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Abstract

Multiple sclerosis and migraine with aura are clinically correlated and both show imaging changes 

suggestive of myelin disruption. Furthermore, cortical myelin loss in the cuprizone animal model 

of multiple sclerosis enhances susceptibility to spreading depression, the likely underlying cause 

of migraine with aura. Since multiple sclerosis pathology involves inflammatory T cell 

lymphocyte production of interferon-gamma and a resulting increase in oxidative stress, we tested 

the hypothesis that spreading depression disrupts myelin through similar signaling pathways. Rat 

hippocampal slice cultures were initially used to explore myelin loss in spreading depression, 

since they contain T cells, and allow for controlled tissue microenvironment. These experiments 

were then translated to the in vivo condition in neocortex. Spreading depression in slice cultures 

induced significant loss of myelin integrity and myelin basic protein one day later, with gradual 

recovery by seven days. Myelin basic protein loss was abrogated by T cell depletion, 

neutralization of interferon-gamma, and pharmacological inhibition of neutral 

sphingomyelinase-2. Conversely, one day after exposure to interferon-gamma, significant 

reductions in spreading depression threshold, increases in oxidative stress, and reduced levels of 

glutathione, an endogenous neutral sphingomyelinase-2 inhibitor, emerged. Similarly, spreading 

depression triggered significant T cell accumulation, sphingomyelinase activation, increased 
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oxidative stress, and reduction of grey and white matter myelin in vivo. Myelin disruption is 

involved in spreading depression, thereby providing pathophysiological links between multiple 

sclerosis and migraine with aura. Myelin disruption may promote spreading depression by 

enhancing aberrant excitability. Thus, preservation of myelin integrity may provide novel 

therapeutic targets for migraine with aura.
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Introduction

Migraine is a frequently occurring co-morbid condition with multiple sclerosis (MS). Recent 

clinical evidence indicates a two to three-fold increase in the frequency of migraine in men 

and women with MS compared to control patients.1,2 Similarly, brain imaging studies show 

an association between migraine and MS. Indeed, in a meta-analysis of magnetic resonance 

imaging (MRI) studies, Bashir and coworkers evaluated the relationship between migraine 

and white matter abnormalities, infarct-like lesions, and volumetric changes in grey and 

white matter regions as detected via MRI.3 They found that MRI signal changes were most 

strongly correlated with migraine with aura (MwA). Importantly, white matter abnormalities 

in particular were associated with MwA but not migraine without aura.3

Recent work in animals also supports a link between MwA and MS, and suggests a role for 

myelin and oligodendrocytes in both conditions. In the cuprizone-demyelination model of 

MS, Merkler and coworkers4 show enhanced velocity of spreading depression (SD), the 

most likely underlying mechanism of migraine aura and related headache pain.5–9

Demyelination and impaired remyelination in MS and experimental autoimmune 

encephalomyelitis (an animal model of MS), involve increased production of interferon-

gamma (IFNγ) and oxidative stress (OS) as defined by the excessive generation of oxidants 

in relation to the availability of antioxidants.10 Like MS, SD increases IFNγ11 and OS12–14 

levels in susceptible brain tissue. Although SD is not accompanied by irreversible neuronal 

injury,15 it is nevertheless a massive perturbation of brain tissue that, when recurrent, may 

play a role in the conversion of episodic to high frequency and chronic migraine.16

Based on aforementioned considerations, we hypothesized that SD disrupts myelin via IFNγ 

signaling and increased OS. Quantitative real-time PCR assay for gene expression analysis 

suggested that SD induces slice culture mRNA changes that are consistent with the presence 

of T cell lymphocytes, and such findings were confirmed by immunostaining for CD6 and 

IFNγ positive cells. The presence of T cells in mature hippocampal slice cultures provided 

an in vitro neural preparation that enables the necessary microenvironmental control to test 

our hypothesis. Using this model, we show that SD disrupted myelin sheaths and caused 

significant, albeit transient, loss of myelin basic protein (MBP), which resolved over the 

course of 7 days. Removal of T cells (which prevented secretion of IFNγ) and 

pharmacological inhibition of nSMase2 abrogated the loss of MBP. Similarly, SD in 
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neocortex in vivo triggered significant T cell accumulation, sphingomyelinase activation, 

increased OS, and reduction of both grey and white matter myelin. Aspects of these results 

have appeared in preliminary abstract form.17,18

Materials and Methods

Animal Use

Animal procedures were approved by the University of Chicago Animal Care and Use 

Committee, and were conducted in accordance with the guidelines published in the Guide 

for Care and Use of Laboratory Animals (2011). Wistar rats were obtained from Charles 

River.

We model SD (i.e., MwA) in hippocampal slice cultures and translate the findings to the in 

vivo condition using neocortical SD in rats. The rationale of this strategy is based on the fact 

that SD is a well-conserved neural circuit phenomenon that has been demonstrated in a wide 

array of grey matter structures and in a wide range of animal species8,19,20 In each instance, 

the defining electrical characteristics of SD are analogous. Furthermore, microenvironmental 

conditions in hippocampal slice cultures can be accurately controlled, the cultures are long-

lived, and they retain a functionally intact tri-synaptic loop. Thus, the consequences of 

synaptically-induced SD (as well as interventions to prevent SD) can be studied for days to 

weeks after SD induction. Also, these cultures retain a neurovascular unit,21 neuronal 

vitality after SD,22 and quiescent astrocytic23 and microglial states,24–28 as well as 

astrocytic and microglial reactivity to SD24,26–28 and pro-inflammatory cytokine changes11 

like those seen in vivo. Of special importance to our work here, SD in hippocampal slice 

cultures induces OS like that seen in the neocortex after SD. Furthermore, abrogation of OS 

by pretreatment with insulin-like growth factor-114 or interleukin-1128 equivalently 

abrogates SD in hippocampal slice cultures in vitro and neocortex in vivo.28,29

Culture preparation and maintenance

While brain slice cultures are a well-accepted biological preparation used to model 

neurological disease in vitro, their use for SD/migraine research has lagged behind, perhaps 

due to difficulties in reproducibly evoking SD in slice cultures. Our lab has overcome this 

impediment and established a long-lived and highly reproducible model of SD in 

hippocampal slice cultures, in part, by allowing cultures to mature in vitro.

