
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Figure 1.3 | Macrophage/microglia infiltration, reactive astrocytes, and altered AQP4 

expression are observed in the CA1 of chronically cuprizone-fed mice with seizures.  A) 

Representative 40X magnification images of Iba1 (red) and DAPI (blue) immunostained 

CA1 SO/SR from normal, 9 wk CPZ, and 12 wk CPZ mouse coronal brain sections 

showing increased Iba1 reactivity in 12 wk CPZ mice.  Scale bar: 10 μm.  B) 

Representative 40X magnification images of GFAP (green), AQP4 (red) immunostaining, 

and DAPI (blue) stained CA1 SO/SR of normal, 9 wk CPZ, and 12 wk CPZ mice.  The 

number of GFAP+ astrocytes and staining intensity per cell increased in the CA1 of 9 wk 

and 12 wk CPZ mice and displayed hypertrophic morphology characteristic of reactive 
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astrocytes, membrane varicosities, and loss of non-overlapping process domains 

(arrowheads).  In normal mice, AQP4+ staining followed vasculature and co-localized with 

GFAP at the site of astrocyte end foot processes contacting blood vessels.  AQP4 staining 

decreased in 9 wk CPZ mice, but GFAP staining increased proximal to vasculature.  AQP4 

reactive area returned to normal levels in 12 wk CPZ mice and GFAP+ reactive astrocytes 

did not accumulate near blood vessels.  Scale bar: 10 μm.  C) Iba1+ immunostaining in 

the CA1 was quantified as a percent of imaged field in normal, 9 wk CPZ, and 12 wk CPZ 

mice.  Iba1+ microglia/macrophages occupied approximately 10—13% of the imaged CA1 

in normal and 9 wk CPZ mice, but increased more than three-fold in 12 wk CPZ mice to 

47.29±10.98% (12 wk CPZ vs normal, **p≤0.01; 12 wk CPZ vs 9 wk CPZ **p≤0.01).  7-9 

animals/group, one-way ANOVA with Tukey’s post test for multiple comparisons, 

η2=0.5128.  D—E) Astrocytes were quantified by counting number of GFAP+ cells/area.  A 

significant increase was observed in the CA1 of 9 wk CPZ (***p≤0.001) and 12 wk CPZ 

(***p≤0.001) groups compared to normal mice.  Staining intensity per astrocyte also rose 

significantly in 12 wk CPZ mice compared to normal mice *p≤0.05), indicating increased 

GFAP expression per cell.  8-10 animals/group, one-way ANOVA with Tukey’s post test 

for multiple comparisons, GFAP+ cells/mm2 η2=0.5658; GFAP intensity per cell η2=0.2514.  

F) AQP4 reactive area was significantly decreased in the CA1 of 9 wk CPZ mice compared 

to normal (**p≤0.01) and 12 wk CPZ groups (****p<0.0001).  7-10 animals/group, one-way 

ANOVA with Tukey’s post test for multiple comparisons, η2=0.5668.  
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Figure 1.4 | CC axon pathology, reduced CA1 pyramidal cell layer thickness and loss of 

PV immunostaining in the CA1 of chronically demyelinated mice with seizures.  A—B) 

Representative 40X magnification images from normal, 9 wk CPZ, and 12 wk CPZ coronal 

brain sections showing the CC and the SR/SLM regions of the CA1.  The coherent linear 

morphology of Thy1-YFP+ axons in the normal CC was lost with chronic demyelination.  

Thy1-YFP+ axon varicosities (arrowheads), indicative of transected axons or impaired 

protein transport, were observed in 9 wk and 12 wk CPZ groups.  No axon or dendrite 

swelling/blebbing was observed in SR or SLM.  Scale bar: 10 μm.  C—D) Representative 

40X magnification images of CA1 pyramidal layer immunostained for NeuN+ (green), 
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DAPI, (blue), and parvalbumin (PV; red) from normal, 9wk CPZ and 12 wk CPZ groups.  

A decrease in overall CA1 pyramidal neuron layer thickness and loss of PV+ neurons was 

observed in 9 wk CPZ and 12 wk CPZ CA1 pyramidal layer. Scale bars: 10 μm.  E) 

Quantification of axon blebs in the CC showed a significant increase in both 9 and 12 wk 

CPZ groups compared to the normal group (9 wk CPZ vs normal ****p<0.0001; 12 wk CPZ 

vs normal *p≤0.05).  Blebbing in the CC of 9 wk CPZ mice was significantly higher than 

12 wk CPZ mice (****p<0.0001), reflecting fewer Thy1-YFP callosal axons.  8-10 

animals/group, one-way ANOVA with Tukey’s post test for multiple comparisons, 

η2=0.9258.  F—G) Quantification of pyramidal cell layer thickness was determined by 

measuring the total height of NeuN+ nuclei in the pyramidal cell layer.  Compared to 

normal, a significant decrease was observed in pyramidal cell layer thickness of 12 wk 

CPZ mice (*p≤0.05).  However, total pyramidal layer NeuN+ neurons were not statistically 

different between groups. 8-10 animals/group, one-way ANOVA with Tukey’s post test for 

multiple comparisons; pyramidal layer height η2=0.2458.  H) Quantification of PV+ 

interneuron soma in the CA1 region pyramidal cell layer showed a significant decrease in 

only 12 wk CPZ mice *p≤0.05) as compared to normal group.  8-10 animals/group, one-

way ANOVA with Tukey’s post test for multiple comparisons, η2=0.4372.  
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Figure 1.5 | Status of Ki-67+ doublecortin+ cell population in the CA1 of chronically 

demyelinated mice with seizures.  A) Representative 40X magnified images of CA1 

pyramidal cell layer immunostained for doublecortin (DCX) and Ki-67 in normal, 9 wk CPZ, 

and 12 wk CPZ mice.  DCX+ cells with stellate morphology resembling astrocytes or 

microglia were observed in the CA1 SO and overlying white matter tract of 9 wk CPZ and 

12 wk CPZ mice.  Ki-67+ nuclei were rarely detected in the CA1 of any group, and did not 

co-localize with DCX.  Scale bar: 10 μm.  B) DCX+ cells were significantly increased in the 

CA1 SO of 9 wk CPZ (****p<0.0001) and 12 wk CPZ mice mice (**p≤0.01).  8-9 

animals/group, one-way ANOVA with Tukey’s post test for multiple comparisons, 

η2=0.6077.  C) Ki-67+ nuclei counted were not significantly different between groups.  8-9 

animals/group, one-way ANOVA with Tukey’s post test for multiple comparisons.  
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2.1 ⏐ ABSTRACT 

 While seizure disorders are more prevalent among multiple sclerosis (MS) patients 

than the population overall and prognosticate earlier disability and death, their etiology 

remains unclear. Translational data indicate perturbed expression of astrocytic molecules 

contributing to homeostatic neuronal excitability, including water channels (AQP4) and 

synaptic glutamate transporters (EAAT2) in a mouse model of MS with seizures (MS+S).  

However, astrocytes in MS+S have not been examined.  To assess the translational 

relevance of astrocyte dysfunction observed in a mouse model of MS+S, demyelinated 

lesion burden, astrogliosis, and astrocytic biomarkers (AQP4/EAAT2/CX43) were 

evaluated by immunohistochemistry in postmortem hippocampi from MS (n=5) & MS+S 

(n=13) donors.  Relative to MS only, hippocampal astrocytes from MS+S patients display 

regional differences in expression of molecules associated with glutamate buffering and 

water homeostasis that could exacerbate neuronal hyperexcitability. Importantly, 

mislocalization of CA1 perivascular AQP4 seen in MS+S is analogous to epileptic 

hippocampi without a history of MS, suggesting convergent pathophysiology.
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2.2 ⏐ INTRODUCTION 

 Multiple sclerosis (MS) is an autoimmune demyelinating disease of the central 

nervous system (CNS) that affects roughly 913,925 in the United States (1).  Neurological 

symptomology in MS is multifarious owing to the largely non-stereotyped distribution of 

leukocytic lesions throughout the brain and spinal cord of MS patients.  In addition to the 

loss of myelin at the site of autoimmune attack, denuded axons within the lesion undergo 

various deleterious changes (71, 72), producing deficits in autonomic, cognitive, motor, 

sensory, and visual function (6).  While these outcomes are well-characterized, epileptic 

seizures are observed at a rate three times higher in MS patients than the population 

overall but the pathophysiology driving their appearance is poorly understood (62, 63).   

Both partial and generalized seizures are commonly identified in MS patients with 

seizure disorders (MS+S), although primary and secondary generalized subtypes account 

for approximately 67% of cases (5, 87, 171-173).  Unusual seizure manifestations are also 

reported by these patients, including dysphasic/aphasic status epilepticus and 

musicogenic seizures (174-176).  Seizures may herald or occur concomitant to relapse in 

a subset of MS+S patients (63, 96, 100, 172, 177) and rise in incidence with disease 

duration (83, 84, 96, 178).  Although their etiology remains unclear, seizures in MS are 

associated with poor response to traditional anti-epileptic drugs (AEDs) which include 

worsening of MS-induced neurological dysfunction, aggressive disease, and accelerated 

time to disability and death (63, 87, 178-180).  While seizures in MS produce significantly 

worse health outcomes and are poorly controlled by current AEDs, their pathophysiology 

and risk factors are poorly understood. 

 Though limited in number, paraclinical studies examining MS+S have yielded 

some insight into distinguishing features of seizures arising during MS.  MS patients with 
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seizures exhibit a variety of electroencephalographic (EEG) abnormalities that localize to 

structures associated with seizure in temporal lobe epilepsy, suggesting commonality 

between the two disorders.  In addition to a varying degree of diffuse slowing across 

monitored sites, EEG recordings from MS+S patients display sharp- and slow-wave 

complexes, high amplitude delta waves, and rhythmic interictal discharges in 

frontotemporal areas (84-87).  In addition to possessing possible diagnostic value, these 

studies confirm that seizures in MS patients are electrographically identifiable and may 

follow a similar course of disease. 

Magnetic resonance imaging (MRI) studies examining cortical structures showing 

EEG irregularities in MS+S patients have identified differences in lesion phenotype and 

distribution relative to MS patients without seizures.  Along with abundant grey matter 

lesions (GMLs), large cortical lesions that extend across adjacent gyri are observed in 

MS+S more frequently that other MS patients (89, 90).  Subcortical areas are similarly 

affected in MS+S: limbic structures implicated as seizure foci in patients with temporal 

lobe epilepsy display significant damage, including accumulation of enhancing lesions in 

the hippocampal formation, cingulate cortex, and insula (91).  In addition to showing 

temporal lobe atrophy that outpaces other cortical areas, MS+S hippocampi harbor nearly 

four times as many MRI-identified GMLs than MS only, with similarly high ratios observed 

in abutting structures (91).  While these studies support a role for enhanced inflammatory 

lesion burden in MS patients with seizures, their ability to clarify the cellular mechanism 

driving seizures in MS is limited.  Thus, direct observation of possible cellular and 

molecular players in the etiology of MS+S is warranted.  
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2.3 ⏐ MATERIALS & METHODS 

Human postmortem hippocampal specimens Human tissue was acquired from the 

NIH NeuroBioBank/HBSFRC at UCLA with a history of MS preceding seizure disorder 

diagnosis.  Tissues arrived with limited cause of death and neuropathology reports with 

all identifying patient data removed.  EDSS scores or frequency of seizures was not 

disclosed in specimen information provided.  Donor age at death, autolysis time, and 

cohort gender composition is presented in Table 1.  Due to anatomical variability in 

HBSFRC samples, not all sections contained all hippocampal subregions analyzed, 

leading to n values below cohort totals. 

Brain Slice integrity and identifications of structures to compare  Initially, slices 

from all postmortem specimens were Nissl stained to assess tissue integrity and delineate 

anatomical boundaries of subregions.  Most, but not all, slices displayed coronally 

sectioned hippocampal formation with abutting structures as depicted in Figure 2.1.  

Cornu Ammonis (CA)1, CA3 and dentate gyrus (DG) were identified based on 

cytoarchitecture (Figure 2.1A—C) and mapped for subsequent analysis and comparison.  

These subregions were chosen as they represent most major functionally distinct gray 

matter structures participating in the hippocampal trisynaptic circuit (181) and frequently 

display pathological changes in epilepsy (92).  In nearly 1/3rd of brain slices, DG was either 

only partially represented or absent.  CA1 & CA3 were analyzed in these specimens but 

no data was acquired for DG comparisons. 

Immunohistochemistry (IHC)  Tissues were received from HBSFRC frozen, 

whereupon they were gradually thawed at 4 °C followed by two hours fixation in 10% 

neutral buffered formalin (Fisher Scientific, Hampton, NH) at the same temperature.  
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Following incubation, specimens were cryoprotected in 30% w/v sucrose in phosphate 

buffered saline (PBS) with 0.2% w/v NaN3 (both Millipore Sigma, St. Louis, MO) and 

incubated at 4 °C until tissue density exceeded the sucrose solution.  Once cryoprotection 

was complete, specimens were embedded in Tissue-Tek Cryo-OCT compound (Andwin 

Scientific, Los Angeles, CA) and 40 μm sections were cut using an HM525 cryostat 

(Thermo Fisher Scientific, Waltham, MA) and stored in PBS with 0.1% w/v NaN3 4 °C until 

use.   

40 μm free floating postmortem hippocampal specimens were immunostained 

following a previously described procedure (136, 137).  All antibodies & dilutions used in 

the present study are denoted in Table 2 (obtained from Millipore Sigma & Invitrogen, 

Carlsbad, CA).  Primary antibodies were diluted in PBS and detection antibodies were 

diluted in tris-buffered saline (TBS).  For chromogen myelin labeling, after incubation with 

horseradish peroxidase (HRP)-conjugated detection antibody, MOG immunoreactivity 

was visualized using the 3,3’-diaminobenzidine (DAB) Peroxidase (HRP) Substrate Kit 

(Vector Laboratories, Burlingame, CA), mounted to slides, counterstained with 

Hematoxylin QS (Vector Laboratories), then cover-slipped using Permount non-aqueous 

medium (Fisher Scientific).  For fluorescent microscopy, after incubation with fluorophore-

conjugated antibodies, sections were counterstained in TBS containing 4’,6-diamidino-2-

phenylindole (DAPI, 2 ng/ml; Molecular Probes), mounted on glass slides, and cover-

slipped in Fluoromount G aqueous medium (Thermo Fisher Scientific). 

Imaging and Quantification  Chromogen-stained hippocampi were imaged using 

a Leica DM5500 B upright transmitted light microscope (Leica Microsystems Inc., Buffalo 

Grove, IL) at 5X magnification, then stitched into segments using a pairwise-stitching 

algorithm (182) included with the Fiji ImageJ package (183), and segments were 
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assembled in Adobe Illustrator (Adobe Inc., San Jose, CA).  Fluorescence micrographs 

were acquired on an Olympus BX61 confocal microscope (Olympus America Inc., Center 

Valley, PA) at 20X magnification.  ≤20 μm thick z-stack projections were compiled using 

SlideBook 6 software (Intelligent Imaging Innovations, Inc., Denver, CO) or Olympus 

cellSens software (Olympus America Inc.). 

Image analysis was carried out in Fiji software.  Data points represent average 

values for two fields of view per area per donor sample.  Fields were selected away from 

active lesions and large white matter tracts to assess normal appearing gray matter, 

equating to stratum radiatum in CA1 & CA3 and hilus in DG.  Lesion density was calculated 

by delineating rough lesion borders in stitched images then normalizing lesion counts to 

total area within each of the 3 subregions analyzed.  Signal intensity (mean gray value) 

was measured in regions of interest containing CA1/CA3 stratum radiatum and pyramidal 

cell layer or hilus/CA4 for DG and normalized to minimum/maximum values for the entire 

HBSFRC cohort.   

Statistical analysis  Statistical analysis was carried out per previously published 

work (136, 184).  All statistics were performed using Prism 8 software (GraphPad 

Software, La Jolla, CA).  Differences were considered significant at p≤0.05 and denoted 

by the addition of an asterisk (*) above the statistically different data sets.  All statistical 

tests used to determine significance are noted in corresponding figure legends.  N values 

included in each analysis are represented as individual points in scatter plots shown.  

Anatomical variation within HBSFRC tissues circumscribed the number of specimens 

available for DG analysis, leading to reduced data points within those plots.  
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2.4 ⏐ RESULTS 

HBSFRC cohort demographic data 

Hippocampi from 21 MS and 7 MS+S donors were obtained from the HBSFRC 

(Table 2.1).  The MS only cohort was 57.1% female and 42.9% male and was composed 

of donors with relapsing-remitting MS (RRMS; 23.8%), secondary progressive (SPMS; 

33.3%), and non-specified MS (42.9%) disease phenotypes.  Average age at death for 

this group was 64.6±10.5 & 66.9±7.9 years for female and male donors, respectively, and 

a cohort average of 65.6±9.3.  Autolysis time was comparable between male (14.7±8.9 

hours) and female (27.6±6.3 hours) specimens, with an aggregate average of 16.4±7.5 

hours.  Neither age at death (p=0.5871) or autolysis time (p=0.3807) were statistically 

different between male and female donors within the MS only group. 

The MS+S cohort was divided equally between female and male donors, with 

42.9% of donors diagnosed with SPMS and 57.1% having an unspecified MS phenotype.  

Female donors were aged 59.8±15.9 years at time of death and male donors 64.8±11.6, 

for a cohort average of 61.9±13.4 years.  On average, female specimens waited 14.6±3.6 

hours and male specimens 27.9±11.6 hours until cryopreservation (cohort 

average=20.3±10.1 hours).  No differences were identified in age at death (p=0.6722) or 

autolysis time (p=0.0763) between male and female specimens in the MS+S cohort. 

No differences were observed in age at death (p=0.4195) or autolysis time 

(p=0.2829) when comparing MS and MS+S groups overall or when divided by sex (male: 

age at death p=0.7112, autolysis time p=0.0636; female: age at death p=0.4912, autolysis 

time p=0.3727). 
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HBSFCR MS & MS+S hippocampi display similar demyelinated lesion burden 

 Imaging studies have reported greater accumulation of demyelinating lesions in 

the hippocampi of MS+S patients relative to MS patients without seizures(91).  To 

establish whether the HBSFRC cohort displays similar differences in myelination, 

immunolabeling for myelin oligodendrocyte glycoprotein (MOG) was performed and the 

density of lesions in CA1, CA3, and DG were measured (Figure 2.2).  Demyelinated 

lesions were observed in both MS & MS+S groups that varied in their size and involvement 

of adjacent structures (Figure 2.2A).  Quantification of lesion density in hippocampal 

subregions revealed no difference in lesion burden in CA1, CA3, or DG between MS & 

MS+S specimens in the HBSFRC cohort (Figure 2.2B—D). 

 

Enhanced astrogliosis in the HBSFRC MS+S CA1 

 Seizure-induced reactive astrocytes undergo various metabolic and physiologic 

changes that exacerbate disease severity and vulnerability to additional seizures(185).  

Thus, to identify differences in the extent of astrogliosis between MS & MS+S specimens, 

GFAP+ immunoreactivity was assessed in CA1, CA3, and DG subfields.  GFAP+ intensity 

was elevated in MS+S CA1 (Figure 2.3A—B).  No difference in GFAP+ signal intensity 

was observed in CA3 or DG subfields (Figure 2.3C—F).  No difference was observed in 

the total GFAP+ immunoreactive area fraction between MS & MS+S in any region (not 

shown), suggesting increased signal intensity was not due to differences in number of 

GFAP+ cells or coverage of GFAP+ processes. 
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Reduced AQP4 expression in MS+S CA1/CA3 with loss of perivascular localization 

 The glial water channel AQP4 is thought to play a role in maintenance of 

extracellular space volume and facilitation of ion movement throughout cytoplasmically 

linked glial networks(185).  Perturbation of AQP4 expression and localization away from 

its normal perivascular distribution is commonly observed in hippocampal CA1 of epileptic 

patients(186).  To assess whether MS+S involves similar changes to AQP4, its expression 

was evaluated in MS & MS+S hippocampi.  Relative to MS only, MS+S CA1 and CA3 

exhibited reduced AQP4 staining intensity (Figure 2.4A-B/D-E).  No statistically significant 

difference was observed in MS+S DG (Figure 2.4C/F), although AQP4 immunoreactive 

area fraction trended toward increase in MS+S DG (not shown, p=0.0605).  Of interest, 

while AQP4 signal was enriched proximal to putative blood vessels in MS CA1, 

perivascular AQP4 staining was infrequent in MS+S CA1 (Figure 2.4A).  No differences 

were noted in perivascular AQP4 in CA3 and DG. 

 

CA1 synaptic glutamate clearance is likely impaired in HBSFRC MS+S CA1 

 The glial glutamate/aspartate transporter EAAT2 is the most widely distributed 

glutamate transporter in the adult mammalian brain(187).  As loss of glutamate 

transporters and accumulation of extracellular glutamate is observed in both MS and 

temporal lobe epilepsy(188, 189), EAAT2 was assessed.  EAAT2 intensity dereased in 

MS+S CA1 vs MS (Figure 2.5A/D), but not statistically significant in CA3 (Figure 2.5B/E) 

or DG (Figure 2.5C/F).  However, while EAAT2 immunoreactive area fraction was not 

statistically different in CA1 or CA3 subregions, EAAT2+ area fraction was decreased in 

DG, suggesting reduced coverage of glutamate transporters in this area (not shown, 

p=0.0241). 
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CX43 expression is increased in MS+S CA3 

 Connexins represent a group of pore-forming proteins permeable to cytoplasmic 

contents up to 1.5 kDa, including ions, metabolites, and purinergic signaling 

molecules(185).  Disruption of GJs or aberrant hemichannel activity may contribute to 

diseases with seizure or excitotoxic manifestations(185).  As the major astrocyte connexin 

isoform known to be affected by inflammatory and demyelinating disease, CX43 

immunostaining was assessed in the HBSFRC cohort(185).  CX43 intensity was 

comparable between MS & MS+S specimens in CA1 (Figure 2.6A/D) and DG (Figure 

2.6C/F).  In contrast, CX43 intensity was elevated in MS+S CA3 relative to MS only 

(Figure 2.6B/E).  No difference was observed in immunoreactive area fraction in any 

region analyzed.    
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2.5 ⏐ DISCUSSION 

 In the current study, we sought to shed light on the pathogenesis of seizures in MS 

by examining hippocampi of MS and MS+S donors obtained from the UCLA HBSFRC.  

Specifically, we assessed changes to astrocytes that could lead to dysregulated neuronal 

excitation, including their expression of molecules associated with synaptic glutamate 

clearance and spatial K+ buffering as well as response to inflammation or injury.  We found 

that, although demyelinated lesion burden was comparable among the tissues acquired 

from the HBSFRC, astrocyte dysfunction in MS+S specimens relative to MS varied by 

hippocampal subregion (Table 2.3).  Based on these findings, we constructed a model 

summarizing how our observations could contribute to neuronal hyperexcitability in MS 

(Figure 2.7).   

Among the biomarkers assayed, the CA1 of MS+S specimens in the HBSFRC 

cohort displayed the greatest number of changes compared to the MS only group.  In 

addition to GFAP+ astrogliosis surpassing that seen in MS, both AQP4 and EAAT2 were 

less robustly expressed in the CA1 of MS+S tissues.  The impact of these findings on 

seizure development or maintenance are twofold; EAAT2’s activity accounts for roughly 

95% of glutamate buffering in the adult mammalian CNS (190), acting quickly to clear 

glutamate during synaptic neurotransmission (191, 192).  Underscoring the critical role it 

plays in regulating neuronal excitability, hypofunction mutations in the SLC1A2 gene 

(which encodes EAAT2) are sufficient to generate severe pediatric epilepsy (193), with 

seizure severity depending on the site of lost EAAT2 performance (194).  Although both 

neurons and glia express EAAT2 (195), genetic ablation from neurons results in no gross 

phenotype, while its loss from astrocytes produces severe behavioral abnormalities and 

lethal seizures (196).  Thus, the reduced EAAT2 signal observed in the MS+S CA1 in the 
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present study may increase seizure susceptibility by abnormally bolstering synaptic 

glutamate concentrations (Figure 2.7A).  

The second way that these data could contribute to seizure vulnerability in MS 

patients is inferred from the suppression of AQP4 expression seen in the MS+S CA1 & 

CA3.  AQP4 is a passive water channel expressed primarily by astrocytes that is enriched 

in endfeet contacting blood vessels (197) which contributes to normal extracellular space 

volume, glymphatic solute clearance, and K+ buffering (146, 198-200).  Loss of 

perivascular AQP4 results in delayed K+ clearance and protracted stimulation-evoked 

seizures (199, 200), potentially leading to hyperexcitability pursuant to loss of K+ charge 

separation (201, 202) (Figure 2.7B).  Indeed, AQP4 expression is perturbed throughout 

epileptic hippocampi, with loss of its normal perivascular distribution in the CA1 (134, 147, 

186).  These observations have parallels in results obtained from the HBSFRC cohort: in 

addition to the decreased expression noted, perivascular AQP4 expression was sparse in 

the MS+S CA1, hinting at a role for this molecular in seizure etiology in MS.  Of note, 

seizures are less common in patients with neuromyelitis optica spectrum disorder 

(NMOSD), a demyelinating disease related to MS characterized by circulating anti-AQP4 

IgG, than MS patients (6, 203-205).  As internalization of perivascular AQP4 is also 

observed at astrocyte endfeet in NMOSD, the contribution of reduced AQP4 to the genesis 

of seizures in MS will likely require additional study (206, 207).  

While the functional implications of these findings are not able to be gleaned from 

postmortem studies, these data hint at a possible mechanism of neuronal hyperexcitability 

in MS that involves two hits; persistently elevated extracellular K+ concentration 

engendered by reduced perivascular AQP4 could lower seizure threshold by mildly 

depolarizing neurons.  Simultaneously, reduced EAAT2 could suppress efficiency of 
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neurotransmission-released glutamate clearance, leading to stronger and more frequent 

ionotropic glutamate receptor mediated synaptic potentials.  Thus, with more 

glutamatergic neurotransmission and less input needed to elicit an action potential in 

affected neurons, these data may represent one way that the MS+S CA1 is predisposed 

to seizure (Figure 2.7C).  Considering that loss of inhibitory neuron populations is also 

observed in various brain regions during demyelinating disease, GABAergic containment 

of pathological excitation may be insufficient to stem its spread to neighboring structures 

(60, 82, 149, 208).   

While these data point to one plausible means of propagating seizures in MS, the 

finding that CX43 expression is enhanced in the MS+S CA3 raises several questions 

regarding the nature of such upregulation.  In the brain, glia are the foremost expressers 

of connexin proteins, which link astrocytes and oligodendrocytes into a glial syncytium 

(185).  This network of interconnected cells facilitates spatial K+ buffering and propagation 

of Ca2+ waves through gap junction-mediated direct cytoplasmic coupling (163, 209-212).  

Additionally, uncoupled connexin hemichannels facing the extracellular space are thought 

to modulate neurotransmission via release of so-called gliotransmitters, such as purines, 

D-serine, and glutamate (213-218).  In the present study, CX43 expression was increased 

in MS+S CA3, which has parallels in epileptic brain tissue (219), however, whether this 

represents increased gap junction coupling or hemichannel mobilization cannot be 

inferred from this study (Figure 2.7D).   

Despite this uncertainty, several scenarios are plausible given our understanding 

of the impact that inflammatory demyelination has on connexin expression and function.  

Both oligodendrocyte death and MS-induced inflammatory cytokines are known to 

diminish gap junction coupling and increase hemichannel open probability (220-225).  If 
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the increased CX43 observed represents more abundant hemichannels, the 

proinflammatory cytokine milieu encountered by astrocytes could augment release of 

glutamatergic and purinergic signaling molecules (226).  In such a case, hemichannel 

blockade could ameliorate seizures in MS+S, as similar interventions have proven to 

reduce seizure severity in animal models of epilepsy associated with greater hemichannel 

activity (220, 227, 228).  See Appendix D for a thorough discussion of how gap junction 

pathology could contribute to seizures in demyelinating disease. 

An alternative interpretation of increased CX43 pertains to increased gap junction 

coupling in the MS+S CA3.  CX43+ gap junctions couple astrocytes to one another and to 

oligodendrocytes, thereby facilitating movement of K+ from areas of depolarizing activity 

to blood vessels for removal (212, 229).  This may, therefore, represent a compensatory 

mechanism in the seizure prone MS+S hippocampus to address chronically elevated 

extracellular K+ concentrations.  Lending credence to this possibility, changes to AQP4 

expression, which was diminished in the CA3 of MS+S tissues, impacts CX43 expression 

(230, 231).  However, recent reports have linked connexin-mediated astrocyte synchrony 

to hypersynchronous neuronal depolarization during seizures (232).  To resolve this 

question, as well as the nature of CX43 upregulation in MS+S, further study that permits 

a greater degree of experimental manipulation is necessary.   

Although limited in number, animal studies probing the mechanism by which 

demyelination leads to seizure using the chronic 0.2% dietary cuprizone (CPZ) model of 

MS have yielded insights into the mechanism of MS-induced seizures.  CPZ-fed mice 

display tonic-clonic convulsive behavior, electrographic seizures, and elevated theta-

range oscillation power that parallel observations made in humans (60, 105).  These 

seizures are associated with reduced numbers of inhibitory neurons in the murine CA1, 
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specifically basket cells expressing the calcium binding molecule parvalbumin, mirroring 

postmortem human studies (82).   

While the resulting disinhibition arising from loss of GABAergic neurons could 

feasibly lead to seizures in mice, these studies also revealed that astrocytes exhibit 

profound changes to their morphology as well as molecules known to be perturbed in TLE.  

Astrocytes from CPZ fed demyelinating mice exhibit loss of domain organization, 

membrane varicosities suggestive of energetic failure, and perturbed AQP4 & EAAT2 

expression (60).  As these biomarkers are analogously impacted in the hippocampi of 

MS+S patients, the CPZ model may represent a means of gaining further insight into the 

pathophysiology of MS+S as well as answering several of the questions presented herein. 

Overall, even though MS+S patients represent a minority of the population with 

MS, the greater morbidity & mortality as well as decreased quality of life in this group 

behooves further investigation of the pathology, cellular and molecular mechanisms 

leading to seizures in these patients.  
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2.6 ⏐ FIGURES & LEGENDS 

Figure 2.1 | Illustrated human hippocampal anatomy and cytoarchitecture characteristic 

of CA1, CA3, & DG images used for analysis.  Diagram showing human hippocampus 

with subiculum (Sub), CA1, CA3, CA4, and dentate gyrus (DG) with strata oriens (SO), 

pyramidale (SP), radiatum (SR), and lacunosum-moleculare, as well as granule cell layer 

(GCL), noted.  Dashed boxes correspond to representative 5X Nissl stained 

cytoarchitecture (shown in insets A-C) used to identify regions for confocal imaging.  



 60 

 

Figure 2.2 | Demyelinated lesion burden is similar in the HBSFRC cohort.  A) 

Representative 5X stitched micrographs showing MOG immunoreactivity in MS & MS+S 

hippocampus visualized by HRP-DAB chromogen IHC with hematoxylin counterstain. 

CA1, CA3, DG, & Sub are indicated.  Demyelinated lesions are traced by red dashed line.  

Black dashed lines represent divisions between subregions. B-D) Quantification of lesion 

distribution in MS & MS+S tissues.  Comparison of demyelinated lesion density in CA1 

(B), CA3 (C), and DG (D) revealed no significant difference in lesion burden between MS 

& MS+S specimens.  Unpaired t-test.  
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Figure 2.3 | GFAP+ astrogliosis is more pronounced in the CA1 subfield of MS patients 

with seizures.  A-C) Representative 20X micrographs showing astrocytes (GFAP; green) 

with nuclear counterstain (DAPI; red) in CA1, CA3, & DG of MS & MS+S hippocampi.  

Insets a & b show digitally magnified area within dashed boxes for detail.  D-F) Normalized 

GFAP immunoreactive signal intensity in MS & MS+S CA1 (D), CA3 (E), and DG in shown 

in arbitrary units (A.U.).  Relative to MS, GFAP+ signal intensity was greater in CA1 of 

MS+S specimens.  No difference was observed in CA3 or DG.  Unpaired t test. 
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Figure 2.4 | AQP4 expression is decreased in MS+S CA1 & CA3 subregions with loss of 

perivascular localization in the HBSFRC cohort.  A-C) Representative 20X micrographs 

showing AQP4 (red) with nuclear counterstain (DAPI; blue) in CA1, CA3, & DG of MS & 

MS+S hippocampi.  Insets a & b show digitally magnified area within dashed boxes for 

detail.  Note reduced perivascular AQP4 localization in MS+S CA1 (arrowheads).  D-F) 

Normalized GFAP immunoreactive signal intensity in MS & MS+S CA1 (D), CA3 (E), and 

DG in shown in arbitrary units (A.U.).  Relative to MS, AQP4 expression was reduced in 

MS+S CA1 & CA3.  No difference was observed in DG.  Unpaired t test. 

  



 63 

 

Figure 2.5 | EAAT2 expression is reduced in the CA1 of MS+S specimens obtained from 

the HBSFRC.  A-C) Representative 20X micrographs showing EAAT2 (gray) with nuclear 

counterstain (DAPI; red) in CA1, CA3, & DG of MS & MS+S hippocampi.  Insets a & b 

show digitally magnified area within dashed boxes for detail.  D-F) Normalized EAAT2 

immunoreactive signal intensity in MS & MS+S CA1 (D), CA3 (E), and DG in shown in 

arbitrary units (A.U.).  Relative to MS, EAAT2+ signal intensity was greater in CA1 of 

MS+S specimens.  No difference was observed in CA3 or DG.  Unpaired t test. 
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Figure 2.6 | CX43 expression is enhanced in MS+S CA3 within the HBSFRC cohort.  A-

C) Representative 20X micrographs showing CX43 (cyan) with nuclear counterstain 

(DAPI; red) in CA1, CA3, & DG of MS & MS+S hippocampi.  Insets a & b show digitally 

magnified area within dashed boxes for detail.  D-F) Normalized CX43 immunoreactive 

signal intensity in MS & MS+S CA1 (D), CA3 (E), and DG in shown in arbitrary units (A.U.).  

Relative to MS, CX43+ signal intensity was greater in CA3 of MS+S specimens.  No 

difference was observed in CA3 or DG.  Unpaired t test. 
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Figure 2.7 | Model summarizing MS+S neuropathology differing from MS only and its 

impact on neuronal excitability.  A) Reduced EAAT2 expression suggests elevated 

synaptic glutamate concentration in MS+S, resulting in protracted, higher amplitude post-

synaptic response.  B) Decreased AQP4 expression and localization away from blood 

vessels in MS+S suggests compromised K+ removal, elevated resting membrane potential 

(RMP), and lower depolarization threshold.  C) Increased synaptic potential frequency 

leads to high amplitude excitatory events and seizure.  D) Increased CX43 expression in 

CA3 may represent enhanced gap junction coupling among astrocytes or proliferation of 

uncoupled hemichannels, rendering its relevance unclear in the context of MS+S.  
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Table 2.1 | Summary of specimens acquired from HBSFRC/NIH NeuroBioBank. 

  

MS phenotype Age at death
(yrs±SD)

Autolysis time
(hrs±SD)

MS only 21 (12 ♀, 9 ♂) MS, RRMS, SPMS

MS+S 7 MS, SPMS

n

(4 ♀, 3 ♂)
65.6±9.3

61.9±13.3

16.4±7.5

20.3±10.1
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Table 2.2 | Antibodies used in the study included in [Chapter 2]. 

  

mouse anti-myelin oligodendrocyte glycoprotein (MOG)

rabbit anti-aquaporin-4 (AQP4)

guinea pig anti-glutamate transporter, glial (EAAT2)

chicken anti-glial fibrillary acidic protein (GFAP)

rabbit anti-connexin 43 (CX43)

goat anti-mouse IgG (H+L), horseradish peroxidase

goat anti-chicken Ig (H+L), DyLight 650

goat anti-rabbit IgG (H+L), Alexa Fluor +555

goat anti-rabbit IgG (H+L), Alexa Fluor +488

goat anti-rabbit IgG (H+L), Cy3

Antibody Manufacturer

Millipore Sigma

Millipore Sigma

Millipore Sigma

Millipore Sigma

Millipore Sigma

Millipore Sigma

Invitrogen

Invitrogen

Invitrogen

Millipore Sigma

Catalogue #

MAB5680

AB5541

AB2218

AB1783

C6219

AP308P

SA5-10073

A32732

A32731

AP108C

Dilution

1:500

1:1000

1:1000

1:500

1:500

1:500

1:500

���ȝJ�P/

1:500

1:500
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Table 2.3 | Visual summary of differences in markers indicated in MS+S hippocampal 

subregions relative to MS only.  ↑ = increased expression; ↓ = decreased expression; --- 

= no difference.  

DGCA1 CA3
Astrogliosis ---Ĺ ---

Synaptic glutamate clearance ---Ļ ---
Connexin expression ------ Ĺ

Water homeostasis ---Ļ Ļ
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3.1 ⏐ ABSTRACT 

Similar to MS patients with seizures, translational studies have identified tonic-

clonic seizures and changes to EEG interneuron and AQP4 density in the hippocampal 

CA1, but the cause of seizures in demyelinating disease remain obscure.  In the present 

study, we sought to identify functional and cytoarchitectural changes potentially etiologic 

to demyelination-induced seizures using multi-electrode array (MEA) 

electroencephalography (EEG) and immunohistochemistry.  Elevated delta frequency 

band power (1-4 Hz) was observed in all cortical areas of 12 wk CPZ mice relative to 

normal, with right medial and temporal areas also exhibiting increased theta frequency 

band power (4-8 Hz).  Notably, right medial and right frontal areas also exhibited reduced 

low gamma (30-55 Hz) and high gamma (65-100 Hz) frequency band power, respectively.  

In addition to cortical/white matter demyelination and commissural axon pathology, 

GABAergic cell numbers declined with concurrent reduction of GAD65 immunoreactivity 

in medial cortex and CA1 of 12 wk CPZ mice.  These mice also displayed PV+ projections 

extending between the rostral cortex and striatum that were not seen in normal mice.  

These changes were accompanied by signs of perturbed glutamatergic system regulation, 

including enhanced GluA2+ AMPA receptor signal, reduced glutamate transporter signal, 

and reduced group 2 metabotropic glutamate receptor signal.  Additionally, astrocytic K+ 

handling is likely compromised due to loss of perivascular Kir4.1 localization, implicating 

impaired spatial K+ buffering in mice with chronic demyelination-induced seizures.  

Aberrant cortical EEG, including reduction of PV+ neuron-mediated gamma frequency 

power white matter commissural axon pathology, plasticity of GABAergic innervation, and 

aberrant glutamatergic transmission likely contribute to demyelination-induced seizures.  
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3.2 ⏐ INTRODUCTION 

 Epileptic seizures are estimated to be up to six-fold more prevalent among the 2.3 

million people affected by the autoimmune demyelinating disease multiple sclerosis (MS) 

than the overall population (62, 80, 94, 96, 233, 234).  This patient subset is more likely to 

demonstrate a fulminant course of disease, proceed to disability more rapidly, and 

experience earlier mortality than other MS patients (82, 83).  Furthermore, relapse-like 

symptoms are a frequent side-effect of traditional anti-epileptic drugs such as 

carbamazepine and gabapentin and intractable epilepsies are commonly observed (5, 87, 

180).  Yet while this group is at greater risk of developing seizures and suffers greater 

morbidity, epileptogenesis in MS remains poorly understood. 

Analogous to epileptic brains, MS patients that develop seizures exhibit extensive 

astrogliosis, accumulation of inflammatory lesions in the hippocampus, and 

disappearance of GABAergic interneurons from temporal lobe structures involved in 

seizure initiation (82, 86, 103).  Additionally, our previous work examining hippocampal 

pathology in the cuprizone (CPZ) model of demyelination-induced seizures revealed loss 

of parvalbumin (PV)+ inhibitory interneurons, widespread astrogliosis, and changes to 

aquaporin (AQP)4 in the CA1 subregion (60).   

In the present study, we deploy in vivo multielectrode array (MEA) 

electroencephalography (EEG) monitoring to assess activity across multiple cortical areas 

in chronically demyelinated mice with spontaneous seizures.  To identify cellular and 

molecular changes potentially etiologic to seizures, immunohistochemical analysis was 

subsequently performed in these regions as well as in the hippocampal CA1 subregion, 

which previously demonstrated similar electrographic disturbances in chronically 

demyelinated mice with seizures to examine molecular correlates of seizure activity (60).  
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3.3 ⏐ MATERIALS & METHODS 

Animals & cuprizone treatment 8-12 week-old male 

C57BL6/J mice were obtained from the Jackson Laboratory (Bar Harbor, ME) and housed 

at the University of California Riverside (UCR) vivarium.  

Bis(cyclohexanone)oxaldihydrazone (cuprizone; CPZ) demyelination paradigm followed a 

previously described course (60).  Briefly, cohorts received standard diet (Normal) or chow 

milled with 0.2% w/w CPZ for up to 12 weeks.  At the end of recording, mice were 

euthanized and perfused for IHC.  Animals were housed on a 12-hour light/dark cycle 

under pathogen-free conditions at UCR.  Food and water were freely accessible 

throughout the duration of experiments.  All procedures and experiments were conducted 

in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of 

Laboratory Animal, s and approved by the Institutional Animal Care and Use Committee 

at UCR. 

Multi-electrode array (MEA) electroencephalography (EEG) MEA EEG 

implantation and recording was performed following the protocol published in (235).  