Hippocampal brain slice cultures are especially well-suited as an in vitro model to study the 

reaction of neural tissue to brain disease. Although they are deafferented, hippocampal slice 

cultures show typical regional and cellular form and function, consistent with those observed 

in vivo. Importantly, microenvironmental conditions in slice cultures can be accurately 

controlled over extended periods of time. For these reasons, we used hippocampal slice 

cultures for proof-of-principle studies that were then translated to the in vivo condition.

We have detailed the specifics of how to grow, maintain, and elicit SD in mature 

hippocampal brain slice cultures elsewhere.28 These methods involve enhanced prenatal 

care 28,30–32 and, once cultures reach maturity, maintenance in a serum-free medium to 

avoid confounding effects of serum constituents. When evoking SD, serum-free medium 
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gassed with 5% carbon dioxide/balanced air was used in lieu of the standard Ringer’s 

solution gassed with excessive levels of oxygen, which would promote epileptiform 

behavior.22

Untimed pregnant Wistar female rats (12 total pregnant female rats, ten pups per litter; 

Charles River Laboratories, Wilmington, MA) were single-housed with Enviro-dri paper 

bedding (Shepherd Specialty Paper, Hubbard, OR) and Nestlets (#NES3600; Ancare, 

Bellmore, NY). We prepared 350 µm hippocampal slice cultures from Wistar rat pups (P9-

P10) of either sex. Slice cultures were initially maintained in a horse serum-based 

medium,33 then transferred to serum-free medium after 18 days in vitro, and used for 

experiments between 21–35 days in vitro.13,14,1718,24,28–32 Slice cultures were tested at 21 

days in vitro and showed ≥ 95% vitality28,30,31 as evidenced by the dead cell marker Sytox 

(#S-34860; Invitrogen, Carlsbad, CA).22

Several steps in our use of hippocampal slice cultures are important to reliably evoke SD in 

this preparation. First, we enrich the environment of pregnant rats. This enhances slice 

culture vitality from 80–85% to ≥ 95%.32,34,35 Second, we allow cultures to mature in vitro 

for at least 21 days before use, as opposed to using them at 8–13 days. This prevents 

triggering spreading depolarizations or seizures,34,35 which would preclude induction of SD. 

Third, cultures are initially grown in serum-supplemented medium and then transferred to a 

serum-free medium after 18 days in vitro. Fourth, we have shown that cultures require at 

least 15 mM glucose.22 Our habit is to use 42 mM glucose, as originally described for 

preparation of brain slice cultures.33 Fifth, we do not expose cultures to oxygen levels above 

that found in room air (~21%), as this tends to provoke seizures which prevents induction of 

SD.22 Sixth, we do not use penicillin/streptomycin since this antibiotic combination, 

provokes seizure activity,22 whereas, gentamycin does not. Seventh, physiological 

recordings (as well as all manipulations) are completed while cultures are exposed to serum-

free medium, not Ringer’s, since the latter reduces culture vitality if used for extended 

periods. Eight, our serum-free medium contains glutathione, in addition to cysteine, glycine 

and glutamate which are essential to maintain cellular glutathione levels. The medium also 

contains ascorbate and tocopherols and the antioxidant enzymes catalase and superoxide 

dismutase, as noted in the work of Grinberg and coworkers from our lab (Gemini 

BioProducts Material Data Safety Sheet; Brewer et al., 1993).13,14

Experimental manipulations in slice cultures

Spreading depression—SD was induced in a static, interface-recording configuration as 

previously described.13,14,17,2428 All recordings were made at the genu of the CA3 

interstitial pyramidal neuron area using 2–4 µm tip diameter micropipettes filled with 150 

mM sodium chloride. First, the normalcy of slice electrophysiological behavior was 

confirmed by monitoring the interstitial field potential responses to bipolar dentate gyrus 

electrical stimulation (100 µs pulses at ≤ 0.2 Hz and 5–20 µA). Slices with CA3 field post-

synaptic responses ≥ 3mV were used for experiments.

Second, SD was induced by a uniform injection of current [i.e., 10 pulses, 10 Hz (100 µs/

pulse)] at 1,000 uA (i.e., 1,000 nC) as previously described.13 We have established the 

typical threshold of current delivery needed to evoke slice culture SD in prior 
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experiments.13,28 For example, threshold was determined by progressively doubling the 

amount of applied current [10 pulses, 10 Hz (100 µs/pulse)] beginning with that needed to 

trigger a half-maximal field potential response from a single stimulus. Currents for SD 

threshold were applied no faster than once every three minutes and ranged from 10–10,000 

µA (10–10,000 nC). The latter current was the highest we were able to apply and does not 

necessarily indicate a current that successfully induced SD (i.e., SD threshold). This 

stimulation strategy was used for experiments reported in Figure 2C.13,28 As reported 

previously,14 we chose a non-injurious and uniform ~10-fold increase in current injection of 

1,000 uA (i.e., 1,000 nC) as a stereotypic stimulus to reliably trigger recurrent SD.

For experiments in Figure 1, Table 1 and Figure 3, six SDs were triggered every 7–9 

minutes over an hour to elicit robust SD-related responses. As previously noted,14 we use a 

repetitive epoch of SDs to model high frequency and chronic migraine in order to replicate 

the hyperexcitable phenotype seen in the brain of migraineurs.36–40

Control slice cultures were placed in electrophysiological recording unit for one hour, with 

evoked standard field potentials instead of SD.

T cell lymphocyte depletion—T cells in slice cultures were depleted via incubation with 

a neutralizing dose (10 µg/mL) of anti-CD4 (mouse anti-rat; clone OX-38; isotype IgG2a) 

antibody (#MCA372G; AbD Serotec, Oxford, UK) at nine days in vitro for three days. 