Briefly, one week prior to recording, mice were anesthetized by IP ketamine/xylazine (80 

mg/kg ketamine / 10 mg/kg xylazine).  Anesthesia was monitored by hind limb withdrawal 

reflex & reapplied as necessary and body temperature was maintained at 37°C using a 

homeothermic pad during surgery.  Scalp was prepared for implant by removing hair, 

disinfected, cleaned, and reflected symmetrically from a midline incision.  Connective 

tissue was debrided from cranial surface and a NeuroNexus 30-contact MEA probe (Ann 

Arbor, MI), consisting of a 20μm-thick planar array of platinum electrodes, was applied to 

the surface of the skull to monitor resting state EEG was monitored (Figure 3.1A).  MEA 

probes were fixed to the head using dental cement (Figure 3.1B) and mice were allowed 



 73 

unrestricted movement during recording by means of a communicating tether (Figure 

3,1C).  Spectral analysis was performed as previously published (236).  Briefly, Fast 

Fourier transforms were performed on 1-second segments to determine power (μV2/Hz).  

Values were divided into δ (1-4 Hz), θ (4-8 Hz), α (8-13 Hz), β (15-30 Hz), γlow (30-55 Hz), 

and γhigh (65-100 Hz) frequency bands for additional analysis.  Electrographic seizures 

were identified from recordings by experimenter observation of clusters of spike-wave 

complexes asymmetrically positioned over baseline.   

Immunohistochemistry (IHC)  40 μm free-floating sagittal sections containing 

medial cortex and hippocampus were immunostained according to a previously reported 

protocol (60, 61, 136, 137).  Information pertaining to antibodies & dilutions used in the 

present study are denoted in Table 3.1.  

Imaging and Quantification  Fluorescence intensity micrographs were acquired 

using an Olympus BX61 confocal microscope (Olympus America Inc., Center Valley, PA) 

at 20X & 60X objectives.  ≤20 μm thick z-stack projections were compiled using SlideBook 

6 software (Intelligent Imaging Innovations, Inc., Denver, CO) or Olympus cellSens 

software (Olympus America Inc.).  Image analysis was carried out in Fiji software.  Data 

points represent average values for two fields of view per area per donor sample.   

Statistical analysis  Statistical analysis was carried out as previously published 

using Prism 8 software (GraphPad Software, La Jolla, CA) (136, 184).  P values are 

represented by the following symbols positioned above data sets:  * = p≤ 0.05, ** = p≤0.01, 

*** = p≤0.001, **** = p≤0.0001.  Differences were considered significant when p≤0.05.  

Statistical tests used are indicated in corresponding figure legends.  
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3.4 ⏐ RESULTS & DISCUSSION 

Electrographic seizures localize to temporal cortical areas in mice fed CPZ 

chronically. 

Spontaneous and startle-induced seizures are a feature of chronic dietary 

administration of the toxic demyelinating agent CPZ, but the spatiotemporal characteristics 

of these seizures remain undefined (60, 105).  To identify brain structures associated with 

CPZ-induced seizures, resting state EEGs were recorded from 8-12 week-old C57BL/6 

male mice fed standard chow (Normal) or 0.2% w/w CPZ for 12 weeks (12 wk CPZ) using 

a 30-channel NeuroNexus surface MEA probe (Figure 3.1A).   

Neither group demonstrated tonic-clonic seizures prior to, during, or after EEG 

acquisition, however, experimenters noted occasional periods of brief behavioral arrest in 

the 12 wk CPZ cohort (not quantified).  Analysis of resting state EEG recordings revealed 

spontaneous epileptiform activity in several closely apposed channels in the 12 wk CPZ 

cohort while distal sites remained unaffected (Figure 3.1D—F, arrowheads; n=3).  

Channels exhibiting ictal events clustered to the temporal grouping of electrodes, 

suggesting involvement of these sites in CPZ-induced seizure pathology (Figure 3.1G).   

 

Slow cortical oscillation power is enhanced in mice with demyelination-induced 

seizures. 

 Our group previously reported that mice fed CPZ for 12 weeks develop generalized 

seizures associated with augmentation of specific hippocampal EEG frequencies (60).  

Analysis of the frequency contents comprising the EEG waveform can provide information 

regarding neuronal excitability, communication, and integration of afferent signals (237).  

Thus, electrodes were pooled following left/right temporal, medial, and frontal groupings 
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as in Figure 3.1G and waveforms were decomposed for spectral analysis as previously 

described (236). 

 In addition to electrographic seizures, EEG power was differentially impacted in 12 

wk CPZ mice both regionally and by frequency band (Figure 3.2A-C).  At the regional 

level, the medial grouping of electrodes recorded enhanced power across frequencies 

below 65 Hz (Figure 3B-C).  No other grouping detected similarly consistent elevation.  In 

the frequency domain, compared to normal, slow oscillations within the delta (1-4 Hz) 

range were enhanced in all areas surveyed in the 12 wk CPZ cohort (Figure 3.2B-C).  

Outside of medial cortex, frequencies below 30 Hz (low gamma) were comparable 

between groups, aside from elevated right temporal theta (4-8 Hz) power in the 12 wk 

CPZ cohort.  Within the gamma frequency range (30-100 Hz), which is generated by 

rhythmic activity of PV-expressing interneurons (238-240), γlow (30-55 Hz) power was 

elevated in 12 wk CPZ mice, suggesting suppression of PV interneuron activity (239, 241).  

In contrast, γhi (65-100 Hz) power declined in the right frontal electrode grouping, feasibly 

also representing interneuron dysfunction (242, 243). 

 

Extensive demyelination of cortex, callosal fiber tracts, and hippocampus after 12 

weeks of CPZ. 

 The 0.2% dietary CPZ paradigm utilized in this study produces well characterized 

and consistent demyelination of the telencephalon, diencephalon, and brain stem (108).  

To confirm demyelination in the 12 wk CPZ cohort, myelin basic protein (MBP) 

immunoreactivity was assessed in right hemisphere sagittal sections approximately 2 mm 

lateral to midline (Figure 3.3).  With respect to Normal controls, cortical, callosal, and 

hippocampal (CA1) MBP-reactive area fractions fell significantly in 12 wk CPZ mice 
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(Figure B-D).  Demyelination was exceptionally profound in cortical gray matter, which fell 

to approximately 80% of normal coverage in 12 wk CPZ mice (Figure 3.3B). 

 

PV+ interneuron loss from cortex and hippocampus is associated with reduced 

presynaptic GABAergic marker intensity in 12 wk CPZ pyramidal cell layer.   

 For unknown reason, PV-expressing neurons are selectively lost in various models 

of demyelinating disease (60, 149, 208).  We previously reported declining PV+ 

interneuron density in the dorsal CA1 subfield of chronically CPZ-demyelinated mice after 

12 weeks of CPZ (60).  Here, we examine inhibitory innervation in the hippocampus and 

cortical gray matter proximal to regions displaying electrographic seizures.   

PV+ cell density declined in 12 wk CPZ cortex, CA1 oriens (SO), pyramidal cell 

(SP), and radiatum strata (SR) relative to normal, consistent with previously published 

hippocampal data (Figure 3.4A-B) (60).  These data suggest reduced inhibitory drive 

supplied by PV-expressing interneuron populations may contribute to demyelination-

induced seizures (244-246).  However, because PV expression exhibits remarkable 

plasticity in several disease models, the synaptic GABA synthetic enzyme, glutamate 

decarboxylase (GAD)65, was analyzed to determine the impact of chronic CPZ on 

GABAergic innervation (247-249). 

 Individual synaptic puncta were not reliably identifiable in 60X magnified optical 

sections taken form Z-stacked confocal micrographs acquired for this study (Figure 3.4C). 

Thus, signal intensity was analyzed in normal and 12 wk CPZ sagittal sections then 

normalized to the minimum and maximum values of the entire data set to identify relative 

differences in expression (Figure 3.4D).  Compared to Normal controls, GAD65 signal 

intensity declined in the 12 wk CPZ CA1 SP (Figure 3.4D).  In contrast, cohorts displayed 
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comparable GAD65 signal intensity in the SR, suggesting specific compromise of 

perisomatic inhibition after 12 weeks of CPZ-demyelination (Figure 3.4D).  Since both 

cholecystokinin- and PV-expressing provide GAD65+ synapses to pyramidal layer 

neurons, these data are consistent with loss of PV+ interneurons and the innervation they 

supply (250).   

Normally, PV-expressing basket cells coordinate output behavior of large neuronal 

ensembles through high-frequency GABAA-mediated phasic inhibition (251-253).  In 

addition to their roles in information processing and generation of gamma oscillations, PV-

expressing neurons impart physiologic resistance to seizures (254-256).  To this point, 

ablation of PV+ cells, or even NMDA receptor-mediated afferents they receive yields 

severe recurrent seizures (155, 257, 258)  Thus, the presumptive loss of GABAergic 

synapses from these sources could be epileptogenic in demyelination-induced seizures 

(120, 259-261).  Together, these data support the hypothesis that reduced GABAergic 

innervation, driven by PV+ cell loss, may contribute to seizures during chronic 

demyelinating disease. 

Notably, neither total inhibitory GAD67+ neurons nor somatostatin (SST)+ neurons 

changed significantly in the 12 wk CPZ cohort, suggesting selective loss of PV expressing 

cells (Appendix B).  Differential loss of GABAergic neurons could arise for various 

reasons.  The fast-spiking behavior of PV+ basket cells generates significant energetic 

demand, which is offset by coordinated action of voltage gated sodium (Nav) and 

potassium (Kv)3.1 channels (262-269).  Although PV+ interneuron sources of Kv3.1 has 

not been evaluated in MS or animal models to our knowledge, demyelinating disease 

produces changes in Kv3 and Nav expression (270, 271).  Therefore, examination of PV-

interneuron channel activity and mitochondrial dynamics may prove useful in determining 
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the reason for PV vulnerability in demyelinating disease.  However, neocortical PV-

expressing neurons are also extensively myelinated in the mammalian CNS, making a 

direct link between demyelination and PV+ cell loss and enticing target for future study 

(272-275).  

 

Novel PV expression within white matter tracts of chronically CPZ-fed mice 

with seizures. 

Although PV+ interneuron somata density declined with chronic CPZ 

administration, experimenters noted unusual patterns of PV expression in the 12 wk CPZ 

cohort (Figure 3.6).  In contrast to Normal controls (Figure 3.6a-c), 12 wk CPZ mice 

exhibited long ranging PV+ projection fibers extending between the cortex and 

diencephalon at least as far as the globus pallidus (Gp; Figure 3.6a’-c’).  These fibers 

followed white matter tracts of the internal capsule and corpus callosum, but neither their 

cellular sources nor postsynaptic targets could be inferred from the data available.  

Furthermore, it is unclear from these studies whether the PV+ processes identified 

represents de novo expression by existing PV-negative axons or infiltration of PV-bearing 

fibers into demyelinated tracts.  Studies are planned to address these questions, however, 

possible insight into their identity and function may be inferred by examining a different 

seizure disorder, tuberous sclerosis.  

Tuberous sclerosis is a multi-system, autosomal dominant disorder caused by 

mutations in negative regulators of mTOR signal transduction, which produces CNS 

symptoms that include epileptic seizures and intellectual disability (276).  When 

diencephalic neurons lack tuberous sclerosis complex (TSC)1, morphologically analogous 

PV+ projections are observed following striatal white matter (249).  In TSC1 mutants, 
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these fibers issue from glutamatergic thalamic relay neurons that aberrantly express PV 

as a product of pathologically elevated mTOR signaling (249).  The synapses formed by 

such fibers generate stronger, higher frequency action potentials than their wild type 

counterparts, feasibly driving excessive excitation at their post synaptic targets (249).  If 

similar pathophysiology is responsible for the PV-expressing fibers observed here, 

elevated thalamocortical glutamatergic transmission could play a part in producing CPZ-

induced seizures.  In addition, mTOR signaling enhances excitatory transmission in the 

hippocampus, which is consistent with electrographic disturbances in 12 wk CPZ mice 

(60, 277).  These data indicate that evaluating mTOR signal transduction may help resolve 

the molecular mechanisms driving demyelination-induced seizures.  

 

Dysregulated glutamate & K+ handling may contribute to demyelination-induced 

seizures.   

 Appreciation for the outsized role that astrocytes play in modulating neuronal 

excitation, both homeostatically and pathologically, continues to mount (185, 195, 278-

281).  Astrocyte-mediated synaptic clearance accounts for 90% of glutamate reuptake in 

the adult CNS, primarily via excitatory amino acid transporter (EAAT)2 (282, 283).  In 

addition to controlling synaptic glutamate concentrations acutely, astrocyte-expressed 

EAAT2 plays a critical function in resisting seizures and suppressing network excitation 

(191, 192, 196, 284-286).   

 Cytokine-induced glutamatergic potentiation and down regulation of astrocytic 

glutamate transporters elevate brain glutamate in MS, which acts as one vector of 

neuronal and oligodendroglial cell death (121, 194, 223, 287-291).  Additionally, our group 

finds reduced EAAT2 signal in MS+S hippocampi that outstrips that observed in MS only, 
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suggesting insufficient synaptic glutamate clearance may play a role in demyelination-

induced seizures (61).  Here, whether CPZ-induced seizures showcase similar 

perturbation to astrocyte glutamate transporter expression is examined in sagittal sections 

from Normal and 12 wk CPZ mice taken from the right hemisphere, approximately 2 mm 

from midline. 

 12 wk CPZ mice exhibited a trend toward reduced EAAT2 signal intensity in medial 

cortex relative to controls that reached statistical significance in the hippocampus CA1 

(Figure 3.6A-D).  This suggests that, similar to MS+S hippocampi, compromised 

astrocytic support of glutamatergic synapses could feasibly contribute to chronic CPZ-

induced seizures (61).  Functional studies are required to confirm this hypothesis as 

evidence suggests a surplus of glutamate transporter capacity exists under physiologic 

conditions (282, 292). 

 In addition to regulating excitability by controlling glutamate concentrations, 

astrocytes shape normal neurotransmission by maintaining extracellular [K+] (185, 293).  

This is primarily accomplished by cellular uptake of K+ released at the site of depolarizing 

activity by inward rectifier potassium channels (Kirs) composed of 4.1 & 5.1 isoforms, 

although Kir4.1 accounts for most inward K+ current generated (294-296).  These 

channels favor maximal K+ permeability under hyperpolarizing conditions, contributing to 

the IH current described by Goldman, Hodgkin, & Katz (202). Although astrocytes are the 

primary source of brain Kir4.1, oligodendrocyte derived Kirs are increasingly recognized 

as essential to regulating both white and gray matter excitability by controlling extracellular 

K+ accumulation (209, 297-300).  Additionally, Kir4.1 and AQP4 frequently co-localize at 

the ultrastructural level, suggesting functional ties between two molecules (197, 301).  

Since loss of gray matter Kir4.1 immunoreactivity is a feature of neurological diseases with 
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seizures as a manifestation such as epilepsy and MS, Kir4.1 was evaluated in normal and 

12 wk CPZ mice (302, 303).   

Unexpectedly, Kir4.1 staining intensity rose in the demyelinated CA1, suggesting 

increased expression in 12 wk CPZ mice (Figure 3.7F).  Because of the paucity of post-

mitotic oligodendrocytes and oligodendrocyte precursors present in the CA1 by 12 weeks 

of CPZ intoxication, the expression observed here is putatively attributed to astrocytes 

(60).  Of note, while Kir4.1 reactivity tracked small blood vessels in the Normal cohort, 

perivascular Kir4.1 was negatively attenuated in the 12 wk CPZ group (Figure 3.7E-F, 

arrowheads).  To our knowledge, this is the first reported instance of Kir4.1 mislocalization 

not associated with glioblastoma (304-306).  However, the complexity of Kir4.1 regulation 

and function renders interpretation of these results difficult without additional data (304-

306). 

In addition to generating a net inward K+ current in response to action potentials, 

Kir4.1 kinetics reverse at the endfoot-vascular interface, leading to a net outward current 

at these sites (130).  This function, termed spatial potassium buffering, is supported by 

extensive gap junction coupling among astrocytes, leading to rapid K+ conduction away 

from active cells to be discarded into the circulatory system (229, 293, 307, 308).  In the 

context of demyelination-induced seizures, reduced perivascular Kir4.1 could disrupt 

electrochemical homeostasis across various populations, thereby enhancing neuronal 

excitability as insufficient spatial K+ buffering produces rising extracellular [K+] (201, 202).  

Adding additional complexity, Kir4.1 gain-of-function mutations (which is feasible given 

Figure 3.7E-F), counterintuitively, produce epilepsy and intellectual impairment (309).  

The cause of infracellular Kir4.1 redistribution is not established, but direct 

observation of glial Kir4.1 currents is warranted given the associated with loss of channel 
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function in neoplastic glia (304).  Interestingly, β1-syntrophin, a component of the 

dystrophin-associated protein complex, anchors Kir4.1 in astrocyte endfeet to facilitate K+ 

elimination (310, 311).  Because AQP4 mislocalization in temporal epilepsy is thought to 

involve the related ɑ1-syntrophin isoform, further study could elucidate whether the lost 

perivascular Kir4.1 observed involves similar cytoskeletal derangement (310-312).  Thus, 

characterizing Kir4.1 function is necessary to disentangle the role of this channel in CPZ-

induced seizures. 

 

Neuronal responsiveness to glutamate may be enhanced in demyelinated mice with 

seizures. 

 Glutamatergic neurotransmission represents the principle means of excitatory 

communication in the adult mammalian CNS (313).  This is largely accomplished by N-

Methyl-d-aspartate (NMDA), kainic acid (KA), and α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA)-type ionotropic glutamate receptors, which convey 

essential excitatory information to their postsynaptic targets via phasic cation flux upon 

ligation (314).  NMDA receptors are gated by both ligands and membrane potential and 

generate slow inward currents, whereas KA & AMPA-type receptors permit fast cation 

permeability (315)  However, excessive activity of these receptors can lead to seizures 

and excitotoxic ell death due to swelling and unconstrained Ca2+ signaling (315-318).  As 

mice with demyelination-induced seizures exhibit signs of dysfunctional astrocytic control 

of synaptic glutamate, responsiveness to glutamate was assessed by evaluating 

immunolabeling for the most widely expressed AMPA receptor subunits in the CNS, GluA1 

& GluA2 (319). 
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 GluA1 signal was comparable between normal and 12 wk CPZ mice in all 

hippocampal regions analyzed (Figure 3.7A-D).  In contrast, GluA2 signal intensity was 

elevated in both SR & SP of 12 wk CPZ CA1 (Figure 3.7E-G).  These data suggest increased 

GluA2+ AMPA receptor composition and glutamatergic drive in chronically demyelinated 

mice with seizures.  Whole-cell recordings are required to confirm the functional 

ramifications of these results, though, given the complex modifying influence of AMPA 

receptor-associated proteins on channel activity (319, 320).  Of note, these studies did 

not GluA2 transcript editing, leaving the status of Ca2+ gating uncertain (321-323).  

However, in vivo Ca2+ imaging of hippocampal neurons in mice fed CPZ chronically 

supports the conclusion that posttranscriptional RNA editing is intact (324).   

Although functional studies remain lacking, we examined PSD-95 

immunoreactivity to identify whether rising GluA2 signal reflected recruitment to 

synaptic sites.  PSD-95 tracked rising GluA2 signal intensity in the 12 wk CPZ cohort 

relative to normal (Figure 3.7H).  PSD-95 is a postsynaptic, membrane-associated 

guanylate kinase that stabilizes ionotropic glutamate receptors and associated 

glutamatergic molecules at excitatory synapses in an activity-dependent fashion (325-

327).  In addition, experimentally expressing PSD-95 reduces silent synapse frequency and 

causes higher magnitude excitatory postsynaptic currents (325).  Together, these data 

raise the likelihood that the elevated GluA2 signal seen in Figure 3.7 corresponds to 

enhanced neuronal sensitivity to glutamatergic neurotransmission in chronically 

demyelinated mice with seizures. 
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 In addition to eliciting depolarization of postsynaptic targets, glutamate provides 

inhibitory feedback to presynaptic neurons and suppresses Ca2+ glia through Gi/o coupled 

group 2 metabotropic glutamate receptor (mGlur)-mediated reduction of 

neurotransmitter release and (328).  Our data point to remodeling of GABAergic 

innervation, deterioration of homeostatic synaptic glutamate regulation, and enhanced 

glutamatergic receptor signal in chronically demyelinated mice with seizures.  As group 2 

metabotropic receptors are reduced in animal models of epilepsy and correspond to 

attenuated control of excitatory amino acid signaling, mGlur2/3 immunoreactivity was 

analyzed in sagittal sections taken from normal and 12 wk CPZ mice (329-331).  In 

addition, group 2 mGlurs were analyzed in mice fed CPZ for nine weeks that did not 

display tonic-clonic seizures (9 wk CPZ) to determine whether mGlur expression differed 

between chronically demyelinated mice with and without seizures.   

 mGlur2/3 immunoreactive signal was comparable in Normal controls and 9 wk 

CPZ animals in both CA1 SR & SLM (Figure 3.8A-C).  12 wk CPZ mice exhibited a different 

pattern of expression, with suppression of group 2 mGlur signal intensity in SR and 

elevation of SLM signal intensity (Figure 3.8A-C).  This suggests that seizures during 

chronic demyelination may involve impairment of mGlur-mediated glutamatergic 

feedback inhibition.  This hypothesis is supported by studies showing mGlur2/3 agonism 

reduces the severity of pilocarpine induced epilepsy (332)Furthermore, a major function 

of CA1 is to integrate polymodal sensory information arriving from temperoammonic 

fibers in SLM with perforant path afferents conveyed by Schaffer collaterals to proximal 
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dendrites in SR (333-335).  Differential group 2 mGlur expression could therefore have 

implications for temporal and spatial summation of these afferents in addition to raising 

excitatory drive.   