Control cultures were treated with mouse IgG2a isotype control (#MG2a00; Invitrogen). T 

cell ablation was confirmed by immunostaining slices for presence of CD6-positive cells 

(see below) versus isotype control-treated cultures. Slice viability was assessed prior to use 

at 21 days in vitro, using the dead-cell fluorescent marker Sytox as previously described.22 

Anti-CD4 treatment did not elicit any evidence of neural cell death (data not shown).

Interferon gamma treatment—Recombinant rat IFNγ (#585-IF; R&D Systems, 

Minneapolis, MN) was used at a physiological dose of 500 U/mL (0.5 µL/mL). 500 U/mL 

did not result in any evidence of cell injury in slice cultures as measured via Sytox, yet was a 

sufficient stimulus to initiate an adaptive response.41 Slices were exposed to IFNγ for the 

indicated amounts of time, then fixed for immunostaining or harvested for protein 

extraction.

Neutral sphingomyelinase-2 inhibition—GW4869 (#567715; Calbiochem, La Jolla, 

CA), a specific nSMase2 inhibitor, was used at 10 µM in recording medium.42 For 

determination of MBP changes after SD, slices were pre-incubated with GW4869 for one 

hour, followed by induction of six SDs in normal medium. The slices were then returned to 

GW4869-containing serum-free medium for 24 hours before being harvested for protein 

extraction. For evaluation of MBP levels after stimulation with IFNγ, cultures were pre-

incubated with GW4869 for one hour then transferred to serum-free medium containing 

both GW4869 and IFNγ (500 U/mL) for 24 hours. Slices were then washed and transferred 

to GW4869-containing serum-free medium for one day before harvest for protein extraction.
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Electron microscopy

Fixative for electron microscopy (EM) as previously described30,31 consisted of the 

following: 4% paraformaldehyde, 2.5% glutaraldehyde, and 0.1 M sodium cacodylate buffer 

(pH 7.4). Slice cultures were fixed at room temperature for 10 minutes followed by 

overnight fixation at 4°C before embedding and sectioning. Whole animals were 

anesthetized with ketamine/xylazine (80 mg/kg and 7.5mg/kg respectively, delivered by 

intraperitoneal injection) and euthanized by intracardiac perfusion with room temperature 

solutions of 0.1 mL 0.05% EDTA/saline, followed by 250mL of saline and finally 250 mL 

of EM fixative. Brains were removed and post-fixed at room temperature for 10 minutes 

followed by overnight fixation at 4°C before embedding and sectioning. EM for 

visualization of myelin sheath integrity was performed from slice cultures sectioned 

perpendicular to Schaffer collateral and CA1 output axons at CA3, and rat brains were 

sectioned at a 45 degree angle to the vertical of the transverse axis at the paramedian 

neocortex (~ 4 mm caudal to Bregma). Images were acquired using the University of 

Chicago Electron Microscopy Core Facility, and the extent of myelin disruption was 

quantified (i.e., the number of cells with myelin disrupted per total cells counted).

Gene expression studies

Tissue collection—Samples were collected and processed as previously described.43,44 

Briefly, slice culture inserts were submerged in 3 mL RNAlater (#AM7021; Ambion, 

Carlsbad, CA). The CA3 hippocampal region was dissected out of slices with a glass knife 

(#10100-00; Fine Science Tools, Foster City, CA), and harvested in 1 mL of cold sterile 

PBS in RNase/DNase free 1.5 mL microcentrifuge tubes. PBS supernatant was then 

removed and slices resuspended in 500 µL of cold TRIzol reagent (#15596026; Ambion). 

Samples were incubated for five minutes at room temperature, then used immediately or 

stored at −80°C. Total RNA isolation was performed using a combination of TRIzol and 

Qiagen’s RNeasy Micro Kit columns (#74004; Qiagen, Valencia, CA). Quantification of 

RNA was performed using RiboGreen (#R-11491; Invitrogen) according to the 

manufacturer’s protocol.

qPCR—Inflammatory cytokine expression after SD versus control was assayed via PCR 

arrays directed against a focused panel of genes involved in inflammation (RT2 Profiler™ 

PCR Array #PARN-011A, PARN-021A; SABiosciences, Frederick, MD) run on a real-time 

iCycler™ PCR platform (Bio-Rad, Richmond, CA). Briefly, cDNA was synthesized using 

RT² first strand kit (#C-03; SABiosciences), and real-time PCR was performed using 

SuperArray RT2 SYBR Green qPCR Master Mix (#330510; SABiosciences). 

Thermocycling protocol was as follows: 95°C for 10 minutes, followed by 40 cycles of 

amplification at 95°C for 15 seconds, 60°C for 60 seconds. Melting curves were run for all 

plates. Relative gene expression normalized to ribosomal protein L13a (Rpl13a) was 

calculated using the RT2 Profiler PCR Array Data Analysis version 3.4 software 

(SABiosciences). Fold changes of greater than two were taken to be significant.43–45 For 

assaying IFNγ in slice cultures, which contain ~50 T cells each, cDNA was pre-amplified 

using the RT2 PreAMP cDNA (#PBR-011A; SABiosciences) and a real-time rat IFNγ 

primer assay (#PPR45050C; SABiosciences).
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Immunohistochemical and histochemical staining

Slice cultures were fixed and processed for immunohistochemical staining as previously 

described43 with few modifications. Briefly, slices were fixed overnight in periodate-lysine-

paraformaldehyde fixative.46 The next day, slices were rinsed in PBS and then incubated in 

95% acetic acid/5% ethanol for 20 minutes. Negative controls in all experiments excluded 

incubation with the primary antibody. After blocking in 10% goat serum (#16201-064; 

Gibco, Grand Island, NY), slice cultures were incubated with primary antibody overnight at 

4°C. After 3 rinses in PBS, slices were incubated in secondary antibody for one hour at 

room temperature and staining was visualized with 3,3’-diaminobenzidine (#D8001-1G; 

Sigma-Aldrich, St Louis, MO), cleared and coverslipped using Permount (#SP15100; Fisher 

Scientific, Fair Lawn, NJ). Sections were stained using anti-MBP (#18-0038; Zymed), or 

anti-IFNγ (#ARC4033; Invitrogen), followed by the appropriate HRP conjugated secondary 

antibody [anti-rabbit (#G21234; Invitrogen) and anti-mouse (#G21040; Invitrogen), 

respectively]. For IFNγ staining, slice cultures were pre-treated with lipopolysaccharide (10 

µg/mL x 24 hours; #L4774; Sigma) to stimulate T cells.