Astrocytes express both mGlur2 & 3, which participate in glutamate surveillance 

and modulate EAAT function as well as Ca2+ wave propagation (331, 336-338).  In these 

cells, ligation of group 2 mGlurs positively regulates glutamate transporter expression, 

possibly providing a link between these data and reduced EAAT expression observed in 

human and mouse models of MS+S (61).  Together, these observations indicate that 

postsynaptic targets are more sensitive to glutamate and more glutamate is available at 

the synaptic cleft.  Thus, neuronal excitability in CPZ-induced seizures likely involves 

dysregulation of glutamatergic system regulation. 

 

CONCLUSIONS 

 In this report, we showed that mice fed CPZ chronically experience seizures as 

well as modified GABAergic innervation, dysregulation of glutamatergic 

neurotransmission, and interruption of normal potassium handling.  Together, these data 

provide strong evidence for a hyperexcitable state in the demyelinated CNS that may 

predispose to seizures.  Thus, direct observation is warranted to identify functional 

outcomes of the cellular and molecular changes described here.  Exposing whether these 

elements are etiologic to seizures in MS will necessarily inform future studies aimed at 

mitigating the epileptic phenotype produced by demyelinating disease.  
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3.5 ⏐ FIGURES & LEGENDS 

 

Figure 3.1 | MEA EEG localizes electrographic seizures to temporal probe grouping in 

chronically cuprizone-demyelinated mice.  A) 30-channel NeuroNexus MEA probe in place 

on mouse skull surface.  B) Mounted headstage for chronic recording in vivo.  C) Chronic 

monitoring of awake, behaving mice with commutator.  D) Example 30-channel MEA EEG 

recorded from mice fed CPZ for 12 weeks post.  Red arrowheads indicate channels 

showing putative seizure-like events.  E) Expanded view of (D) demonstrating 

spontaneous electrographic seizure activity in channels 7 & 10 (arrowheads).  Seizure 

activity in this example was associated with behavioral arrest.  F) Magnified trace recorded 

in channel (CH) 07 from (E) demonstrating synchronized electrographic seizure activity 

arising from channel 7.  G) NeuroNexus probe electrode map showing location of channels 

7 and 10 which display epileptiform activity which cluster over left temporal cortex.  Note 

that EEGs are normal in simultaneously recorded channels at distal sites  
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Figure 3.2 | Slow oscillatory band power is enhanced in mice with demyelination-induced 

seizures.  A) Representative 30-channel MEA EEG traces from normal and 12 wk CPZ 

mice.  B-C) Spectral analysis of data presented in (A).  B) Ratio of EEG power in specific 

frequency bands in 12 wk CPZ mice relative to Normal at specified frequencies.  Average 

power observed in Normal mice is represented by dashed black line (J) (quantified in K) 

demonstrates region and frequency band-specific alterations in EEG power in chronically 

demyelinated mice.  Note augmented delta frequency power in all groupings as well as 

selective lateralization of medial grouping power enhancement.  One-way ANOVA with 

Tukey’s test for multiple comparisons.  n=4-5/group.  
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Figure 3.3 | Cuprizone produces significant cortical, callosal, and hippocampal 

demyelination by 12 weeks of administration.  A) Representative 4X stitched fluorescence 

micrographs of myelin (MBP; green) immunolabeling with nuclear counterstain (DAPI; red) 

in sagittal sections taken from Normal (top) and 12 wk CPZ (bottom) mice.  Cx = cortex, 

cc = corpus callosum.  B-D) Cx, cc, and CA1 MBP immunoreactive area fraction in Normal 

and 12 wk CPZ animals.  One-way ANOVA with Tukey’s correction for multiple 

comparisons.  
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Figure 3.4 | PV+ interneuron loss from cortex and hippocampus is associated with 

reduced presynaptic GABAergic marker intensity in 12 wk CPZ pyramidal cell layer.  A) 

Representative 20X confocal micrographs showing cortical (top) and hippocampal 

(bottom) GABAergic synaptic immunolabeling (GAD65; green) and PV-expressing 

neurons (red) with nuclear counterstain (DAPI; blue) in Normal (left column) and 12 wk 

CPZ mice (right column).  SO = stratum oriens, SP = pyramidal cell layer, SR = stratum 

radiatum.  Quantification of PV+ cell density in hippocampal CA1 subregion revealed 

decreased population size in medial cortex and CA1 of 12 wk CPZ animals.  C) 

Representative 60X confocal micrographs showing putative GABAergic synapses 

(GAD65; green) and PV (red) in Normal and 12 wk CPZ CA1.  D) Quantification of 

normalized GAD65 signal intensity from (C).  GAD65+ signal was reduced in 12 wk CPZ 

animals relative to normal in SP but not SR.  One-way ANOVA with Tukey’s test for 

multiple comparisons.  
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Figure 3.5 | Novel PV expression in demyelinated white matter tracts of chronically CPZ-

fed mice with seizures.  Distribution of GAD67 (green) and PV-interneuron (red) 

immunolabeling with nuclear counterstain (DAPI; blue) in representative 10X stitched 

sagittal micrographs from Normal (top) and 12 wk CPZ (bottom) mice.  cc = corpus 

callosum, CPu = caudate putamen, Gp = globus pallidus.  a-c) 20X micrographs showing 

PV immunolabeling restricted to diencephalon parenchyma representative of staining in 

Normal mice.  a’-c’) Representative 20X micrographs showing novel PV-immunostaining 

in 12 wk CPZ mice following internal capsule white matter between cortex and Gp with 

axonal morphology.  Images were acquired from mediolaterally matched sections from 

right sagittal-cut hemispheres, approximately 1 mm from midline.  
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Figure 3.6 | Astrocytes may contribute to neuronal hyperexcitability through altered K+ 

and glutamate buffering in chronically demyelinated mice with seizures.  A-B) 

Representative 40X micrographs showing astrocytes (GFAP; green), glutamate 

transporters (EAAT2; blue), and AQP4 (red) in Normal and 12 wk CPZ medial cortex with 

EAAT2 signal quantification.  EAAT2 intensity trended toward decline in 12 wk CPZ Cx 

relative to normal.  C-D) Representative 20X micrographs showing astrocytes (S100β; 

green) and glutamate transporters (EAAT2; red) with nuclear counterstain (DAPI; blue) in 
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hippocampal CA1 of Normal and 12 wk CPZ mice with intensity quantified.  EAAT2 signal 

was reduced in 12 wk CPZ mice compared to normal.  E-F) Representative 20X 

micrographs demonstrating Kir4.1 immunoreactivity (green) with nuclear counterstain 

(DAPI; red) in Normal and 12 wk CPZ mice.  Kir4.1 signal intensity (quantified in [F]), was 

elevated in CA1 of 12 wk CPZ mice compared to normal.  However, perivascular Kir4.1 

distribution was absent or less robust in 12 wk CPZ CA1, indicated by arrowheads.  One-

way ANOVA with Tukey’s test for multiple comparisons.  
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Figure 3.7 | Shift toward greater GluA2+ AMPAR subunit composition in chronically 

demyelinated mice with seizures.  A) GluA1 immunolabeling in representative 60X 

micrographs acquired from Normal and 12 wk CPZ CA1 SP & SR.  B-D) GluA1 signal 

intensity was comparable between groups in all regions of interest analyzed.  E) GluA2 

immunolabeling (green) with glutamatergic post-synaptic density (PSD) protein, PSD-95 

(red), in Normal and 12 wk CPZ CA1 SP/SR.  F-G) GluA2 signal intensity was elevated in 

all regions of interest analyzed relative to Normal.  H) Increased 12 wk CPZ PSD-95 signal 

paralleled GluA2.  One-way ANOVA with Tukey’s test for multiple comparisons.  
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Figure 3.8 | Hippocampal CA1 group 2 metabotropic glutamate receptor expression is 

differentially impacted in mice with demyelination-induced seizures.  A) Group 2 mGlur 

immunolabeling (mGlur2/3; green) with nuclear counterstain (DAPI; red) in representative 

20X micrographs acquired from Normal, 9 wk CPZ, and 12 wk CPZ CA1 SR (top) & SLM 

(bottom).  B) Normalized group 2 mGlur signal intensity was reduced in 12 wk CPZ relative 

to 9 wk CPZ and Normal cohorts.  C) SLM mGlur signal intensity rose in 12 wk CPZ mice 

compared to other groups.  all regions of interest analyzed.  One-way ANOVA with Tukey’s 

test for multiple comparisons.  
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Table 3.1 | List of antibodies used in Chapter 3.  

Antibody Manufacturer Catalogue # RRID Dilution

chicken anti-MBP Millipore Sigma AB9348 AB_2140366 1:500

chicken anti-GFAP Millipore Sigma AB5541 AB_177521 1:1000

rabbit anti-AQP4 Millipore Sigma AB2218 AB_1163383 1:500

guinea pig anti-EAAT2 Millipore Sigma AB1783 AB_90949 1:1000

mouse anti-non-phosphorylated 200 kDa neurofilament 
(SMI-32) Millipore Sigma NE1023 AB_10682557 1:500

rabbit anti-Kir4.1 Alomone Labs APC-035 AB_2040120 1:500

rabbit anti-PV Abcam ab11427 AB_298032 1:500

rabbit anti-GluA1 Abcam ab183797 AB_2728702 1:500

mouse anti-GluA2 Millipore Sigma MABN1189 AB_2737079 1:500

rabbit-anti-PSD-95 Abcam ab18258 AB_444362 1:500

rat-anti somatostatin (SST) Millipore Sigma MAB354 AB_2255365 1:100

mouse anti-glutamate decarboxylase (GAD)65 Abcam ab26113 AB_448989 1:500

rabbit anti-GAD67 Millipore Sigma MAB5406 AB_2278725 1:500

goat anti-chicken IgG (H+L), DyLight 650 Invitrogen SA5-10073 AB_2556653 10 μg/mL

goat anti-rabbit IgG (H+L), Alexa Fluor +555 Invitrogen A32732 AB_2633281 1:500

goat anti-mouse IgG (H+L), Alexa Fluor +555 Invitrogen A32727 AB_2633276 1:500

goat anti-guinea pig IgG (H+L), Cy3 Millipore Sigma AP108C AB_92422 1:1000

goat anti-rabbit IgG (H+L), Alexa Fluor +488 Invitrogen A32731 AB_2633280 1:500

goat anti-rabbit IgG (H+L), Cy3 Millipore Sigma AP108C AB_92422 1:500



 96 

CONCLUDING REMARKS 

 Evidence for elevated CNS glutamate is abundant in MS, but only some patients 

experience epileptic seizures (189).  GWAS may be useful in uncovering genetic risk 

factors, however, the data we present herein suggest cellular populations are impacted 

differently during demyelinating disease in putatively epileptogenic ways.  In this 

manuscript, we identified that seizures in demyelinating disease are associated with 

electrographic and behavioral seizures, educed and modified GABAergic innervation, 

altered presynaptic and glial regulation of glutamatergic neurotransmission, and 

interruption of normal astrocyte K+ handling.  Additionally, the translational relevance of 

these findings was validated in postmortem hippocampal tissue from MS patients with 

seizures, which display analogous dysfunction in water, glutamate, and K+ handling by 

astrocytes.  As discussed previously, each of these perturbations feasibly reduces the 

input threshold necessary to elicit or contain seizures in the demyelinated CNS.  However, 

when these data are considered within an excitation/inhibition imbalance framework of 

epileptogenesis, their summation favors uncompensated glutamatergic signaling as a 

driver of seizures in demyelinating disease (277) (Summary Figure A-C).   

Although ostensibly multifactorial in their maintenance, future studies will 

determine the position of these phenomena within the etiology of demyelination-induced 

seizures.  Notably, planned experiments (339) are designed to test whether the 

GABAergic PV+ cell loss observed in 12 wk CPZ mice is sufficient and necessary to 

produce seizures during chronic CPZ intoxication (Summary Figure A).  There is reason 

to believe this is the case: unilaterally silencing hippocampal PV+ interneurons produces 

spontaneous recurrent ictal activity in otherwise healthy mice (340).  Paralleling the 

histopathology seen both experimentally using CPZ and in postmortem human tissue, 
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seizures arising from PV silencing happen in the absence of widespread 

neurodegeneration (60, 61, 340).   

The extent to which CPZ-induced PV+ cell loss recapitulates the AAV-mediated 

silencing paradigm deployed in Drexel et al., is not known, but targeting these cells 

therapeutically may be sufficient to avert epileptogenesis in MS (340).  Indeed, a similar 

approach yields encouraging results in the APP/PS1 model of Alzheimer’s disease (AD), 

which is associated with network hyperexcitability, subclinical epileptic waveforms, and 

PV+ interneuron dysfunction (341-343).  Negatively modulating PV+ interneurons 

chemogenetically using Designer Receptors Exclusively Activated by Designer Drugs 

(DREADDs) demonstrates promise in preserving these cells in the otherwise hostile 

neurodegenerative environment of AD (343).  Careful titration of such an intervention is 

required, however; similarly attenuating PV+ interneuron via the hM4Di DREADD, which 

reduces neuronal firing probability, reduces the threshold input necessary to elicit seizure 

(340, 344). 

 Although PV+ cell loss-induced disinhibition may be sufficiently epileptogenic, the 

astrocyte dysfunction reported feasibly contributes independently to network 

hyperexcitability during demyelinating disease (60, 61).  Astrocytes and other macroglia 

maintain direct cytoplasmic linkage, effectively rendering them a syncytium through which 

metabolites and signaling molecules permeate (185).  This state of cellular 

interconnectivity is critical to astrocyte control of neuronal excitation: spatial redistribution 

of potassium and control of synaptic glutamate availability are essential in constraining 

epileptiform discharges and constraining generalization (163, 209, 211, 281, 345, 346).   

Glial glutamate transporters, inward rectifier potassium channels, water channels, 

and connexin subunits are all affected by demyelinating disease (Summary Figure B) 
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(60, 61).  Although more study is required to confirm the functional impact of these data, 

impaired astrocytic excitoregulation is frequently indicted as epileptogenic (281, 303). 

Additionally, the CPZ-induced backdrop of lost oligodendrocyte potassium uptake, which 

is demonstrably ictogenic in its own right, may potentiate the deleterious effects caused 

by astrocyte dysfunction (300).  Furthermore, astrocyte control of network excitation 

requires coupling between glial glutamate uptake by EAAT2 with GAT-3-mediated GABA 

efflux (280, 286, 347).  Thus, the ramifications of compromised astrocytic support in 

demyelinated animals with seizures may extend beyond glutamate and potassium 

buffering, thereby behooving further investigation. 

An important limitation to the model used in acquiring these data pertains to the 

minimal role of humoral immunity in producing CPZ pathology (348).  Many of the 

cytokines released by lymphocytes within the context of MS potentiate glutamatergic 

transmission independently of their activity on specific glutamate receptors (289, 349-

352).  As cytokine milieu differs between adaptive models of MS, such as EAE, and CPZ, 

meaning the studies deployed here are unlikely to capture the contribution of cytokines to 

demyelination-induced seizures (108).  However, because seizures are not reported in 

mice with EAE, alternative models are required.  Notably, seizures are observed in mice 

exposed to the Theiler's murine encephalomyelitis virus model of MS, which exhibits 

robust lymphocyte infiltration (353).  In this model, infiltration of peripheral macrophages 

exhibiting elevated production of TNF and IL-1β were required to elicit seizures (353).  

These data suggest the primacy of innate immunity in producing seizures during 

demyelinating disease but demand additional study to confirm. 

In summary, the studies contained herein indicate that electrographically 

identifiable seizures appearing secondary to demyelinating disease involve disinhibition 
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of principle cell ensembles, augmented glutamate sensitivity, and suppressed metabolic 

support by astroglia.  Planned studies will address the saliency of these elements to the 

pathophysiology contributing to seizures in MS with goal of identifying their core driver.    
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SUMMARY FIGURE 

 

Summary Figure ⏐ Visual summary of demyelination-induced changes and how they may 

contribute to seizures.  A) Loss and remodeling of PV-supplied GABAergic innervation (1) 

impairs inhibition-mediated resistance to seizures.  B) Dysfunction of astrocytic glutamate 

& potassium handling (2) leads to more easily elicited and higher magnitude glutamatergic 

transmission (3).  C) Potentiated excitatory neurotransmission (E, gold; 2 & 3) and reduced 

inhibitory tone (I, blue; 1) imbalances E/I axis, resulting in seizures.  
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APPENDIX A ⏐ Detailed HBSFRC clinical data.  
 

 

ID Age Sex Autolysis 
time (hrs) Diagnoses Stains: structures Microscopic exam findings

MS 2639 72 F 11.0 RRMS H&E: FC, PC, PVWM, 
Hip, TC.  LFB: PVWM

PVWM shows moderately-well demarcated plaque consisting of decreased staining, extensive 
oligodendrocyte loss, and prominent gliosis.  The myelin stain shows varying amounts of residual 
myelination with complete sparing of the subcortical U-fibers.  There is mild focal perivascular cufffing by 
lymphocytes.  Adjacent, uninvolved white matter shows mild thickening of the small vascular structures.  
The neocortex is normal.  There is no hypercellularity and microglial nodules are not identified.  Sections 
of FC show extensive necrosis, hemorrhage, perivascular lymphocytic infiltration and gliosis.  The 
hippocampus shows rare neurofibrillary tangles and granulovacuolar degeneration.  There is no 
evidence of neuritic plaque formation.

2660 50 F 17.0 RRMS
H&E: WM, FC, Hip, CB, 
pons, thalamus, corpus 

striatum.  LFB: WM

WM shows moderately well demarcated plaques consisting of complete demyelination and variable 
oligodendrocyte loss.  The density of axons in these areas is decreased by 90%.  There is no axonal 
hypertrophy and peripheral hypercellularity is not present.  There is moderate associated gliosis.  There 
are numerous examples of perivascular cuffing by lymphocytes.  Adjacent WM shows rarefication and 
significant gliosis.  An area of TC adjacent to the Hip shows numerous hyperchromatic, pyknotic neurons 
in a background of spongiosis and endothelial proliferation.  There is a clear demarcation with adjacent, 
normal appearing cortex.  The remaining sections are unremarkable.  

3250 75 M 17.3 SPMS H&E & LFB: PVWM, 
BG

BG show a small focal region of minimal pathology in the transcapsular caudato-lenticular grey stria.  The 
area is slightly rarefied, has minimal gliosis, and minimal lymphocytic infiltration.  The area is difficult to 
see with the LFB myelin stain.  The PVWM is unremarkable.

3289 54 F 29.0 RRMS H&E: PVWM

Demyelinating plaque formation with complete demyelination and axonal loss.  There is near complete 
loss of oligodendrocytes.  Scattered astrocytes are also present in the plaque with focal areas of very 
reactive gliosis at the plaque margin.  Macrophages are generally absent although numerous examples 
of perivascular hemosiderin laden macrophages are present.  Significant inflammation is not present.  
The adjacent WM shows a slight increase in cellularity with mild perivascular inflammation and 
perivascular hemosiderin laden macrophages.

3737 76 F 12.8 SPMS
H&E & LFB: subcortical 
WM, posterior occipital 

WM

Partial periventricular rarefaction with 40% associated axonal loss, moderate demyelination, and mild 
oligodendrocyte loss.  There is no evidence of macrophage activity or perivascular lymphocytic 
infiltration.

3835 65 M 29.4 SPMS, melanoma, colon CA H&E & LFB: PVWM
The section shows plaque formation with up to 90% axonal loss and 75% demyelination.  There is a 
prominent decrease in oligodendrocyte density and associated gliosis is mild.  There are numerous 
examples of macrophage activity and perivascular lymphocytic cuffing. 

4212 50 F 18.9 MS, hepatitis B, bed sore, chronic 
UTI

H&E: PVWM, Hip, TC. 
LFB: PVWM

PVWM sections show demyelinating plaque formation with up to 100% axonal loss and 100% 
demyelination.  There is near-complete oligodendrocyte loss and prominent associated gliosis.  There is 
no evidence of macrophage activity or perivascular lymphocytic cuffing.  The TC shows normal neuronal 
cellularity.  The Hip shows no evidence of neurodegenerative disease or hypoxia.

4750 83 F 19.4 MS, Chronic MS plaque formation, 
stroke, extensuive atherosclerosis

H&E: PVWM, Hip, TC, 
Pu, centrum semiovali, 

pons.  LFB: PVWM

PVWM shows a small area of demyelination with up to 50% axonal loss, 50% demyelination, and 
scattered corpora amylacea.  Oligodendrocyte loss and gliosis are minimal and there is no associated 
macrophage activity or perivascular lymphocytic cuffing.  The section of right centrum semiovali shows a 
very small focus of demyelination with up to 75% axonal loss, vacuolization, oligodendrocyte loss, and 
gliosis.  An LFB myelin stain was not done on this section but demyelination appears from the H&E to be 
prominent.  There is also associated macrophage activity and perivascular lymphocytic cuffing.  The 
section of Left Pu contains an area of cavity formation secondary to liquefactive necrosis with scattered 
residual macrophages and adjacent gliosis.  The section of pons is unremarkable.  The section of TC 
shows normal neocortical neuronal cellularity and normal subcortical WM.   The Hip is normal without 
evidence of neurodegeneration or hypoxia.

4803 57 M 29.7 Depression, Hypertension, MS 
plaque formation

H&E: PVWM, Hip, TC. 
LFB: PVWM

PVWM shows demyelinating plaque formation with up to 50% axonal loss and 50% demyelination.  
There is a variable decrease in oligodendrocyte density.  There is minimal associated gliosis.  There are 
scattered distended macrophages and examples of perivascular lymphocytic cuffing.  The neocortex 
contains normal neuronal cellularity.  Hip contains scattered shrunken and hyperchromatic neurons.

4995 63 F 35.5 SPMS, AD, chronic UTI H&E: BS WM, Hip, TC. 
LFB: BS WM

CB shows a small focus of subcortical demyelinating plaque formation with up to 40% axonal loss and 
60% demyelination.  There is a mild decrease in oligodendrocyte density and minimal associated gliosis.  
There is no evidence of macrophage activity or perivascular lymphocytic cuffing.  TC is normal.  Hip is 
normal without evidence of neurodegeneration or hypoxia.

5022 71 M 6.0

MS, pulmonary embolism, 
trigeminal neuralgia, left bundle 

branch block, recurrent UTI, 
laparoscopic cholecystectomy, 

unintelligible speech with inability to 
cough/clear throat/whistle when 

tired

Neurofilament/CD68 
IHC & LFB-PAS: pons 

CB WM

Sections from the pons and cerebral WM confirm the presence of multiple, predominantly inactive MS 
plaques.  There is evidence of focal myelin loss with relative preservation of axons, gliosis, and relatively 
scant, chronic inflammation.

5024 67 F 11.8

MS, hypertension, lyperlipidemia, 
depression, restless leg syndrome, 

osteroporosis, UTI, anemia, 
hysterectomy and salpingo-
oophorectomy secondary to 

fibrosis, fibroids and bleeding, 
GERD, hiatal hernia

Neurofilament/CD68 
IHC & LFB: FC, BG, 
Hip, Midbrain, pons, 
medulla/spinal cord, 
CB, frontal WM, WM 

plaque

Sections show evidence of mild cerebral arteriosclerosis.  Sections also show multiple inactive multiple 
sclerosis plaques.  There is evidence of focal myelin loss with relative preservation of axons and gliosis.  
There is only very mild focal chronic inflammation.  

5025 73 M 3.4 SPMS, cerebral arteriosclerosis

Neurofilament/CD68 
IHC & LFB: PVWM, FC, 

BG, Hip/WM plaque, 
midbrain, pons, 

medulla/spinal cord, 
CB

Sections show evidence of cerebral arteriosclerosis and MS.  Sampled plaques show myelin loss, 
gliosis, relative preservation of axons and only moderate macrophagic infiltration at the margin of some 
of the lesion.  

5068 62 M 10.7 MS H&E: PVWM, Hip, TC. 
LFB: PVWM

PVWM shows plaque formation with up to 90% axonal loss and 100% demyelination.  There is 100% 
oligodendrocyte loss and associated gliosis.  There is no evidence of macrophage activity or 
perivascular lymphocytic cuffing.  The neocortex contains normal neuronal cellularity and normal 
subcortical WM.  Hip is also normal without evidence of neurodegeneration or hypoxia.

5090 65 M 26.9
MS, hypertension, chronic UTI, 
pneumonia, depression, sleep 

apnea

H&E: PVWM, Hip.  
LFB: PVWM

PVWM shows an irregular area of extensive myelin loss with relative axonal preservation.  There is 
associated gliosis and occasional macrophages.  There is no perivascular lymphocytic cuffing.  Hip 
displays well populated pyramidal and granular cell layers without evidence of neurodegeneration or 
acute hypoxic/ischemic change.

5093 74 M 8.5

SPMS, optic neuritis, aspiration 
pneumonia, sepsis, chronic UTI, 

hypertension, myocardial infarction, 
type II diabetes

H&E: PVWM, Amy.  
LFB: PVWM

PVWM shows small fairly well-defined foci of myelin loss with comparative preservation of axons and 
occasional reactive astrocytes.  Those areas are highlighted by LFB stain and could be consistent with 
the clinical diagnosis of MS.  Amy and adjacent TC show no significant neuropathologic changes on 
H&E.

5102 60 F 14.7

RRMS, depression, celiac disease, 
headache, neurogenic bladder, 

chronic UTI, osteoporosis, 
insomnia

H&E: PVWM, Hip.  
LFB: PVWM

PVWM shows fairly well defined area of demyelination and relative preservation of axons with scattered 
macrophages.  Pathologically similar lesion is present in the PVWM in Hip section.  Hip displays well-
populated pyramidal and granular cell layers without evidence of neurodegeneration or acute 
hypoxic/ischemic change

5115 68 F 24.0

SPMS, acute renal failure, 
paraplegic, headache, sepsis, 
tobacco abuse, depression, 

neurogenic bladder, peripheral 
vascular disease

H&E: FC, PVWM, Hip.  
LFB: PVWM

Sections of neocortex show normal neuronal laminations and populations without significant 
hypoxic/ischemic neuron loss or fibrous gliosis.  Section of the PVWM shows a large fairly well defined 
area of demyelination with comparative axonal preservation.  Occasional foamy macrophages, 
hyperplastic astrocytes, and scant perivascular small lymphocytes are noted.  LFB stain highlights area of 
myelin loss.  These findings are consistent with a chronic plaque or MS.  Section of the Hip shows well-
populated pyramidal and granular cell layers without acute hypoxic/ischemic changes or Hip sclerosis.  
In the adjacent temporal PVWM there is a well-defined area of myelin loss similar to the one in the frontal 
WM.  

5123 79 F 24.8

RRMS, congestive heart failure, 
trigeminal neuralgia, asthma, AD 

(probable based on 
neuropathology exam)

H&E: FC, PVWM, Hip.  
LFB: PVWM

Neocortex shows well preserved neuronal laminations and populations without significant 
hypoxic/ischemic neuron loss or fibrous gliosis.  The Hip shows granulovacuolar degeneration and 
occasional, intraneuronal and "ghost", neurofibrillary tangles in the pyramidal cell layer and entorhinal 
cortex.  There also is focal myelin pallor of the adjacent PVWM.  PVWM displays somewhat ill-defined 
areas of myelin pallor with relative axonal preservation which are highlighted by the LFB special stain.  

5268 66 M 16.8 MS
H&E: FC, posterior 

cingulate gyrus, 
occipital WM, pons

Neocortex shows normal neuronal laminations and populations.  There are arteriosclerotic changes with 
microhemorrhages, could be consistent with hypertension.  Posterior cingulate gyrus, occipital WM, and 
pons clearly show old demyelination [sic] plaques.

5292 70 F 16.0 RRMS, early onset AD, metastatic 
CA

H&E & LFB: BG, 
parietal PVWM, pons

Old demyelination [sic] plaques are seen in BG and PVWM.  The loss of myelin is supported by the loss 
of blue stain using LFB.

5308 54 F 9.3 SPMS
H&E & LFB: frontal 

WM, thalamus, pontine 
tegmentum

Old demyelination [sic] plaques are seen in all sections.  The LFB stain confirmed the loss of myelin. 
Some WM blood vessels show a mild degree of perivascular lymphocytic infiltrate.  The CB cortex is 
normal.

5320 74 F 14.9

MS, chronic UTI, neurogenic 
bladder, dysphagia, osteoarthritis, 
anemia, neuropathy, hypertension, 
depression (clinical), lacunar infarct

H&E: pontine 
tegmentum, CB WM, 
fronal PVWM, parietal 

gray matter.  CD68 
IHC: PVWM

Old demyelination [sic] plaques are seen in CB WM and PVWM.  A CD68 stain of the frontal PVWM 
highlights the macrophages in the demyelination [sic] lesion.

5350 70 F 23.1 MS
H&E: FC, Hip, parietal 
WM, pons, substantia 

nigra

Neocortex shows normal neuronal laminations and populations without significant hypoxic/ischemic 
neuron loss or fibrous gliosis.  Sections of the parietal WM show a fairly well demarcated area of myelin 
loss with relative axonal preservation and surrounding mild reactive astrocytes. the hippocampus shows 
no significant neuropathologic changes.  Substantia nigra is well populated with pigmented neurons. 
Sections of the pons show well populated locus coeruleus and normal fiber tracts in basis pontis.

5353 50 M 13.0 MS, neurogenic bladder
H&E: FC, Hip, 

substantia nigra, 
PVWM pons

Neocortex shows normal neuronal laminations and populations without significant hypoxic/ischemic 
neuron loss or fibrous gliosis.  The subcortical WM shows multiple fairly well demarcated areas of myelin 
loss with relative axonal preservation.  Smaller areas of demyelination with reactive astrocytosis are seen 
in a section of the Hip.  Hip shows no significant abnormalities. Substantia nigra is well populated with 
pigmented neurons.  There is pallor of pontine fiber tracts, likely secondary to Wallerian degermation. 

MS+S 2966 55 F 15.0 3502 PVWM (stains not 
indicated)

Section of the parietal PVWM shows extensive demyelination and axonal loss, reactive astrocytes, rare 
lipid-laden macrophages and sparse chronic perivascular inflammation consistent with MS.

3260 47 F 11.5 SPMS, seizure disorder, obesity H&E & LFB: PVWM, CB

PVWM shows demyelinating plaque formation with extensively decreased intra-plaque oligodendrocyte 
cellularity (90-100%), extensive axonal loss, and extensive adjacent associated gliosis.  Macrophages 
and perivascular lymphocytic cuffing are not found.  The LFB stain shows complete demyelination.  The 
adjacent cortex and WM are unremarkable.  The section of CB is also unremarkable.

3502 78 M 15.5 SPMS, Stroke/CVA, Bell's Palsy, 
seizure disorder

H&E: periventricular 
plaque, BG, occipital 

subcortex.  LFB: 
periventricular plaque

The demyelinating plaque shows complete oligodendrocyte loss, complete axonal dropout, and 
complete demyelination.  There is moderate associated gliosis.  There is minimal perivascular cuffing but 
macrophage activity is not observed.  Adjacent cortex and WM are unremarkable.  The occipital cortical 
sections show small areas of subcortical pallor.  The section of BG shows no evidence of demyelination, 
infarction, or necrosis.  Scattered small vascular structures show medial thickening.  

4546 59 M 38.5

MS, seizure disorder, dementia, 
depression, optic neuritis, 

aspiration pneumonia, dysphagia, 
COPD, hyperlipidemia, neurogenic 

bladder

H&E: WM plaque, TC, 
Hip, thalamus.  LFB: 

WM plaque

WM plaque shows irregular foci of demyelination with up to 80% axonal loss and 100% demyelination.  
There is a marked decrease in oligodendrocyte density with moderate associated gliosis and scattered 
corpora amylacea.  Significant macrophage activity and perivascular lymphocytic cuffing are absent.  The 
adjacent uninvolved WM also shows scattered corpora amylacea but is otherwise normal.  Thalamus 
shows a similar process but with less axonal loss and demyelination.  Hip and TC are normal

4869 54 F 12.3 Depression, Hypertension, seizure 
disorder

H&E: PVWM, FC, Hip, 
TC. LFB: PVWM

PVWM shows mild periventricular demyelinating plaque formation with up to 50% axonal loss and 50% 
demyelination.  There is a variable decrease in oligodendrocyte density.  Associated gliosis is mild.  
There is scattered evidence of macrophage activity and minimal perivascular lymphocytic cuffing.  The 
neocortex shows normal neuronal cellularity and normal subcortical WM.  The Hip is also normal without 
evidence of neurodegeneration or hypoxia.

AD = Alzheimer's disease; Amy = amygdala; BG = basal ganglia; BS = brain stem; CA = cancer; CB = cerebellum; COPD = chronic obstructive pulmonary disease; CVA = cerebrovascular 
accident; FC = frontal cortex; H&E = hematoxylin & eosin stain; Hip = hippocampus; LFB = Luxol Fast Blue Stain; MS = multiple sclerosis; PAS = Periodic acid–Schiff; PC = parietal cortex; Pu = 
putamenPVWM = periventricular white matter; RRMS = relapsing-remitting MS; SPMS = secondary progressive MS;  TC = temporal cortex; UTI = urinary tract infection; WM = white matter
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ID Age Sex Autolysis 
time (hrs) Diagnoses Stains: structures Microscopic exam findings

MS 2639 72 F 11.0 RRMS H&E: FC, PC, PVWM, 
Hip, TC.  LFB: PVWM

PVWM shows moderately-well demarcated plaque consisting of decreased staining, extensive 
oligodendrocyte loss, and prominent gliosis.  The myelin stain shows varying amounts of residual 
myelination with complete sparing of the subcortical U-fibers.  There is mild focal perivascular cufffing by 
lymphocytes.  Adjacent, uninvolved white matter shows mild thickening of the small vascular structures.  
The neocortex is normal.  There is no hypercellularity and microglial nodules are not identified.  Sections 
of FC show extensive necrosis, hemorrhage, perivascular lymphocytic infiltration and gliosis.  The 
hippocampus shows rare neurofibrillary tangles and granulovacuolar degeneration.  There is no 
evidence of neuritic plaque formation.

2660 50 F 17.0 RRMS
H&E: WM, FC, Hip, CB, 
pons, thalamus, corpus 

striatum.  LFB: WM

WM shows moderately well demarcated plaques consisting of complete demyelination and variable 
oligodendrocyte loss.  The density of axons in these areas is decreased by 90%.  There is no axonal 
hypertrophy and peripheral hypercellularity is not present.  There is moderate associated gliosis.  There 
are numerous examples of perivascular cuffing by lymphocytes.  Adjacent WM shows rarefication and 
significant gliosis.  An area of TC adjacent to the Hip shows numerous hyperchromatic, pyknotic neurons 
in a background of spongiosis and endothelial proliferation.  There is a clear demarcation with adjacent, 
normal appearing cortex.  The remaining sections are unremarkable.  

3250 75 M 17.3 SPMS H&E & LFB: PVWM, 
BG

BG show a small focal region of minimal pathology in the transcapsular caudato-lenticular grey stria.  The 
area is slightly rarefied, has minimal gliosis, and minimal lymphocytic infiltration.  The area is difficult to 
see with the LFB myelin stain.  The PVWM is unremarkable.

3289 54 F 29.0 RRMS H&E: PVWM

Demyelinating plaque formation with complete demyelination and axonal loss.  There is near complete 
loss of oligodendrocytes.  Scattered astrocytes are also present in the plaque with focal areas of very 
reactive gliosis at the plaque margin.  Macrophages are generally absent although numerous examples 
of perivascular hemosiderin laden macrophages are present.  Significant inflammation is not present.  
The adjacent WM shows a slight increase in cellularity with mild perivascular inflammation and 
perivascular hemosiderin laden macrophages.

3737 76 F 12.8 SPMS
H&E & LFB: subcortical 
WM, posterior occipital 

WM

Partial periventricular rarefaction with 40% associated axonal loss, moderate demyelination, and mild 
oligodendrocyte loss.  There is no evidence of macrophage activity or perivascular lymphocytic 
infiltration.

3835 65 M 29.4 SPMS, melanoma, colon CA H&E & LFB: PVWM
The section shows plaque formation with up to 90% axonal loss and 75% demyelination.  There is a 
prominent decrease in oligodendrocyte density and associated gliosis is mild.  There are numerous 
examples of macrophage activity and perivascular lymphocytic cuffing. 

4212 50 F 18.9 MS, hepatitis B, bed sore, chronic 
UTI

H&E: PVWM, Hip, TC. 
LFB: PVWM

PVWM sections show demyelinating plaque formation with up to 100% axonal loss and 100% 
demyelination.  There is near-complete oligodendrocyte loss and prominent associated gliosis.  There is 
no evidence of macrophage activity or perivascular lymphocytic cuffing.  The TC shows normal neuronal 
cellularity.  The Hip shows no evidence of neurodegenerative disease or hypoxia.

4750 83 F 19.4 MS, Chronic MS plaque formation, 
stroke, extensuive atherosclerosis

H&E: PVWM, Hip, TC, 
Pu, centrum semiovali, 

pons.  LFB: PVWM

PVWM shows a small area of demyelination with up to 50% axonal loss, 50% demyelination, and 
scattered corpora amylacea.  Oligodendrocyte loss and gliosis are minimal and there is no associated 
macrophage activity or perivascular lymphocytic cuffing.  The section of right centrum semiovali shows a 
very small focus of demyelination with up to 75% axonal loss, vacuolization, oligodendrocyte loss, and 
gliosis.  An LFB myelin stain was not done on this section but demyelination appears from the H&E to be 
prominent.  There is also associated macrophage activity and perivascular lymphocytic cuffing.  The 
section of Left Pu contains an area of cavity formation secondary to liquefactive necrosis with scattered 
residual macrophages and adjacent gliosis.  The section of pons is unremarkable.  The section of TC 
shows normal neocortical neuronal cellularity and normal subcortical WM.   The Hip is normal without 
evidence of neurodegeneration or hypoxia.

4803 57 M 29.7 Depression, Hypertension, MS 
plaque formation

H&E: PVWM, Hip, TC. 
LFB: PVWM

PVWM shows demyelinating plaque formation with up to 50% axonal loss and 50% demyelination.  
There is a variable decrease in oligodendrocyte density.  There is minimal associated gliosis.  There are 
scattered distended macrophages and examples of perivascular lymphocytic cuffing.  The neocortex 
contains normal neuronal cellularity.  Hip contains scattered shrunken and hyperchromatic neurons.

4995 63 F 35.5 SPMS, AD, chronic UTI H&E: BS WM, Hip, TC. 
LFB: BS WM

CB shows a small focus of subcortical demyelinating plaque formation with up to 40% axonal loss and 
60% demyelination.  There is a mild decrease in oligodendrocyte density and minimal associated gliosis.  
There is no evidence of macrophage activity or perivascular lymphocytic cuffing.  TC is normal.  Hip is 
normal without evidence of neurodegeneration or hypoxia.

5022 71 M 6.0

MS, pulmonary embolism, 
trigeminal neuralgia, left bundle 

branch block, recurrent UTI, 
laparoscopic cholecystectomy, 

unintelligible speech with inability to 
cough/clear throat/whistle when 

tired

Neurofilament/CD68 
IHC & LFB-PAS: pons 

CB WM

Sections from the pons and cerebral WM confirm the presence of multiple, predominantly inactive MS 
plaques.  There is evidence of focal myelin loss with relative preservation of axons, gliosis, and relatively 
scant, chronic inflammation.

5024 67 F 11.8

MS, hypertension, lyperlipidemia, 
depression, restless leg syndrome, 

osteroporosis, UTI, anemia, 
hysterectomy and salpingo-
oophorectomy secondary to 

fibrosis, fibroids and bleeding, 
GERD, hiatal hernia

Neurofilament/CD68 
IHC & LFB: FC, BG, 
Hip, Midbrain, pons, 
medulla/spinal cord, 
CB, frontal WM, WM 

plaque

Sections show evidence of mild cerebral arteriosclerosis.  Sections also show multiple inactive multiple 
sclerosis plaques.  There is evidence of focal myelin loss with relative preservation of axons and gliosis.  
There is only very mild focal chronic inflammation.  

5025 73 M 3.4 SPMS, cerebral arteriosclerosis

Neurofilament/CD68 
IHC & LFB: PVWM, FC, 

BG, Hip/WM plaque, 
midbrain, pons, 

medulla/spinal cord, 
CB

Sections show evidence of cerebral arteriosclerosis and MS.  Sampled plaques show myelin loss, 
gliosis, relative preservation of axons and only moderate macrophagic infiltration at the margin of some 
of the lesion.  

5068 62 M 10.7 MS H&E: PVWM, Hip, TC. 
LFB: PVWM

PVWM shows plaque formation with up to 90% axonal loss and 100% demyelination.  There is 100% 
oligodendrocyte loss and associated gliosis.  There is no evidence of macrophage activity or 
perivascular lymphocytic cuffing.  The neocortex contains normal neuronal cellularity and normal 
subcortical WM.  Hip is also normal without evidence of neurodegeneration or hypoxia.