MBP immunostaining was quantified using digital imaging strategies to assess integrated 

optical density.46 The area of interest was restricted to the CA3 pyramidal neuron layer as 

illustrated in Figure 2, but using bright field illumination with details described below for 

glutathione quantification.

T cell fluorescent immunohistochemical staining followed the same procedures as above, 

staining with anti-CD6 (#MCA339R; AbD Serotec; a pan T cell marker) followed by 

fluorescent secondary antibody (#A-11001, Goat anti-mouse IgG; Invitrogen). Slides were 

coverslipped using ProLong Gold Antifade reagent (#P36930; Invitrogen).

Microglia were labeled after fixation with 10% phosphate buffered formalin (#SF100-4; 

Fisher Scientific) using the fluorophore-tagged isolectin-GS-IB4 (#I21411 from Griffonia 

simplicifolia, Alexa Fluor® 488 conjugate; Invitrogen).24

Western blots

Expression of MBP in hippocampal slice culture samples was evaluated using standard 

SDS-PAGE and immunoblotting procedures. Briefly, equal amounts of total protein (20 µg) 

hippocampal slice culture homogenates were loaded to SDS-PAGE gels for separation, 

transferred to nitrocellulose membrane, and immunolabeled for MBP (#NBP1-05203; 

Novus Biologicals, Littleton, CO) with β-actin (#A5316; Sigma-Aldrich) as a loading 

control. β-actin was chosen as a loading control, as its protein levels do not change with 

spreading depression (unpublished observation). Blots were visualized by standard 

chemiluminescence and densitometric quantification performed with Quantity One 1-D 

Analysis Software (#170–9600; Bio-Rad). MBP was quantified using all three bands: 21.5, 

18.5, and 17.2 kDa.

Oxidative stress quantification

CellROX Deep Red Reagent (#C10422; Invitrogen), a cell-permeant fluorogenic probe, was 

used as previously described to assess OS.13,14 Slices were exposed to IFNγ (500 U/mL × 
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12 hours) as an initial OS-producing stimulus, then incubated for one hour with CellROX 

(acute OS response). CellROX fluorescence intensity was quantified via digital imaging 

strategies as described below. A standardized area of interest at the CA3 pyramidal neuron 

layer was used for all quantifications.

Protein carbonyl quantification

A Protein Carbonyl Content Assay Kit (#ab126287; Abcam, Cambridge, MA) was used 

according to manufacturer’s protocol for measurement of protein carbonylation as a readout 

of OS in rat brains after whole animal SD. Briefly, protein was extracted from the neocortex 

of animals exposed to KCl-induced SD or controls using RIPA buffer as previously 

described.30 Protein homogenate was treated with Streptozocin to remove any nucleic acid 

contaminates and reacted with 2, 4-Dinitrophenylhydrazine, followed by quantification of 

the acid hydrazones at 405 nm. BCA assays (#23225; ThermoFisher Scientific, San Jose, 

CA) were simultaneously run and a standard curve constructed for the calculation of protein 

carbonyl content based on optical density.

Glutathione quantification

ThiolTracker (#T10095; Invitrogen) is a fluorescent dye that reacts with reduced thiols in 

intact cells and thus is an excellent marker for glutathione, which is the most prevalent 

cellular thiol.47 Procedures for staining followed those of the manufacturer, modified for use 

with hippocampal slice cultures. ThiolTracker was dissolved in dimethyl sulfoxide (2 mM) 

and used at 20 µM in a thiol-free solution. Briefly, cultures inserts were dipped into three 

separate 60 mm culture dishes containing 10 mL/each of Gey’s balanced salt solution 

[(#G9779; Sigma) supplemented with 7.25 mL 45% glucose (#G8769; Sigma)] to remove 

extracellular thiols. Inserts containing cultures were then incubated in Gey’s supplemented 

with glucose and containing ThiolTracker pre-equilibrated to normal incubation conditions 

which was continued for 30 minutes. Inserts were then washed again as described above and 

fixed in 10% phosphate buffered formalin at 4°C overnight, mounted, and coverslipped as 

described above for fluorescence immunostaining procedures.

Glutathione was quantified using a self-calibrating sensitive CCD digital imaging system 

consisting of a QuantEM-512SC camera (Photometrics, Tucson, AZ), electronic shutter 

(Lambda SC Smart Shutter; Sutter Instruments, Novato, CA), standard 100 watt Hg light on 

a DMIRE2 inverted microscope (Leica Microsystems Inc., Buffalo Grove, IL) at 20x gain. 

A standardized area of interest at the CA3 pyramidal neuron layer was used for all 

quantifications. Resultant digital images were thresholded to a range applied to all images 

and the average optical intensity registered using MetaMorph software (ver. 7.5.4.0; 

Molecular Devices, Sunnyvale, CA).

Representative confocal images of control microglia-ThiolTracker staining were acquired 

using a Leica TCS SP5 II AOBS laser scanning confocal microscope (University of Chicago 

Integrated Microscopy Core Facility). Imaging section thickness was 772 nm to reduce 

potential cell body overlap. Images were acquired at 63x gain (1024 × 1024 pixels @ 12-

bit). Alexa Fluor® 594 tagged isolectin excitation/emission parameters were 561/576–655 

nm and while those for ThiolTracker were 488 nm/510–533 nm.