5090 65 M 26.9
MS, hypertension, chronic UTI, 
pneumonia, depression, sleep 

apnea

H&E: PVWM, Hip.  
LFB: PVWM

PVWM shows an irregular area of extensive myelin loss with relative axonal preservation.  There is 
associated gliosis and occasional macrophages.  There is no perivascular lymphocytic cuffing.  Hip 
displays well populated pyramidal and granular cell layers without evidence of neurodegeneration or 
acute hypoxic/ischemic change.

5093 74 M 8.5

SPMS, optic neuritis, aspiration 
pneumonia, sepsis, chronic UTI, 

hypertension, myocardial infarction, 
type II diabetes

H&E: PVWM, Amy.  
LFB: PVWM

PVWM shows small fairly well-defined foci of myelin loss with comparative preservation of axons and 
occasional reactive astrocytes.  Those areas are highlighted by LFB stain and could be consistent with 
the clinical diagnosis of MS.  Amy and adjacent TC show no significant neuropathologic changes on 
H&E.

5102 60 F 14.7

RRMS, depression, celiac disease, 
headache, neurogenic bladder, 

chronic UTI, osteoporosis, 
insomnia

H&E: PVWM, Hip.  
LFB: PVWM

PVWM shows fairly well defined area of demyelination and relative preservation of axons with scattered 
macrophages.  Pathologically similar lesion is present in the PVWM in Hip section.  Hip displays well-
populated pyramidal and granular cell layers without evidence of neurodegeneration or acute 
hypoxic/ischemic change

5115 68 F 24.0

SPMS, acute renal failure, 
paraplegic, headache, sepsis, 
tobacco abuse, depression, 

neurogenic bladder, peripheral 
vascular disease

H&E: FC, PVWM, Hip.  
LFB: PVWM

Sections of neocortex show normal neuronal laminations and populations without significant 
hypoxic/ischemic neuron loss or fibrous gliosis.  Section of the PVWM shows a large fairly well defined 
area of demyelination with comparative axonal preservation.  Occasional foamy macrophages, 
hyperplastic astrocytes, and scant perivascular small lymphocytes are noted.  LFB stain highlights area of 
myelin loss.  These findings are consistent with a chronic plaque or MS.  Section of the Hip shows well-
populated pyramidal and granular cell layers without acute hypoxic/ischemic changes or Hip sclerosis.  
In the adjacent temporal PVWM there is a well-defined area of myelin loss similar to the one in the frontal 
WM.  

5123 79 F 24.8

RRMS, congestive heart failure, 
trigeminal neuralgia, asthma, AD 

(probable based on 
neuropathology exam)

H&E: FC, PVWM, Hip.  
LFB: PVWM

Neocortex shows well preserved neuronal laminations and populations without significant 
hypoxic/ischemic neuron loss or fibrous gliosis.  The Hip shows granulovacuolar degeneration and 
occasional, intraneuronal and "ghost", neurofibrillary tangles in the pyramidal cell layer and entorhinal 
cortex.  There also is focal myelin pallor of the adjacent PVWM.  PVWM displays somewhat ill-defined 
areas of myelin pallor with relative axonal preservation which are highlighted by the LFB special stain.  

5268 66 M 16.8 MS
H&E: FC, posterior 

cingulate gyrus, 
occipital WM, pons

Neocortex shows normal neuronal laminations and populations.  There are arteriosclerotic changes with 
microhemorrhages, could be consistent with hypertension.  Posterior cingulate gyrus, occipital WM, and 
pons clearly show old demyelination [sic] plaques.

5292 70 F 16.0 RRMS, early onset AD, metastatic 
CA

H&E & LFB: BG, 
parietal PVWM, pons

Old demyelination [sic] plaques are seen in BG and PVWM.  The loss of myelin is supported by the loss 
of blue stain using LFB.

5308 54 F 9.3 SPMS
H&E & LFB: frontal 

WM, thalamus, pontine 
tegmentum

Old demyelination [sic] plaques are seen in all sections.  The LFB stain confirmed the loss of myelin. 
Some WM blood vessels show a mild degree of perivascular lymphocytic infiltrate.  The CB cortex is 
normal.

5320 74 F 14.9

MS, chronic UTI, neurogenic 
bladder, dysphagia, osteoarthritis, 
anemia, neuropathy, hypertension, 
depression (clinical), lacunar infarct

H&E: pontine 
tegmentum, CB WM, 
fronal PVWM, parietal 

gray matter.  CD68 
IHC: PVWM

Old demyelination [sic] plaques are seen in CB WM and PVWM.  A CD68 stain of the frontal PVWM 
highlights the macrophages in the demyelination [sic] lesion.

5350 70 F 23.1 MS
H&E: FC, Hip, parietal 
WM, pons, substantia 

nigra

Neocortex shows normal neuronal laminations and populations without significant hypoxic/ischemic 
neuron loss or fibrous gliosis.  Sections of the parietal WM show a fairly well demarcated area of myelin 
loss with relative axonal preservation and surrounding mild reactive astrocytes. the hippocampus shows 
no significant neuropathologic changes.  Substantia nigra is well populated with pigmented neurons. 
Sections of the pons show well populated locus coeruleus and normal fiber tracts in basis pontis.

5353 50 M 13.0 MS, neurogenic bladder
H&E: FC, Hip, 

substantia nigra, 
PVWM pons

Neocortex shows normal neuronal laminations and populations without significant hypoxic/ischemic 
neuron loss or fibrous gliosis.  The subcortical WM shows multiple fairly well demarcated areas of myelin 
loss with relative axonal preservation.  Smaller areas of demyelination with reactive astrocytosis are seen 
in a section of the Hip.  Hip shows no significant abnormalities. Substantia nigra is well populated with 
pigmented neurons.  There is pallor of pontine fiber tracts, likely secondary to Wallerian degermation. 

MS+S 2966 55 F 15.0 3502 PVWM (stains not 
indicated)

Section of the parietal PVWM shows extensive demyelination and axonal loss, reactive astrocytes, rare 
lipid-laden macrophages and sparse chronic perivascular inflammation consistent with MS.

3260 47 F 11.5 SPMS, seizure disorder, obesity H&E & LFB: PVWM, CB

PVWM shows demyelinating plaque formation with extensively decreased intra-plaque oligodendrocyte 
cellularity (90-100%), extensive axonal loss, and extensive adjacent associated gliosis.  Macrophages 
and perivascular lymphocytic cuffing are not found.  The LFB stain shows complete demyelination.  The 
adjacent cortex and WM are unremarkable.  The section of CB is also unremarkable.

3502 78 M 15.5 SPMS, Stroke/CVA, Bell's Palsy, 
seizure disorder

H&E: periventricular 
plaque, BG, occipital 

subcortex.  LFB: 
periventricular plaque

The demyelinating plaque shows complete oligodendrocyte loss, complete axonal dropout, and 
complete demyelination.  There is moderate associated gliosis.  There is minimal perivascular cuffing but 
macrophage activity is not observed.  Adjacent cortex and WM are unremarkable.  The occipital cortical 
sections show small areas of subcortical pallor.  The section of BG shows no evidence of demyelination, 
infarction, or necrosis.  Scattered small vascular structures show medial thickening.  

4546 59 M 38.5

MS, seizure disorder, dementia, 
depression, optic neuritis, 

aspiration pneumonia, dysphagia, 
COPD, hyperlipidemia, neurogenic 

bladder

H&E: WM plaque, TC, 
Hip, thalamus.  LFB: 

WM plaque

WM plaque shows irregular foci of demyelination with up to 80% axonal loss and 100% demyelination.  
There is a marked decrease in oligodendrocyte density with moderate associated gliosis and scattered 
corpora amylacea.  Significant macrophage activity and perivascular lymphocytic cuffing are absent.  The 
adjacent uninvolved WM also shows scattered corpora amylacea but is otherwise normal.  Thalamus 
shows a similar process but with less axonal loss and demyelination.  Hip and TC are normal

4869 54 F 12.3 Depression, Hypertension, seizure 
disorder

H&E: PVWM, FC, Hip, 
TC. LFB: PVWM

PVWM shows mild periventricular demyelinating plaque formation with up to 50% axonal loss and 50% 
demyelination.  There is a variable decrease in oligodendrocyte density.  Associated gliosis is mild.  
There is scattered evidence of macrophage activity and minimal perivascular lymphocytic cuffing.  The 
neocortex shows normal neuronal cellularity and normal subcortical WM.  The Hip is also normal without 
evidence of neurodegeneration or hypoxia.

AD = Alzheimer's disease; Amy = amygdala; BG = basal ganglia; BS = brain stem; CA = cancer; CB = cerebellum; COPD = chronic obstructive pulmonary disease; CVA = cerebrovascular 
accident; FC = frontal cortex; H&E = hematoxylin & eosin stain; Hip = hippocampus; LFB = Luxol Fast Blue Stain; MS = multiple sclerosis; PAS = Periodic acid–Schiff; PC = parietal cortex; Pu = 
putamenPVWM = periventricular white matter; RRMS = relapsing-remitting MS; SPMS = secondary progressive MS;  TC = temporal cortex; UTI = urinary tract infection; WM = white matter

ID Age Sex Autolysis 
time (hrs) Diagnoses Stains: structures Microscopic exam findings

MS 2639 72 F 11.0 RRMS H&E: FC, PC, PVWM, 
Hip, TC.  LFB: PVWM

PVWM shows moderately-well demarcated plaque consisting of decreased staining, extensive 
oligodendrocyte loss, and prominent gliosis.  The myelin stain shows varying amounts of residual 
myelination with complete sparing of the subcortical U-fibers.  There is mild focal perivascular cufffing by 
lymphocytes.  Adjacent, uninvolved white matter shows mild thickening of the small vascular structures.  
The neocortex is normal.  There is no hypercellularity and microglial nodules are not identified.  Sections 
of FC show extensive necrosis, hemorrhage, perivascular lymphocytic infiltration and gliosis.  The 
hippocampus shows rare neurofibrillary tangles and granulovacuolar degeneration.  There is no 
evidence of neuritic plaque formation.

2660 50 F 17.0 RRMS
H&E: WM, FC, Hip, CB, 
pons, thalamus, corpus 

striatum.  LFB: WM

WM shows moderately well demarcated plaques consisting of complete demyelination and variable 
oligodendrocyte loss.  The density of axons in these areas is decreased by 90%.  There is no axonal 
hypertrophy and peripheral hypercellularity is not present.  There is moderate associated gliosis.  There 
are numerous examples of perivascular cuffing by lymphocytes.  Adjacent WM shows rarefication and 
significant gliosis.  An area of TC adjacent to the Hip shows numerous hyperchromatic, pyknotic neurons 
in a background of spongiosis and endothelial proliferation.  There is a clear demarcation with adjacent, 
normal appearing cortex.  The remaining sections are unremarkable.  

3250 75 M 17.3 SPMS H&E & LFB: PVWM, 
BG

BG show a small focal region of minimal pathology in the transcapsular caudato-lenticular grey stria.  The 
area is slightly rarefied, has minimal gliosis, and minimal lymphocytic infiltration.  The area is difficult to 
see with the LFB myelin stain.  The PVWM is unremarkable.

3289 54 F 29.0 RRMS H&E: PVWM

Demyelinating plaque formation with complete demyelination and axonal loss.  There is near complete 
loss of oligodendrocytes.  Scattered astrocytes are also present in the plaque with focal areas of very 
reactive gliosis at the plaque margin.  Macrophages are generally absent although numerous examples 
of perivascular hemosiderin laden macrophages are present.  Significant inflammation is not present.  
The adjacent WM shows a slight increase in cellularity with mild perivascular inflammation and 
perivascular hemosiderin laden macrophages.

3737 76 F 12.8 SPMS
H&E & LFB: subcortical 
WM, posterior occipital 

WM

Partial periventricular rarefaction with 40% associated axonal loss, moderate demyelination, and mild 
oligodendrocyte loss.  There is no evidence of macrophage activity or perivascular lymphocytic 
infiltration.

3835 65 M 29.4 SPMS, melanoma, colon CA H&E & LFB: PVWM
The section shows plaque formation with up to 90% axonal loss and 75% demyelination.  There is a 
prominent decrease in oligodendrocyte density and associated gliosis is mild.  There are numerous 
examples of macrophage activity and perivascular lymphocytic cuffing. 

4212 50 F 18.9 MS, hepatitis B, bed sore, chronic 
UTI

H&E: PVWM, Hip, TC. 
LFB: PVWM

PVWM sections show demyelinating plaque formation with up to 100% axonal loss and 100% 
demyelination.  There is near-complete oligodendrocyte loss and prominent associated gliosis.  There is 
no evidence of macrophage activity or perivascular lymphocytic cuffing.  The TC shows normal neuronal 
cellularity.  The Hip shows no evidence of neurodegenerative disease or hypoxia.

4750 83 F 19.4 MS, Chronic MS plaque formation, 
stroke, extensuive atherosclerosis

H&E: PVWM, Hip, TC, 
Pu, centrum semiovali, 

pons.  LFB: PVWM

PVWM shows a small area of demyelination with up to 50% axonal loss, 50% demyelination, and 
scattered corpora amylacea.  Oligodendrocyte loss and gliosis are minimal and there is no associated 
macrophage activity or perivascular lymphocytic cuffing.  The section of right centrum semiovali shows a 
very small focus of demyelination with up to 75% axonal loss, vacuolization, oligodendrocyte loss, and 
gliosis.  An LFB myelin stain was not done on this section but demyelination appears from the H&E to be 
prominent.  There is also associated macrophage activity and perivascular lymphocytic cuffing.  The 
section of Left Pu contains an area of cavity formation secondary to liquefactive necrosis with scattered 
residual macrophages and adjacent gliosis.  The section of pons is unremarkable.  The section of TC 
shows normal neocortical neuronal cellularity and normal subcortical WM.   The Hip is normal without 
evidence of neurodegeneration or hypoxia.

4803 57 M 29.7 Depression, Hypertension, MS 
plaque formation

H&E: PVWM, Hip, TC. 
LFB: PVWM

PVWM shows demyelinating plaque formation with up to 50% axonal loss and 50% demyelination.  
There is a variable decrease in oligodendrocyte density.  There is minimal associated gliosis.  There are 
scattered distended macrophages and examples of perivascular lymphocytic cuffing.  The neocortex 
contains normal neuronal cellularity.  Hip contains scattered shrunken and hyperchromatic neurons.

4995 63 F 35.5 SPMS, AD, chronic UTI H&E: BS WM, Hip, TC. 
LFB: BS WM

CB shows a small focus of subcortical demyelinating plaque formation with up to 40% axonal loss and 
60% demyelination.  There is a mild decrease in oligodendrocyte density and minimal associated gliosis.  
There is no evidence of macrophage activity or perivascular lymphocytic cuffing.  TC is normal.  Hip is 
normal without evidence of neurodegeneration or hypoxia.

5022 71 M 6.0

MS, pulmonary embolism, 
trigeminal neuralgia, left bundle 

branch block, recurrent UTI, 
laparoscopic cholecystectomy, 

unintelligible speech with inability to 
cough/clear throat/whistle when 

tired

Neurofilament/CD68 
IHC & LFB-PAS: pons 

CB WM

Sections from the pons and cerebral WM confirm the presence of multiple, predominantly inactive MS 
plaques.  There is evidence of focal myelin loss with relative preservation of axons, gliosis, and relatively 
scant, chronic inflammation.

5024 67 F 11.8

MS, hypertension, lyperlipidemia, 
depression, restless leg syndrome, 

osteroporosis, UTI, anemia, 
hysterectomy and salpingo-
oophorectomy secondary to 

fibrosis, fibroids and bleeding, 
GERD, hiatal hernia

Neurofilament/CD68 
IHC & LFB: FC, BG, 
Hip, Midbrain, pons, 
medulla/spinal cord, 
CB, frontal WM, WM 

plaque

Sections show evidence of mild cerebral arteriosclerosis.  Sections also show multiple inactive multiple 
sclerosis plaques.  There is evidence of focal myelin loss with relative preservation of axons and gliosis.  
There is only very mild focal chronic inflammation.  

5025 73 M 3.4 SPMS, cerebral arteriosclerosis

Neurofilament/CD68 
IHC & LFB: PVWM, FC, 

BG, Hip/WM plaque, 
midbrain, pons, 

medulla/spinal cord, 
CB

Sections show evidence of cerebral arteriosclerosis and MS.  Sampled plaques show myelin loss, 
gliosis, relative preservation of axons and only moderate macrophagic infiltration at the margin of some 
of the lesion.  

5068 62 M 10.7 MS H&E: PVWM, Hip, TC. 
LFB: PVWM

PVWM shows plaque formation with up to 90% axonal loss and 100% demyelination.  There is 100% 
oligodendrocyte loss and associated gliosis.  There is no evidence of macrophage activity or 
perivascular lymphocytic cuffing.  The neocortex contains normal neuronal cellularity and normal 
subcortical WM.  Hip is also normal without evidence of neurodegeneration or hypoxia.

5090 65 M 26.9
MS, hypertension, chronic UTI, 
pneumonia, depression, sleep 

apnea

H&E: PVWM, Hip.  
LFB: PVWM

PVWM shows an irregular area of extensive myelin loss with relative axonal preservation.  There is 
associated gliosis and occasional macrophages.  There is no perivascular lymphocytic cuffing.  Hip 
displays well populated pyramidal and granular cell layers without evidence of neurodegeneration or 
acute hypoxic/ischemic change.

5093 74 M 8.5

SPMS, optic neuritis, aspiration 
pneumonia, sepsis, chronic UTI, 

hypertension, myocardial infarction, 
type II diabetes

H&E: PVWM, Amy.  
LFB: PVWM

PVWM shows small fairly well-defined foci of myelin loss with comparative preservation of axons and 
occasional reactive astrocytes.  Those areas are highlighted by LFB stain and could be consistent with 
the clinical diagnosis of MS.  Amy and adjacent TC show no significant neuropathologic changes on 
H&E.

5102 60 F 14.7

RRMS, depression, celiac disease, 
headache, neurogenic bladder, 

chronic UTI, osteoporosis, 
insomnia

H&E: PVWM, Hip.  
LFB: PVWM

PVWM shows fairly well defined area of demyelination and relative preservation of axons with scattered 
macrophages.  Pathologically similar lesion is present in the PVWM in Hip section.  Hip displays well-
populated pyramidal and granular cell layers without evidence of neurodegeneration or acute 
hypoxic/ischemic change

5115 68 F 24.0

SPMS, acute renal failure, 
paraplegic, headache, sepsis, 
tobacco abuse, depression, 

neurogenic bladder, peripheral 
vascular disease

H&E: FC, PVWM, Hip.  
LFB: PVWM

Sections of neocortex show normal neuronal laminations and populations without significant 
hypoxic/ischemic neuron loss or fibrous gliosis.  Section of the PVWM shows a large fairly well defined 
area of demyelination with comparative axonal preservation.  Occasional foamy macrophages, 
hyperplastic astrocytes, and scant perivascular small lymphocytes are noted.  LFB stain highlights area of 
myelin loss.  These findings are consistent with a chronic plaque or MS.  Section of the Hip shows well-
populated pyramidal and granular cell layers without acute hypoxic/ischemic changes or Hip sclerosis.  
In the adjacent temporal PVWM there is a well-defined area of myelin loss similar to the one in the frontal 
WM.  

5123 79 F 24.8

RRMS, congestive heart failure, 
trigeminal neuralgia, asthma, AD 

(probable based on 
neuropathology exam)

H&E: FC, PVWM, Hip.  
LFB: PVWM

Neocortex shows well preserved neuronal laminations and populations without significant 
hypoxic/ischemic neuron loss or fibrous gliosis.  The Hip shows granulovacuolar degeneration and 
occasional, intraneuronal and "ghost", neurofibrillary tangles in the pyramidal cell layer and entorhinal 
cortex.  There also is focal myelin pallor of the adjacent PVWM.  PVWM displays somewhat ill-defined 
areas of myelin pallor with relative axonal preservation which are highlighted by the LFB special stain.  

5268 66 M 16.8 MS
H&E: FC, posterior 

cingulate gyrus, 
occipital WM, pons

Neocortex shows normal neuronal laminations and populations.  There are arteriosclerotic changes with 
microhemorrhages, could be consistent with hypertension.  Posterior cingulate gyrus, occipital WM, and 
pons clearly show old demyelination [sic] plaques.

5292 70 F 16.0 RRMS, early onset AD, metastatic 
CA

H&E & LFB: BG, 
parietal PVWM, pons

Old demyelination [sic] plaques are seen in BG and PVWM.  The loss of myelin is supported by the loss 
of blue stain using LFB.

5308 54 F 9.3 SPMS
H&E & LFB: frontal 

WM, thalamus, pontine 
tegmentum

Old demyelination [sic] plaques are seen in all sections.  The LFB stain confirmed the loss of myelin. 
Some WM blood vessels show a mild degree of perivascular lymphocytic infiltrate.  The CB cortex is 
normal.

5320 74 F 14.9

MS, chronic UTI, neurogenic 
bladder, dysphagia, osteoarthritis, 
anemia, neuropathy, hypertension, 
depression (clinical), lacunar infarct

H&E: pontine 
tegmentum, CB WM, 
fronal PVWM, parietal 

gray matter.  CD68 
IHC: PVWM

Old demyelination [sic] plaques are seen in CB WM and PVWM.  A CD68 stain of the frontal PVWM 
highlights the macrophages in the demyelination [sic] lesion.

5350 70 F 23.1 MS
H&E: FC, Hip, parietal 
WM, pons, substantia 

nigra

Neocortex shows normal neuronal laminations and populations without significant hypoxic/ischemic 
neuron loss or fibrous gliosis.  Sections of the parietal WM show a fairly well demarcated area of myelin 
loss with relative axonal preservation and surrounding mild reactive astrocytes. the hippocampus shows 
no significant neuropathologic changes.  Substantia nigra is well populated with pigmented neurons. 
Sections of the pons show well populated locus coeruleus and normal fiber tracts in basis pontis.

5353 50 M 13.0 MS, neurogenic bladder
H&E: FC, Hip, 

substantia nigra, 
PVWM pons

Neocortex shows normal neuronal laminations and populations without significant hypoxic/ischemic 
neuron loss or fibrous gliosis.  The subcortical WM shows multiple fairly well demarcated areas of myelin 
loss with relative axonal preservation.  Smaller areas of demyelination with reactive astrocytosis are seen 
in a section of the Hip.  Hip shows no significant abnormalities. Substantia nigra is well populated with 
pigmented neurons.  There is pallor of pontine fiber tracts, likely secondary to Wallerian degermation. 

MS+S 2966 55 F 15.0 3502 PVWM (stains not 
indicated)

Section of the parietal PVWM shows extensive demyelination and axonal loss, reactive astrocytes, rare 
lipid-laden macrophages and sparse chronic perivascular inflammation consistent with MS.

3260 47 F 11.5 SPMS, seizure disorder, obesity H&E & LFB: PVWM, CB

PVWM shows demyelinating plaque formation with extensively decreased intra-plaque oligodendrocyte 
cellularity (90-100%), extensive axonal loss, and extensive adjacent associated gliosis.  Macrophages 
and perivascular lymphocytic cuffing are not found.  The LFB stain shows complete demyelination.  The 
adjacent cortex and WM are unremarkable.  The section of CB is also unremarkable.

3502 78 M 15.5 SPMS, Stroke/CVA, Bell's Palsy, 
seizure disorder

H&E: periventricular 
plaque, BG, occipital 

subcortex.  LFB: 
periventricular plaque

The demyelinating plaque shows complete oligodendrocyte loss, complete axonal dropout, and 
complete demyelination.  There is moderate associated gliosis.  There is minimal perivascular cuffing but 
macrophage activity is not observed.  Adjacent cortex and WM are unremarkable.  The occipital cortical 
sections show small areas of subcortical pallor.  The section of BG shows no evidence of demyelination, 
infarction, or necrosis.  Scattered small vascular structures show medial thickening.  

4546 59 M 38.5

MS, seizure disorder, dementia, 
depression, optic neuritis, 

aspiration pneumonia, dysphagia, 
COPD, hyperlipidemia, neurogenic 

bladder

H&E: WM plaque, TC, 
Hip, thalamus.  LFB: 

WM plaque

WM plaque shows irregular foci of demyelination with up to 80% axonal loss and 100% demyelination.  
There is a marked decrease in oligodendrocyte density with moderate associated gliosis and scattered 
corpora amylacea.  Significant macrophage activity and perivascular lymphocytic cuffing are absent.  The 
adjacent uninvolved WM also shows scattered corpora amylacea but is otherwise normal.  Thalamus 
shows a similar process but with less axonal loss and demyelination.  Hip and TC are normal

4869 54 F 12.3 Depression, Hypertension, seizure 
disorder

H&E: PVWM, FC, Hip, 
TC. LFB: PVWM

PVWM shows mild periventricular demyelinating plaque formation with up to 50% axonal loss and 50% 
demyelination.  There is a variable decrease in oligodendrocyte density.  Associated gliosis is mild.  
There is scattered evidence of macrophage activity and minimal perivascular lymphocytic cuffing.  The 
neocortex shows normal neuronal cellularity and normal subcortical WM.  The Hip is also normal without 
evidence of neurodegeneration or hypoxia.

AD = Alzheimer's disease; Amy = amygdala; BG = basal ganglia; BS = brain stem; CA = cancer; CB = cerebellum; COPD = chronic obstructive pulmonary disease; CVA = cerebrovascular 
accident; FC = frontal cortex; H&E = hematoxylin & eosin stain; Hip = hippocampus; LFB = Luxol Fast Blue Stain; MS = multiple sclerosis; PAS = Periodic acid–Schiff; PC = parietal cortex; Pu = 
putamenPVWM = periventricular white matter; RRMS = relapsing-remitting MS; SPMS = secondary progressive MS;  TC = temporal cortex; UTI = urinary tract infection; WM = white matter

MS 
(cont.) 
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Appendix B | CA1 somatostatin-expressing neurons are spared during cuprizone 

demyelination-induced epileptogenesis.  A) Representative 20X micrographs showing 

normal and 12 wk CPZ immunolabeling for SST+ interneurons (red) and total GABAergic 

neurons (GAD67; green) in CA1 SO & SP.  B-C) Quantification of images shown in (A).  

Neither SST+ nor GAD67+ cell density changed significantly between normal and 12 wk 

CPZ animals.  Ordinary one-way ANOVA with Tukey’s correction for multiple 

comparisons.  
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Appendix C | Cortical AQP4 is comparable between Normal and 12 wk CPZ mice.  

Quantification of cortical AQP4-immunoreactive area fraction in Figure 3.6A showed no 

statistically appreciable difference between Normal and 12 wk CPZ mice.  
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APPENDIX D | Connexins and pannexins: At the junction of neuro-glial homeostasis & 

disease. 
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Introduction 

Accruing evidence indicates that connexin (Cx) and pannexin (Panx) 

transmembrane channels are crucial to the coordination and maintenance of physiologic 

CNS activity. In neurons, Cxs electrochemically couple neurons by electrical synapses 

(354), while glial Cxs mediate numerous functions ranging from K+ buffering to direct 

modulation of glutamatergic activity (209, 211, 226, 345). Alone, Cxs and Panxs represent 

a mechanism for robust autocrine and paracrine signaling through release of 

gliotransmitters, which are essential to synaptic strength and plasticity (355, 356). 

Dysregulation of Cx and Panx activity is implicated in neurodegenerative disease (357) 

and may be etiologic in some human epilepsy (281). In addition, Cx and Panx sensitivity 

to inflammatory mediators suggests that alteration in neuronal excitability may be present 

in a range of disease states. In the following sections, we will describe the structure, 

function, regulation, and distribution of CNS Cx and Panx molecules. We will also 

summarize evidence for their functions related to neuronal excitability under homeostatic 

conditions and examine their role as effectors of pathological glutamatergic transmission. 

Structure and function of connexins and pannexins 

Structurally, the Cx and Panx family of proteins comprise a group of 

transmembrane pores that are permeable to ions, metabolites, second messengers, and 

purine signaling mediators up to 1.5 kDa (358) with divergent peptide sequences but 

homologous topology. Each channel forming complex is composed of six monomers 

containing four membrane-spanning domains linked by two extracellular loops that 

mediate docking with complimentary Cx hexamers (Figure 1). Post-translational 

modification of Cx monomers largely takes place at the site of the intracellular carboxyl 

tail (359) and is thought to regulate non-channel functions of Cxs such as adhesion, 
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migration (360, 361), and proliferation (362, 363). Adhesion and migration mediated by 

GJs are of particular importance in the developing CNS, where they facilitate neocortical 

neuron migration by providing points of contact with radial glia (364) and movement of 

subventricular zone-derived cells along the rostral migratory stream (365). 

Phosphorylation of the Cx intracellular tail plays a role in gating pore permeability, thereby 

allowing dynamic opening and closing under a range of conditions (366). However, Cx 

and Panx biology may extend beyond these functions into a variety of intracellular 

regulatory processes (367). 

When uncoupled to a complimentary hexamer, these pores are termed 

hemichannels (HCs) and allow exchange of cellular contents with the extracellular space 

(368). Opening of Cx and Panx HCs has traditionally been thought of as deleterious to 

CNS homeostasis (369), occuring under pathological conditions leading to excitotoxic cell 

death such as ischemia (370, 371) and excessive depolarization (372, 373). More recent 

evidence, however, has shed light on Cx and Panx HC physiologic activities including their 

function as a platform for robust autocrine and paracrine signaling between and amongst 

glia and neurons (355, 374). 

Gliotransmission continues to draw attention to Cx and Panx HCs, whereby 

paracrine signaling by purinergic mediators and a host of other gliotransmitters released 

by these channels have proven essential to synaptic strength and plasticity (217, 375, 

376). When HCs are coupled with complementary HCs on adjacent cells, they form gap 

junctions (GJs), which act in pairs to facilitate direct intercellular communication of 

cytoplasmic molecules. Of note, Panx1 HCs have not been shown to form GJs in vivo 

without substantial manipulation (377-379), which is thought to be due to post- 

translational N-linked glycosylation of the second extracellular loop of each Panx subunit 
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(Figure 1). In neurons, GJs are the substrate of electrical synapses formation (380), while 

GJs among glia couple cells in the panglial network, which participates in buffering 

excitotoxic metabolites produced by depolarizing activity. 

Regulation of GJ and HC open probability is affected by a variety of circumstances. 

Under homeostatic conditions, neuronal activity leading to decreased extracellular Ca2+ 

(210, 356) and increased K+ (381) encourages opening of HCs and autocrine purinergic 

signaling via adenosine triphosphate (ATP) release (382). However, pathological 

environments also open HCs and GJs aberrantly. Neurodegenerative diseases such as 

experimental autoimmune encephalomyelitis (357), multiple sclerosis (383), and epilepsy 

(281) cause uncoupling of pan-glial network GJs, with the resulting dysregulated 

gliotransmitter release contributing to abnormal neuronal activity (356). Inflammatory 

mediators, including the cytokines interleukin (IL)-1β and tumor necrosis factor (TNF)α 

drive HC open probability, as application of either cytokine or the toll-like receptor (TLR) 

4 ligand lipopolysaccharide (LPS) induces increased hemichannel— mediated uptake of 

ethidium bromide in astrocytes both in vitro and slice (222, 227). 

Expression of Cxs and Panxs is distributed throughout the CNS (Table 1) where 

they participate in a variety of functions. In addition to their channel activity which promotes 

metabolic coupling amongst macroglia (384), Cx GJs are critical to glial survival and 

stabilization of associated Cx HCs (163, 359). Mutations in oligodendrocyte-expressed Cx 

genes result in phenotypes indistinguishable from inherited hypomyelinating 

leukodystrophies, which are characterized by impairment of myelin sheath formation, 

inflammation, and sensorimotor neurological deficits (163, 359, 385). For example, a 

mutation in the Cx47 promoter results in Pelizaeus–Merzbacher-like disease (386), while 
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altered Cx32 expression leads to symptomology closely resembling Charcot-Marie-Tooth 

disease (387). 

Further emphasizing the importance of glial coupling, astrocyte-oligodendrocyte 

coupling is reduced in Cx47—KO mice and is associated with myelin vacuolation in the 

optic nerve (388). Mice lacking Cx32 and Cx47 exhibit more pronounced myelin pathology, 

which is accompanied by loss of oligodendrocytes and action tremors progressing into 

tonic-clonic seizures and mortality by the sixth postnatal week (388, 389). Loss and 

activation of astrocytes, oligodendrocyte loss, myelin vacuolation, inflammation, and 

invasion of phagocytic cells are also common to disorders of GJ coupling (163, 359, 390), 

suggesting a role for intact pan-glial network GJ connections in supporting its members’ 

survival and homeostatic functions. However, while non-channel properties of Cxs have 

been explored in the context of neuronal differentiation (362, 391) and glutamatergic 

transmission (213), the mechanism whereby Cxs support glial survival remains poorly 

understood. 

Connexins and pannexins in synaptic plasticity 

Electrical synapses, excitability, and learning 

At the forefront of Cx and Panx neurobiology research is their role in neuronal 

excitability and their ability to modify synaptic activity. Neuronal GJs, which couple cells 

by electrical synapses, are numerous in the embryonic CNS, but become increasingly 

limited during development (392-400). In the adult mammalian brain, GJs are restricted 

primarily to inhibitory GABAergic networks and associated principle neurons (354, 401), 

with Cx36 becoming the predominant isoform expressed (392, 402). Cx36 GJs allow rapid 

electrochemical transmission and influence synchronization of interconnected neurons 

(403, 404). Coupled neurons of the reticular thalamic nucleus and suprachiasmatic 
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nucleus of the thalamus (SCN) display inherent Cx36-dependent desynchronizing 

properties (405, 406). While synchronization of SCN neurons is required for light-dark 

cycle detection and circadian rhythm, these examples illustrate the overriding strength of 

inhibitory networks coupled by GJs and hint at their physiologic role in resisting 

development of epileptiform synchronization. 

Traditionally, GJ-mediated electrical synapses have been considered static 

structures. However, recent research casts doubt on this long-standing assumption. Like 

glutamatergic chemical synapses, GJ-mediated electrical synapses in the rat inferior olive 

also display activity dependent strengthening (407). In this study, the authors observed 

that the N-Methyl-D-aspartate receptor (NMDAR) NR1 subunit co-localized with neuropilar 

Cx36 GJs. Agonism of NMDARs resulted in increased coupled potential upon stimulation 

that was accompanied by elevated uptake of a tracer dye (407), indicating that GJ—

NMDAR complexes are sensitive to synaptic activity and become upregulated or opened 

in response. As electrical synapses facilitate rapid and widespread inhibition, these data 

suggest that depolarizing inputs modify GJ strength to set a basal inhibitory tone on 

excitatory networks. 

Unsurprisingly, in addition to their function in limiting excitability, neuronal GJs also 

play a major role in learning and memory. Knockout of Cx36 resulted in diminished novel 

object recognition that was exaggerated by environments containing complex stimuli 

(408). In addition, Cx36—KO mice exhibited impaired short-term and long-term memory 

in Y-maze testing, and reduced motor learning by rotorod (408). Interestingly, field 

excitatory post-synaptic potentials (fEPSPs) recorded from cornu ammonis 1 (CA1) 

hippocampal pyramidal neurons after Schaffer collateral stimulation were also decreased 

in Cx36—KO mice (409), suggesting coordinated GJ-coupled interneuron activity is an 
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essential component of LTP inducing events. This is supported by reports finding that the 

power of gamma and theta frequencies, which are thought to be mediated by GABAergic 

interneurons (410), are increased in the hippocampus following tetanic stimulation of 

Schaffer collaterals (411). 

Similarly, knockout of Cx31.1, which is expressed in dopaminergic neurons of the 

substantia nigra pars compacta (412) and striatal output neurons (413) that play a role in 

sensory-motor control and novelty-induced exploration (414), resulted in elevated 

exploration of novel environments and impaired performance in novel object recognition 

tasks (415). Together, these studies point to a central role for neuronal coupling via GJs 

in memory formation and consolidation. This may be attributable to autoinhibition of 

GABAergic networks by remaining inhibitory chemical synapses and reduced long term 

potentiation (LTP), which is thought to represent the cellular substrate of learning (416). 

The pan-glial network: beyond buffering 

 The most abundant source of GJs and HCs in the brain come from the highly 

interconnected lattice of glial cells interspersed throughout the CNS (Figure 2). Chief 

among the tasks of this syncytium of astrocytes, oligodendrocytes, and endothelial cells 

is the modification of neuronal excitation through the spatial buffering of ions and 

metabolites by GJ connected cells (163, 209, 211, 281, 345, 346, 417). In this model, 

inward K+ currents are generated by active uptake by astrocytes and oligodendrocytes 

near depolarizing cells and sustained by conduction of buffered K+ to blood vessels for 

elimination (Figure 2). Failure to remove sufficient K+ results in adequate change in resting 

membrane potential to allow spontaneous action potentials. However, while this activity is 

critical to physiologic excitatory activity, the pan-glial network exercises additional GJ and 

HC mediated effects on neuronal excitability both directly and indirectly. 
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 Astrocyte Ca2+ waves are associated with neuronal activity and are conducted 

through astrocyte GJs and HCs (210). Glutamatergic activity induces decline in 

extracellular Ca2+ accompanied by rapid elevation of intracellular Ca2+ in both astrocytes 

and neurons. After a delay, astrocytes then exhibit a secondary “slow” intracellular Ca2+ 

wave initiated by ATP release by Panx1 HCs acting in an autocrine fashion (210). These 

waves are not attributable to glutamate signaling and require Cx30 and Cx43 GJs to travel 

between neighboring astrocytes (210). Importantly, astrocyte slow waves are associated 

with activation of the metabotropic purine receptor P2Y1 on nearby inhibitory interneurons, 

leading to increased inhibitory post synaptic currents (IPSCs) (210). This suggests that 

Ca2+ slow waves may be involved in augmenting feedback inhibition through purinergic 

signaling, expanding the ways that they modify glutamatergic transmission. 

 Additional modulation of excitatory activity is exerted by astrocytes through Cx 

dependent regulation of synaptic glutamate release. Interestingly, astrocyte expressed Cx 

isoforms appear to affect glutamatergic transmission by distinct mechanisms. Basal 

quantal release of glutamate is set by Cx43 at excitatory synapses without altering the 

threshold for depolarization or the activity of excitatory amino acid transporters (213). 

Instead, postsynaptic glutamate release is augmented by purinergic signaling mediated 

by astrocyte HCs (226). In contrast, Cx30 buffers synaptic glutamate through non-GJ 

mediated activities (361). Organotypic slices from Cx30—KO mice exhibit decreased 

glutamatergic activity independent of presynaptic quantal release or postsynaptic 

glutamate sensitivity. Instead, Cx30 regulates astrocyte process migration and glutamate 

transporter 1 (GLT-1) efficacy. In a 2014 study, Pannasch (361)  observed that Cx30—

KO astrocyte processes enriched in GLT-1 invade excitatory synapses more deeply than 

wild type astrocytes, thereby reducing glutamate within the synaptic cleft (361). This 
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activity is independent of Cx30's GJ function, possibly relying on regulation by proteins 

complexed to Cx30 GJs. 

 Oligodendrocytes are commonly overlooked in the composition of the pan-glial 

network, instead thought of as merely myelinating projection axons. However, emerging 

evidence indicates that oligodendrocytes are also essential to maintaining physiologic 

generation of action potentials independent of their myelinating function (418-420). 

Oligodendrocytes comprise a varying fraction of pan-glial network participants that form 

biocytin-permeable homotypic GJs with other oligodendrocytes and 

NG2+/Olig2+CNPase-oligodendrocyte precursors in white matter (421) as well as 

heterotypic GJs with astrocytes throughout the CNS (422). 

 In myelinated fiber tracts, oligodendrocytes participate in spatial K+ buffering at 

the level of periaxonal myelin, which conducts ions through reflexive Cx32 GJs within 

myelin layers closest to the axolemma and strings of Cx32 GJs connecting adjacent 

paranodal loops (345). Nearby astrocyte processes then siphon K+ from myelin and 

oligodendrocyte somata for elimination through heterotypic Cx47—43 and Cx32—30 GJs 

(345). In genetic ablation studies, mice lacking both Cx32 and Cx47 exhibit periaxonal 

myelin vacuolation in the optic nerve that is worsened by retinal ganglion activity (423). 

Interestingly, the authors of this study also found that mice lacking the inward rectifier K+ 

channel Kir4.1 deficient mice exhibited myelin vacuolation in spinal cord grey matter (423), 

possibly due to osmotic damage due to failure to disperse rising K+ concentration within 

the myelin sheath. 

 In a recent study from Battefeld et al., (209) satellite oligodendrocytes (424) 

associated with the axon initial segment of somatosensory cortex layer V pyramidal 

neurons were predicted to dampen neuronal bursting by computational modelling (209). 
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Their model was validated experimentally and found to be mediated by activity dependent 

inward rectifying K+ (Kir) currents in sOLs. Furthermore, GJ blockade using the non-

specific Cx/ Panx inhibitor carbenoxolone (CBX) abolished Kir currents and reduced 

voltage coupling between sOLs and adjacent astrocytes (209). These findings support the 

importance of oligodendrocytes in maintaining homeostatic extracellular ion 

concentrations, with implications for disease states involving white matter injury, such as 

MS. 