Pusic et al. Page 8

Exp Neurol. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Whole animal electrophysiology

Whole animal SD recordings were completed using aseptic techniques, as previously 

described46,48,49 and recently updated.28 Briefly, male Wistar (300–400 gm) rats were 

anesthetized with isoflurane in oxygen (5% induction, 3% during surgical procedures, and 

2–3% during recordings) via an inhalational mask and mounted in a standard table-top nose 

clamp with ear bars and kept warm with an overhead infrared lamp to keep core temperature 

at 37°C. Eyes were coated with Artificial Tears (#17478-062-35; Akorn, Lake Forest, IL) 

and the head shaved and cleansed with Betadine (Purdue Pharma, Stamford, CT). Next, 0.05 

mL Bupivacaine (#0409–4272-01; Hospira, Lake Forest, IL) was injected subcutaneously to 

both sides of the surgical site, and a midline scalp incision was made from just behind the 

eyes to the lambdoid suture area. Two 1–2 mm craniotomies were made: a stimulation 

craniotomy at −2.0 mm from Bregma and 1.5 mm to the left of the sagittal suture, and a 

recording craniotomy at −6.0 mm from Bregma and 4.5 mm lateral to the sagittal suture. 

Craniotomies were performed under saline cooling and without damaging the underlying 

dura.

Anesthetized animals were then transferred to a stereotaxic recording setup where gaseous 

anesthesia (1.5–2.0% isoflurane remainder oxygen), oxygen monitoring, and warming were 

continued. The skull was warmed (37°C) directly with sterile saline superfusion. For 

interstitial DC recordings, a 2–4 µm tip microelectrode was placed 750 µm below the pial 

surface with a Canberra micromanipulator (Narishige, Long Island, NY) and recordings 

begun using an Axoprobe A1 amplifier system and Digidata 1440A analog-digital 

conversion board. For KCl-induced SD threshold measurements, a microelectrode with tip 

broken to 8–12 µm (1.0 mm outside diameter, 0.58 mm inside diameter; Sutter Instrument, 

Novato, CA) and filled with 0.5M KCl was positioned 750 µm below the pial surface. 

Micro-injections of KCl were administered via pressure from a Picospritzer-II electronic 

valve system (Parker, Hollis, NH), whose injection periods were registered directly to the 

permanent digital recording of SD induction.

In prior experiments, injection electrodes were raised immediately after SD induction and 

moved into a microscope slide with depression wells (ThermoFisher Scientific) filled with 

light 3-In-ONE oil (WD-40 Company, San Diego, CA). KCl injections were then repeated 

into oil and volumes calculated from diameter measured using a compound microscope 

fitted with an optical micrometer within an eye piece.28,29 Here, we increased this nL 

volume by 2–3 fold to reliably evoke six SDs. Right neocortex, which did not experience 

SD, was used for control measurements.

Neutral Sphingomyelinase Assay

nSMase2 activity in rat brain was determined using a Neutral Sphingomyelinase Assay Kit 

(#K-1800; Echelon, Salt Lake City, UT) according to the manufacturer’s protocol. Briefly, 

brain tissue was homogenized in cold lysis buffer (1% Triton X-100, 150 mM NaCl and 25 

mM Tris-HCl, pH 7.4). Samples were diluted to 250ng/µL and 100µL (25 µg) was incubated 

with Reaction Mixture (5x Enzyme Mix, DAOS, Sphingomyelin, Choline Oxidase, 

Sphingomyelin Reaction Buffer [0.05 M Tris-HCl, 10 mM MgCl2, 0.66 mM CaCl2, pH 
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7.4]) at 37°C with agitation for four hours, then read at 595 nm. Data was analyzed using 

GraphPad Prism (v.6.0; GraphPad Software, Inc. San Diego, CA).

Statistical methods

Data were analyzed using SigmaPlot software (v. 12.5; Systat Software, San Jose, CA). All 

data were subject to normality testing (p-value to reject: 0.05), equal variance testing ( p-

value to reject: 0.05), and power (1-β: > 0.8). Controls in each experiment were set to 1.0 

with experimental data scaled proportionally to better allow inter-experiment comparisons. 

Molecular biological data (mRNA and Western blot protein) analyses included two technical 

replicates per experimental measurement. All experimental groups consisted of biological 

replicates of n ≥ 3. All experimental samples were compared to age-matched controls (or 

contralateral neocortical controls). Statistical tests are noted in the figure legends.

Results

Myelin disruption from spreading depression in vitro

The effect of SD on astroglia and microglia are well-recognized. SD evokes a transient 

astrogliosis that lasts weeks,11,48 and also activates microglia.13,14,24,26,27,46,50 SD can shift 

the cell fate of progenitor NG2 cells from oligodendrogenesis to astrogenesis,51 but little is 

known about the effect of SD on oligodendrocytes. As a first approach to the latter, we 

focused on IFNγ and OS effects on myelin.

SD was elicited in slice cultures (Fig. 1A). Western blots (Fig. 1B) show that SD elicited a 

significant initial loss of MBP that progressively recovered to control levels by seven days 

after SD. Specific values were: Control: 1.00 ± 0.05 (n = 14); one day: 0.54 ± 0.05 (n = 5); 

three day: 0.76 ± 0.07 (n = 4); and seven day: 1.00 ± 0.04 (n = 18).

The loss of MBP was reflected in a significant disruption of the myelin sheath, as evidenced 

via electron microscope images. Little indication of myelin sheath disruption was seen in 

control culture images (Fig. 1C). In contrast, one day after SD, there were frequent 

disruptions consisting of splitting of myelin lamellae at intraperiod lines between major 

dense lines, consistent with that seen in experimental autoimmune encephalomyelitis 52,53 

(Fig. 1D). However, seven days after SD the disrupted myelin sheaths had recovered. The 

extent of myelin damage was quantified from EM images by counting the number of axons 

with myelin disruptions per total cells counted (Fig. 1E) [Specific values: Control: 1.00 ± 

0.22; one day after SD: 2.53 ± 0.02; seven days after SD: 1.14 ± 0.11 (ten images per slice, 

n = 3 slices /group)]. Similarly, densitometric assessment of immunostaining intensity for 

MBP in the CA3 area of slice cultures (ten images per slice, n = 3 slices /group) showed SD 

triggered a significant loss of MBP after one day [with specific values of 1.00 ± 0.20 and 

0.11 ± 0.02] (Fig. 1F–H). Similar reductions in MBP immunostaining after SD were seen, 

though not quantified, in other hippocampal slice regions.

T cell/IFNγ-mediated effects of spreading depression involve sphingomyelinase

Considering the extensive evidence for involvement of T cells/IFNγ in central nervous 

system demyelination, including gray matter demyelination,54 we probed slice cultures for 
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the presence of T cells, which can survive for months.55 A quantitative real-time PCR assay 

for inflammatory cytokine gene expression revealed that several mRNA species indicative 

of the presence of T cells45 increased 2.5–11.0 fold three hours after six SDs (Table 1).

Next, we verified the presence of T cells and their production of IFNγ in hippocampal slice 

cultures. Immunostaining for CD6 (a pan T cell marker not expressed on CNS cells), 

revealed an average of 52 ± 6 T cells (n = 9; Fig. 2A) per slice culture. This is a seemingly 

small number compared to the ~100,000 cells that constitute each slice (estimated from total 

RNA/slice assuming 5–20 pg/mammalian brain cell24,56), but they are able to produce 

biologically relevant products. These cells could be functionally activated by 

lipopolysaccharide to secrete IFNγ (Fig. 2B) and thus influence slice culture activity. 

Relative cell counts (from ten images per slice) were: Control: 1.00 ± 0.12 (n = 3) and after 

lipopolysaccharide stimulation: 1.98 ± 0.13 (n = 7).

SD reduces the threshold to subsequent SD,13,14 an effect that involves increased expression 

of tumor necrosis factor-alpha (TNFα) and OS.14 Application of IFNγ to naïve slice cultures 

for 24 hours mimicked effects seen following SD, increasing brain slice excitability and 

OS.57 One day after continuous exposure to IFNγ, SD threshold was significantly reduced (n 

= 5/group) from 1.00 ± 0.09 to 0.05 ± 0.01 (Fig. 2C). Similarly (n = 5/group), after three to 

seven hours of continuous exposure to IFNγ, slice culture OS was significantly increased 

from 1.00 ± 0.07 to 1.50 ± 0.27 (Fig. 2D–G). This increased OS was reflected in reduced 

slice culture levels of the antioxidant glutathione, as measured via ThiolTracker (Fig. 2H–

K). Specifically: Control: 1.00 ± 0.08 (n = 12) and IFNγ-exposed: 0.66 ± 0.07 (n = 9). 

Changes in glutathione levels were most evident in microglia (Fig. 2J).

Since IFNγ stimulates the release of TNFα from microglia,58 and TNFα treatment 

significantly decreases MBP levels in slice cultures [Control: 1.00 ± 0.05; TNFα: 0.65 ± 

0.07 (n =6/group)], next determined whether IFNγ itself influenced slice culture MBP 

levels. Exposure to 500 U/mL IFNγ for one day triggered a significant decline in MBP that 

was amplified by inclusion of TNFα [Control: 1.00 ± 0.17; IFNγ: 0.70 ± 0.10; IFNγ + 

TNFα: 0.32 ± 0.05 (n = 6/group)] (Fig. 3A). Furthermore, continuous exposure to IFNγ led 

to a significant (p ≤ 0.001) and progressively severe decline in MBP (n = 6/group: three 

days: 0.45 ± 0.04; seven days: 0.18 ± 0.05; data not shown).

We next incubated slice cultures with anti-CD4 antibody to deplete T cells.59 

Immunostaining for CD6 confirmed that the neutralizing antibody significantly (p < 0.001) 

ablated T cells [Control: 1.00 ± 0.10 (n = 11); anti-CD4: 0.08 ± 0.02 (n = 5)]. Mouse IgG2a 

(isotype control) had no impact on T cell counts. Anti-CD4 treatment also dramatically 

reduced IFNγ mRNA three hours after 6 SDs. While SD in untreated cultures (n = 6/group) 

triggered a 4.65-fold rise in IFNγ compared to controls, SD in anti-CD4 treated slices (n = 3/

group) resulted in a two-fold reduction in IFNγ compared to controls (anti-CD4 treatment 

without SD), indicating a baseline presence of IFNγ-secreting T cells. Application of anti-

CD4 antibody for removal of T cells had no impact on MBP when there was no exposure to 

SD, and prevented the drop in MBP normally seen one day after SD [Control: 1.00 ± 0.18 (n 

= 3); anti-CD4: 0.79 ± 0.16 (n = 3); anti-CD4+SD: 0.87 ± 0.08 (n = 3)] (Fig. 3B). Finally, 

since TNFα activates nSMase242,60 which promotes demyelination, we examined how 
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pharmacological inhibition of nSMase2 activity (via GW4869)61 impacted MBP loss from 

SD. Pretreatment with GW4869 prevented the drop in MBP seen after SD or with 24 hour 

IFNγ treatment [Control: 1.00 ± 0.11 (n = 9); GW4869: 1.34 ± 0.16 (n = 8); GW4869+SD: 

1.30 ± 0.11 (n = 3); GW4869+IFNγ: 0.79 ± 0.15 (n = 5)] (Fig. 3C), indicating that TNFα 

acts through nSMase2 to damage myelin. GW4869 alone had no impact on MBP levels.