Hemichannels and purinergic signaling in synaptic plasticity, learning, and memory 

 Purinergic signaling molecules released by Cx and Panx HCs acting on neuronal 

and glial P2X and P2Y receptors comprise a fundamental component of synaptic plasticity 

(355, 356, 425, 426). Measurement of CA1 fEPSPs after CA3 Schaffer collateral tetanic 

stimulation shows that LTP is abnormally increased in mice lacking Panx1 HCs (Panx1—

KO) (355, 427). Interestingly, in addition to elevated fEPSPs, stimulation of Panx1—KO 

Schaffer collateral projections results in absent long term depression (LTD) in CA1 

pyramidal neurons (355, 427). Behaviorally, Panx1—KO mice also perform worse at novel 

object recognition and spatial recall tasks (355). Thus, purines released by Panx1 HCs 

represent a negative feedback mechanism dampening exaggerated LTP, which has been 

shown to impair spatial learning (428). Remarkably, physiologic LTP is restored in 

Panx1—KO mice when Schaffer collateral stimulation is accompanied by a mix of 

gliotransmitters including adenosine and ATP, possibly reflecting hyperpolarization 

through ATP-dependent K+ channels (429) or adenosine mediated inhibition through A1 

and A2 receptors (430, 431). 

 Astrocyte HCs also participate in purinergic signaling and learning. In a 2014 study 

from Chever (226) blockade of Cx43 HCs with the Cx43 HC-specific inhibitor gap26 
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resulted in reduced fEPSPs recorded in CA1 neurons after Schaffer collateral stimulation 

(226). These results were replicated when Cx43 HCs were left intact, but P2 receptors 

were blocked using the P2 antagonists RB2 and PPADS (226), suggesting purinergic 

signaling molecules released by Cx43 HCs were responsible for modifying glutamatergic 

activity after stimulation. A similar in vivo study examining the role of Cx43 HCs in fear 

conditioning supports these findings. In a 2012 study by Stehberg  microinjection of the 

Cx43 HC specific blocking peptide TAT-Cx43L2 or gap27 into the basolateral amygdala 

resulted in amnesia to fear conditioning training (214). Interestingly, co-administration of 

these blocking peptides with a gliotransmitter cocktail including glutamate, glutamine, 

lactate, D- serine, glycine, and ATP restored fear conditioning memory. This effect was 

not observed when either peptide was injected several hours after training, indicating that 

Cx43 HCs participated in short term fear memory consolidation (214). While this study did 

not implicate a specific gliotransmitter in mediating the observed effects, it bolsters slice 

recording findings that implicate HCs in learning and memory. 

A little too excited: connexin and pannexin dysregulation and seizures 

Electrical synapses in seizures 

Seizures are characterized by aberrant hypersynchronous excitatory activity that 

may be localized to a specific population of neurons or generalized throughout several 

brain regions. Classically, seizure development is thought to occur when inhibitory 

GABAergic transmission is compromised or overwhelmed by glutamatergic activity. Under 

homeostatic conditions, a range of mechanisms exist that confer resistance to seizures, 

including principle cell inhibition and desynchronizing activity of GABAergic networks (401, 

403, 404). Damage to or dysfunction of these networks may be involved in seizure 

initiation and propagation (117, 120). 
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As the primary Cx isoform expressed in the adult CNS, Cx36 GJ-coupled 

GABAergic populations are critical for setting basal inhibitory tone in several brain regions 

(392, 403, 407, 412, 413), and may be indispensable to maintaining physiologic resistance 

to epileptiform activity. However, the contribution of Cx36—coupling to seizures remains 

uncertain due to disparate—and occasionally contrary—reporting. Studies utilizing global 

ablation of Cx36 GJs have yielded data indicating an anti-epileptogenic (432), pro- 

epileptogenic (433), and bystander (434, 435) role for these molecules. 

In support of an anti-epileptogenic function, Cx36—KO mice exhibit increased 

susceptibility to seizure induction in the pentylenetetrazol (PTZ) model of epilepsy (432). 

Consistent with these findings, pharmacological GJ blockade by CBX or quinine, which 

preferentially inhibits Cx36 and Cx50 (436), resulted in increased cortical epileptiform 

activity in organotypic slice culture using the low-Mg2+ model of seizure induction (437). 

Jacobson   hypothesize that this phenomenon may be the result of autoinhibition of 

GABAergic Cx36-coupled neurons (432). In this study, the authors suggest that although 

the electrical synapses responsible for excitation of linked inhibitory networks would be 

absent in Cx36—KO animals, GABAergic chemical synapses on nearby inhibitory 

interneurons would remain. The resulting inhibition of inhibitory cells could feasibly give 

rise to aberrant excitatory activity by failing to suppress collateral excitation of surrounding 

pyramidal neurons or providing feedback inhibition (432). This hypothesis is supported by 

lines of evidence that indicate that in Cx36—KO mice, hippocampal epileptiform activity 

induced by kainate exposure may be partially attributable to reduced GABAA receptor 

activity (438). 

In contrast, Maier   found that Cx36—KO hippocampi were less susceptible to 

seizures induced by the K+ channel inhibitor, 4-aminopyridine (4-AP)(433). Their 
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recordings from Cx36—KO slices showed less frequent spontaneous sharp wave events 

than wild type hippocampi with fewer and slower ripples. These data suggest that Cx36 

GJs help coordinate the excitatory hypersynchronization thought to generate sharp wave-

ripple complexes (439), with their activity becoming pathologic after 4-AP exposure. 

Surprisingly, while ongoing seizure-like events were reduced in Cx36—KO mice, a portion 

of the slices recorded from failed to exhibit any activity whatsoever in response to 100μM 

4-AP, indicating that Cx36 blockade could represent an effective method of managing 

seizures. Corroborating this, relatively selective Cx36 GJ inhibition by quinine or CBX 

application after 4-AP-induced seizures suppressed the amplitude of epileptiform activity 

and reduced involvement of the contralateral cortex in vivo (440). 

However, to qualify these results, although their summed ictal activity was lower 

than control animals, quinine treated rats displayed more frequent seizures of shorter 

duration. Additional complication in understanding Cx36-mediated activity in seizures 

comes from studies that find it dispensable to seizure initiation and resistance. Mefloquine, 

a quinine derivative inhibitor of Cx36 and Cx50 GJs at low doses (441), failed to elicit any 

change in seizure-like event amplitude, frequency, or duration in low Mg2+ and aconitine 

treated neocortical slice preparations from wild type mice compared control treated and 

Cx36—KOs (435). Similarly, in a 2011 study, Beaumont and Maccaferri (434) found that 

4-AP treated CA1 interneurons of Cx36—KO mice exhibit no difference in epileptiform 

GABAergic currents relative to wild type despite uncoupling of interneurons across 

hippocampal strata (434). Furthermore, the authors demonstrated that CBX, but not 

mefloquine, inhibits GABAA receptors independently of the allosteric regulatory site of 

benzodiazepines, calling into question the use of CBX to study Cx contributions to 

seizures. 
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The use of Cx36—KO mice also presents an important limitation in the study of 

epilepsy. In the low Mg2+ model of seizure, slices from these mice exhibit a GJ-

independent increase in picrotoxin-sensitive GABAergic augmentation (442). Wild type 

slices treated with mefloquine prior to seizure induction did not exhibit picrotoxin or 

etomidate-sensitive augmentation, indicating these effects were the result of 

compensatory changes in Cx36— KO animals. While differences in model may underlie 

the variegated findings in these reports, they also highlight the need for selective Cx36 

inhibitors in the study of electrical synapse dysregulation and its contribution to neuronal 

hyperexcitability. 

Inflammation, seizure, and pan-glial network gap junction dysregulation 

Pan-glial network maintenance of a sufficiently high seizure threshold in the 

homeostatic CNS relies on various GJ and non-GJ functions (213, 361). Spatial buffering 

of K+ and other metabolites released during periods of increased neuronal depolarization 

is critical to constraining hypersynchronous excitatory activity and reducing generalization 

of epileptiform bursting when initiated (163, 209, 211, 281, 345, 346). Astrocytes are 

central to the pan-glial network's ability to carry out this function and recent evidence 

illustrates that dysregulation of astrocyte Cx43 GJs may drive the pathogenesis of some 

human temporal lobe epilepsy. 

In a 2015 study from Bedner et al. (281), hippocampal astrocytes from surgical 

specimens of sclerotic hippocampi from epileptic patient anomalously expressed 

ionotropic glutamate receptors, but not glutamate transporters (281). In addition, dye 

loading experiments in these astrocytes revealed severely restricted diffusion of biocytin 

into neighboring cells, suggesting they had become uncoupled from the pan-glial network 
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(281). These results were replicated in vivo using the 3 month post- intrahippocampal 

kainate (KA) injection mouse model of epileptogenesis (281). 

In the same study, Cx43-eYFP labeled astrocyte uncoupling was induced by a 

single injection of KA and persisted for at least six months and preceded neuronal 

apoptosis (281). Astrocyte uncoupling was recapitulated in organotypic slice and in vivo 

by application of tumor necrosis factor α (TNFα), and interleukin (IL)-1β (281), which have 

been identified in serum and cerebrospinal fluid of epileptic patients (443). Interestingly, 

another study using 7 days post-intrahippocampal KA injection model showed an increase 

in dye coupling of hippocampal reactive astrocytes and an increase in GFAP and Cx43 

protein (164), indicating time-dependent changes in coupling of astrocyte GJs after 

seizure. 

Seizure activity could also be due to loss of oligodendrocyte Cxs and reduction of 

Cx43 expression as observed in inimmune-mediated mouse models of MS (357, 444). 

Furthermore, demyelinating MS lesions show evidence of GJ dysregulation, where 

inflamed white matter tracts and adjacent normal appearing tissue exhibit decreased Cx43 

expression and oligodendrocyte uncoupling from reactive astrocytes (224, 225). In 

addition, MS patients are three to six times more likely to develop epilepsy than the overall 

population (62). While the mechanism that predisposes a subset of these patients to 

seizures remains unclear, a recent study identified altered expression of the astrocytic 

water channel implicated in epileptogenesis, aquaporin (AQP)4 (445), and extensive 

infiltration of microglia/macrophages into the CA1 of mice that experienced seizures 

following chronic cuprizone (CPZ)-induced demyelination (60). However, although Cx47 

redistribution has been noted in CPZ demyelination (446), whether GJ dysfunction is 

etiologic in seizure development in this model is still unknown. 
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Transcriptomic analysis of Cx and Panx expression following seizure induction 

using a cobalt (Co2+) model of seizure genesis demonstrated significant upregulation of 

Panx1, Panx2, and Cx43 mRNAs and post-translational phosphorylation of Cx43 (447), 

which is associated with increased GJ open probability and seizure (366). Protein and 

mRNA changes were independent of Co2+ administration and required epileptiform 

discharges, since Co2+ application in the presence of tetrodotoxin, a voltage gated Na+ 

channel blocker, ablated transcriptome changes (447). 

Intracellular Ca2+ slow wave propagation and HC mediated purinergic signaling 

amongst GJ coupled astrocytes also influences seizure development (210, 232). In the 

low Mg2+ model of seizure, slow Ca2+ waves become synchronized across nearby 

astrocytes, which become paired to synchronized neurons during seizure-like events 

(232). This aberrant neuron-glial synchrony is GJ dependent, as CBX and anti-Cx43 

antibodies reduce epileptiform activity-induced Ca2+ slow wave coordination, increased 

interictal periods, and completely ablated seizures in a number of trials (232). However, 

this study does not distinguish between Cx43 GJs and HCs, so whether the observed anti-

epileptic effects of these molecules is due to inhibited Ca2+ second messenger exchange 

across coupled astrocytes or impaired gliotransmitter release remains to be demonstrated. 

Microglia, hemichannels, and inflammation 

Microglia express Cx32 and Cx36 under homeostatic conditions, but because 

microglia do not form heterotypic or homotypic GJs (448), their physiologic role remains 

unclear (449, 450). Research investigating microglial Cx and Panx HC function often 

occurs in the context of disease, where they have been implicated in excitotoxic 

glutamatergic signaling (223, 289, 451-453). Using organotypic slices, Adubara   

demonstrated that LPS application augments astrocyte Cx43 HC opening, resulting in 
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enhanced synaptic glutamate (223). The authors identified TLR4 activation by LPS, which 

triggers secretion of inflammatory mediators such as TNFα, inducible nitric oxide 

synthase, and IL-1β (454), was required for HC dependent glutamate release. 

Interestingly, fEPSP amplitude was suppressed in LPS treated slices despite increased 

synaptic glutamate, but was restored by blockade of Cx43 by gap26 or TNFα/IL-1β 

inhibitors IL-1RA and sTNF-αR1 (223). While decreased glutamatergic transmission and 

its recovery following IL-1RA administration may partially be explained by IL-1β's 

dampening effect on post-synaptic glutamate sensitivity (289), this study illustrates how 

microglia modify neuronal activity in pathology. 

Microglial Panx1 and Cx HCs also release purinergic signaling molecules under 

inflammatory conditions. In a 2015 report by Orellana et al., restraint stress increased 

hippocampal microglial, astrocyte, and neuronal ethidium bromide uptake, which was 

abrogated by application of the Panx1 HC blocking peptide 10panx1 but not Cx43 HC 

blockers (455). These changes in dye uptake were abolished by application of ionotropic 

purinergic receptor P2X7 and NMDAR antagonists, but not metabotropic purinergic P2Y1 

receptor blockade, and were accompanied by increased extracellular glutamate and ATP 

(455). This suggests that ionotropic purinergic signaling downstream of Panx1-mediated 

gliotransmitter release may be a vehicle of microglial HC dysfunction during inflammation, 

such as those generated by chronic stress (456). 

In addition to TLR4 ligands, microglial HCs open in response to inflammatory 

cytokines. Application of LPS or TNFα to primary microglia in vitro results in upregulation 

of glutaminase and glutamate release (453). Furthermore, supernatant from glutamate—

releasing microglial cultures induces downregulation of the astrocyte glutamate aspartate 

transporter, GLAST (452). Together, these results indicate that microglial HCs alter 
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extracellular glutamate concentration and astrocyte-dependent glutamate buffering in 

pathology. However, because in vitro models often lack the complex regulatory 

environment of the CNS, in vivo studies are required to validate these findings. 

Gap junction-mediated purinergic signaling in epilepsy 

 Like Cx and Panx HCs, the P2X7 ionotropic purinergic receptor is a relatively large, 

ATP- gated transmembrane channel permeable to molecules 800 kDa or smaller, 

including low to medium weight cations such as K+ and Ca2+ (457) and cytokines (i.e. IL-

1β) (458). Activation of NMDARs results in a burst of ATP release by synaptic and 

astrocyte-derived Panx1 and Cx43 HCs, respectively, that amplify depolarization (355, 

356, 425). Activity dependent ATP signaling is facilitated by Panx1 coupling to P2X7 in 

membrane complexes (459, 460), thereby ensuring that NMDAR activation is augmented 

by the ensuing purinergic drive. 

 Dysregulation of this interaction has been implicated in the pathogenesis of 

seizure, but evidence is highly model dependent. Increased Panx1 protein expression was 

detected in lobectomy specimens from epileptic patients, while Panx2 was decreased 

(461), indicating that purinergic signaling dysregulation may occur in these patients. 

Organotypic slice studies support this finding, showing that in the low Mg2+ model of 

seizure, blockade of Panx1 by CBX and NMDAR antagonists attenuated epileptiform burst 

frequency and amplitude (356). This suggests that feed-forward augmentation of NMDAR 

currents can initiate runaway seizure like activity. However, while the putative mechanism 

of epileptiform bursting is NMDAR activation in this model, synchronization of principle 

neurons GABAergic interneuron populations may have contributed to neuronal hyper 

synchronization through low Mg2+ sensitive Cx36 GJs (462). Thus, selective inhibition of 
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Panx1 HCs may be required to untangle specific contribution of Panx1 to seizures in this 

model. 

 Alternatively, P2X7—KO mice display augmented seizure susceptibility when 

challenged with the muscarinic agonist pilocarpine that is not attributable to changes in 

glutamatergic or GABAergic transmission (425). P2X7 or Panx1 blockade in wild type mice 

reproduced the decreased seizure threshold observed in knockout animals (425). 

Physiologic seizure resistance was restored in P2X7—KO mice by inhibition of 

intracellular Ca2+ release by the ryanodine receptor antagonist dantrolene (425). In 

contrast, P2X7 antagonism by JNJ-42253432 resulted in a less severe seizure profile in 

the kainate model of epilepsy, with decreased seizure severity, but not frequency in 

Sprague-Dawley rats (463). These studies suggest that purinergic signaling in epilepsy 

may be complicated by the choice of model and potentially species examined. Further 

research is required to fully illuminate how Panx1 function in seizures relates to the 

complex neuropathology observed in the epileptic CNS. 

Concluding remarks 

Evidence increasingly indicates that Cx and Panx GJs and HCs are critical to 

maintaining physiologic neuronal excitability, resistance to seizure, and may be central to 

hippocampus and amygdala based learning (209, 214, 355, 401). In GABAergic 

interneurons, Cx36 GJs allow for rapid and expansive inhibition via electrically coupled 

inhibitory syncytia that are calibrated to depolarizing activity (401, 403, 407). In glia, GJs 

link participants in the pan-glial network, which supports physiologic resting membrane 

potential through spatial buffering of K+ and constrains epileptiform bursting (163, 209, 

211, 281, 345, 346). Purinergic and glutamatergic gliotransmission, which continues to 
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accrue attention for its role in modifying neuronal activity, relies heavily on autocrine and 

paracrine signaling by Cx and Panx HCs (356, 425, 464). 

Inflammation-induced dysregulation of Cx GJs not only impacts glutamatergic 

neurotransmission (117, 120, 223, 289, 452, 453), but also underlies disorders of 

excitation, such as epilepsy (281). However, the role of Cx and Panx HCs in purinergic 

signaling and excitotoxicity remains conflicted, exhibiting a model-dependent effect on the 

result of ionotropic purinergic receptor activation (356, 425, 463). Furthermore, the 

contribution of microglial Cxs and Panxs to homeostatic or disease processes remains 

largely unknown. Apart from a handful of studies (223, 455), existing evidence regarding 

microglial HC and GJ function in pathology is restricted to in vitro work and focuses on 

TLR4 signaling (452, 453), which may produce artifacts not seen in vivo (448). 

An important limitation to many studies of individual Cx and Panx function is the 

lack of selective and specific GJ and HC inhibitors. Mimetic peptides and antibodies that 

inhibit Panx1 (10panx1) and Cx43 (gap26, gap27, and TAT-Cx43L2) HCs with relatively 

high selectivity are now available (Table 2). However, many of these peptides also inhibit 

GJs, making blockade of HCs or GJs alone difficult in situ (465). Additionally, peptides 

targeting other Cx and Panx isoforms have not been developed, making their study more 

arduous and reliant on knockout models. However, as the tools available for their study 

become more varied and available, the study of Cxs and Panxs is likely to more easily 

uncover the homeostatic and pathological properties of HCs and GJs. 
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Figure 1 ⏐ Connexin and pannexin structure and organization  A) Connexin 

and pannexin hemichannels are hexamers composed of six isoform subunits. Connexin 

hemichannels may be paired with homotypic or heterotypic hemichannels on adjacent 

cells to allow exchange of cytoplasmic contents up to 1.5 kDa as gap junctions. Pannexin 

hemichannels are not thought to form gap junctions due to N-linked glycosylation patterns. 

B, C) Connexins and pannexins are structurally and functionally homologous but have 

distinct amino acid sequences. Each subunit possesses four transmembrane domains 

linked by one intracellular and two extracellular loops. The carboxyl and amine terminals 

extend into the cytoplasm. The carboxyl tail is the site of regulatory modification and 

phosphorylation. C) Pannexin monomers are structurally related to connexins but 

glycosylation of the extracellular loop closest to the carboxyl terminal prohibits pannexin 

hemichannel assembly into functional gap junctions.  
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Figure 2 ⏐ The pan-glial network participates in regulating excitatory neuronal 

transmission through gap junction and hemichannel-mediated functions.  Connexin 

gap junctions control glutamatergic activity indirectly through generation of inward K+ 

currents & spatial K+ buffering, activity-dependent astrocyte Ca2+ slow wave propagation, 

and regulation of synaptic invasion by GLT-1 enriched astrocyte process. Model depicts 

coupling partners for homotypic and heterotypic glial GJs and their cellular expression. 

Cx43 and Panx1 HCs contribute to synaptic plasticity, inhibitory feedback, and 

glutamatergic tone by autocrine and paracrine release of synaptic gliotransmitters, 

including glutamate and ATP.  



 127 

 

Table 1 ⏐ Cellular distribution of Cx and Panx isoforms expressed by glia and neurons in 

the adult mammalian CNS. Astrocyte expressed Cx isoforms participate in HC-mediated 

gliotransmission and astrocyte-oligodendrocyte GJs within the pan-glial network. Cx36 

HCs are expressed by microglia under homeostatic conditions, while Cx32 and Cx43 are 

upregulated in response to inflammation. Oligodendrocyte Cx isoforms contribute to GJ 

coupling with pan-glial network members and between myelin layers. Neuronal Cx 

heterogeneity reflects CNS regional specialization. Panx1 HCs are found in all CNS 

populations listed, but Panx2 is only identified in neurons.  
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Table 2 ⏐ Summary of genetic and pharmacologic manipulations used to identify the 

function of specific Cx and Panx isoforms. Key results are indicated beside manipulation. 

Note that selective inhibitors are only available for HCs, but many will also block GJs over 

time (228).  
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