Myelin disruption from spreading depression in vivo

The above in vitro results could be recapitulated in vivo. Exposure to six recurrent 

neocortical SDs (Fig. 4A) resulted in significant structural disruption of myelin one day 

later, as demonstrated by EM [Control: 1.00 ± 0.12 ; SD: 3.35 ± 0.34 (ten images per 

animal, n = 3 animals /group)] (Fig. 4B–D). There was also a significant increase in 

neocortical nSMase activity one day later [right, control neocortex: 1.00 ± 0.22; left, SD-

exposed neocortex: 1.60 ± 0.09 (n = 4 animals/group)] (Fig. 4E). Similarly, six neocortical 

SDs significantly reduced MBP immunostaining in grey matter (Fig. 4F–H), and 

importantly, in underlying white matter of the lateral corpus callosum (Fig. 4I–K), as a 

representative zone of white matter myelin. Specific values, measured via densitometry 

were: Control: 1.00 ± 0.06 versus SD: 0.36 ± 0.06 in neocortical grey matter, and Control: 

1.00 ± 0.01 versus SD: 0.53 ± 0.07 in corpus callosum (ten images per animal, n = 4 

animals /group). Finally, we found that similar to seizures,62 SD increased CNS recruitment 

of lymphocytes. Immunostaining for CD6 (Fig. 4L–N) revealed significantly increased T 

cell counts in SD-exposed neocortex [Control: 1.00 ± 0.03, SD: 2.29 ± 0.25 (ten images per 

animal, n = 3 animals /group)]. Furthermore, exposure to SD significantly increased 

production of IFNγ (Fig. 4 O–Q) by these cells [Control: 1.00 ± 0.19, SD: 6.90 ± 0.06 (ten 

images per animal, n = 3 animals /group)], suggesting that SD increases CNS infiltration of 

activated T cells in vivo.

Discussion

The present findings reveal that both in vitro and in vivo, SD triggered transient disruption 

of myelin that resolved a week later. This damage involved production of IFNγ by T cells 

and was accompanied by increased OS, glutathione depletion, and activation of nSMase2. 

MS also shows evidence of these changes, which begins to provide a pathophysiological 

link for clinical evidence correlating disruption of myelin in patients suffering from MwA 

and MS.1–3

The literature provides precedent for our observations, reporting a similar transient 

disruption of myelin in response to a variety of insults. One study shows similar 

ultrastructural damage to myelin sheaths and loss of MBP following hippocampal seizure.63 

Another reports loss of MBP in hippocampus 90 minutes post-exposure to carbon monoxide, 

which recovered within 14 days.64 Interestingly, they also show MBP colocalized with 

ED1+ cells (microglia / macrophages) at one day post-injury, suggesting rapid clearance by 

resident myeloid cells. Conversely, Liu and co-workers show rapid (within hours) calpain-

mediated proteolysis of MBP by oligodendrocytes in a model of traumatic brain injury,65 

suggesting multiple routes of MBP degradation.
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The current understanding is that newly proliferated oligodendrocytes are necessary for 

remyelination. While that might also be the case in SD, much of the research on 

remyelination has been done in models where more extensive myelin damage and 

oligodendrocyte death is evident.66,67 Little is known about the capacity for myelinating 

oligodendrocytes to recover from subtle damage, as seen from SD. However, in a model of 

ischemic injury, McIver et al., show evidence of endogenous repair that occurs rapidly 

(between 48 hours and one week) and that is not completely mediated by proliferating cells. 

In this study, they show that despite extensive oligodendrocyte death, adult oligodendrocytes 

can survive ischemic injury and may recover intact processes, thus contributing to repair 

mechanisms in conjunction with post-mitotic oligodendrocyte precursor cells already 

present around injury sites.68 Additional studies will be necessary to determine the source of 

myelin repair in SD, and whether minor structural damage can be repaired by a previously 

injured but still viable oligodendrocyte.

To our knowledge, this is the first study to examine the role of myelin (and by extension, 

oligodendrocytes) in SD. We provide direct evidence that SD disrupts myelin. Prior studies 

have indirectly pointed to potential involvement of axons, and may have been observing the 

result of damage to surrounding myelin. It has long been recognized that susceptible brain 

grey matter is necessary for initiation and propagation of SD, with SD per se rarely crossing 

beyond white matter boundaries.19 Trans-synaptic SD initiation is preceded by a volley of 

neuronal hyperexcitability that is sufficiently robust to synchronously involve an adequate 

tissue volume.69–71 This hyperexcitability causes current flow into principal neurons, 

resulting in depolarization that slowly propagates.69,70 As this principal neuron 

depolarization recovers (and cellular impedance returns toward normal), the interstitial DC 

potential swings positive where SD occurred [as current flows out (e.g., see Fig 4A, late DC 

records)], and is often evident in the contralateral neocortex as a small negative deflection.46 

These SD-recovery interstitial field potentials may be due to layer III and/or layer IV 

principal neuron core conductor behavior, since these cells send their axon terminals to 

contralateral neocortex.

Other examples indicate that brain regions remote from the zone undergoing SD are also 

affected. Recurrent neocortical SD causes local astrogliosis, which is also evident remotely 

in ipsilateral basal ganglia where SD did not occur.48 Cyclooxygenase-2 immunostaining 

increases within SD-affected neocortex, but also increases in ipsilateral hippocampal 

regions.46 Furthermore, SD triggers remote functional changes. Neocortical SD causes 

changes in local blood flow that are also seen in ipsilateral hippocampus. Similarly, SD in 

hippocampus changes blood flow in overlying neocortex.49 SD itself can be made to 

propagate from entorrhinal cortex to hippocampus in acute brain slices.71 Finally, 

neocortical SD can be made to spread into subcortical structures, including hippocampus 

and thalamus,72 or into striatum,73,74 in vivo.

These examples show that SD triggers remote effects in regions interconnected by 

myelinated axons, but do not directly implicate involvement of myelin. Prior evidence for 

myelin disruption in migraine (and by extension SD) is exemplified by MRI of patients with 

ophthalmoplegic migraine, showing transient demyelination of the oculomotor nerve.75–79 

Thus, myelin is disrupted by migraine and, as we show here, by SD.
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We next asked how myelin disruption impacts SD. As with seizures, frequent migraine 

increases the likelihood of subsequent attacks that may develop into high frequency, chronic 

migraine.80–83 Our experiments showed that increased susceptibility to SD was correlated 

with increased myelin disruption, which could enhance brain excitability. Excessive brain 

excitability is the underlying cause of SD/migraine susceptibility. The brains of migraineurs 

are hyperexcitable.84 Migraineurs have reduced cortical inhibition36 and increased 

excitability between headaches.36–38,85 Interictal hyperexcitability could lower SD threshold 

in MwA patients 86,86–88 and in animals used to model migraine with SD.20,89–92 Occipital 

cortex hyperexcitability39,9294 and slowly propagating changes, as seen in SD, are also seen 

in patients suffering from migraine without aura. 95–97 Thus, hyperexcitability may also be 

an aspect of migraine without aura.

Channelopathies have often been cited as a cause of aberrant hyperexcitability that initiates 

SD.88,89,92 While this work is informative, results may be applicable to only a subset of 

migraineurs, such as those suffering from hemiplegic migraine. Furthermore, it is not clear 

how SD/migraine threshold can be reduced by recurrent attacks of SD/migraine via 

channelopathies. Our prior work has shown that SD begets SD via increased microglial 

secretion of TNFα and related increases in OS.13,14 The SD-induced changes in microglia 

can be abrogated via application of insulin-like growth factor-1, which as a result increases 

SD threshold.13,14 Results presented here suggest a novel process by which increased 

frequency of SD/migraine may promote subsequent attacks. Demyelination that occurs in 

the cuprizone model of MS increases susceptibility to SD4 as well as hippocampal 

seizures.98 We suggest that myelin disruption within grey matter may promote SD 

susceptibility by increasing local hyperexcitability via ephaptic transmission (i.e., electrical 

crosstalk).

In light of the clinical correlation between MS and MwA,1–3 we explored how T cells, their 

release of IFNγ, and related OS could impact myelin in SD. T cells, which are important to 

the pathogenesis of MS, significantly increased in number following exposure to recurrent 

SD. Conversely, removing T cells from slice culture abrogated the disruption of myelin that 

occurs with SD. Although the mechanisms of T cell trafficking into brain following SD are 

unknown, T cell counts are elevated in the blood of patients with migraine99 and seizure.62 

Seizures also occur with an initial excessive hyperexcitability and are known to increase T 

cell entry to brain.99 T cells also generate IFNγ, and levels of this cytokines rise both in slice 

cultures11 and in whole animal brains after exposure to SD. Exposure of microglia to the 

Th1 cytokine IFNγ induces their production of TNFα, as part of the well-recognized 

pleiotropic and redundant innate cytokine cascade first recognized in the periphery.100 IFNγ 

and TNFα cooperatively promote generation of OS in neural tissue,101 consistent with our 

finding that additive treatment with both cytokines reduced MBP to a greater degree than 

either alone. Treatment with either IFNγ or TNFα alone reduced slice culture MBP by 

~30%. Treatment with both cytokines increased this loss of myelin to ~68%, as would be the 

expected behavior of an interactive cascade. Furthermore, IFNγ significantly accelerates 

proteolysis of MBP,102 suggesting a mechanism for the rapid loss of MBP following SD. 

Notably, migraine, like SD, occurs with increased OS.103
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Reactive oxygen species and pro-inflammatory cytokines converge upon activation of 

nSMase2-ceramide pathways. IFNγ stimulates the release of pro-inflammatory factors 

including TNFα, which depletes intracellular glutathione104 and activates nSMase2. 

Conditions of high OS likewise deplete glutathione,105 but reactive oxygen species can also 

directly activate kinases that induce nSMase2.106,107 We show that SD increases nSMase2 

activity and induces myelin disruption. Pharmacological inhibition of nSMase2 prevents 

myelin damage, suggesting a pathway for transient myelin damage in the context of SD.

Myelin contains neutral sphingomyelinases60 whose activity may be enhanced by SD, 

leading to sphingomyelin hydrolysis, ceramide formation and other downstream reactions 

with deleterious effects on myelin integrity. The lipid composition of normal myelin consists 

of a high proportion of long-chain sphingolipids to polyunsaturated lipids, and dysregulation 

can lead to decompaction of myelin sheaths.108 In fact, sphingomyelin content is three-fold 

lower than normal in myelin bilayers from a model of MS, and there is a direct correlation 

between the lipid content and MBP adsorption mechanisms that affect adhesion of opposing 

myelin leaflets.109 This is consistent with our results showing a rapid loss of MBP that 

recovers in only a few days, and EM that exhibits relatively intact myelin sheaths with 

localized areas of decompaction. Often used as a readout of myelination, MBP is a major 

protein component of myelin. It is required for compaction of oligodendrocyte membrane 

processes into a tight sheath and subsequent maintenance of this multilamellar structure.110 

MBP-deficient shiverer mice are severely hypomyelinated, and possess morphologically 

abnormal myelin sheaths,111 demonstrating the importance of MBP. Conversely, exposure 

to environmental enrichment (i.e., volitionally increased intellectual, social and physical 

activity) protects against SD28 and involves increased myelination,112 lending further 

support to our hypothesis.

Conclusions

In summary, we have shown that SD-induced increased release of pro-inflammatory 

cytokines (IFNγ/TNFα) resulted in OS that activated nSMase2, leading to transient 

disruption of myelin sheaths. SD-induced disruption of myelin may increase SD 

susceptibility by enhancing excitability through aberrant cross-talk between newly 

demyelinated nerve fibers. Taken together, these results indicate a role for oligodendrocytes 

and myelin in the pathogenesis of SD and MwA.
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ABBREVIATIONS

EM electron microscopy

IFNγ interferon-gamma

MRI magnetic resonance imaging

MwA migraine with aura

MBP myelin basic protein

MS multiple sclerosis

OS oxidative stress

SD spreading depression

TNFα tumor necrosis factor alpha
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HIGHLIGHTS

• Multiple sclerosis and migraine with aura show highly correlated myelin 

abnormalities

• Spreading depression, the cause of migraine with aura, transiently disrupts 

myelin

• Myelin disruption may promote spreading depression by enhancing aberrant 

excitability

• Interferon-gamma from T cells increases oxidative stress from spreading 

depression

• In turn, oxidative stress activates sphingomyerlinase-2, resulting in myelin 

disruption
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Figure 1. Recurrent spreading depression transiently disrupted myelin and reduced myelin basic 
protein in slice cultures
Representative electrophysiological records (A) of spreading depression (SD) are shown, 

with a representative field potential (i) confirming slice synaptic vitality, of the slice, and 

representative recording of six SDs (ii). Western blot analyses for myelin basic protein 

(MBP). (B) show a transient and significant (*p < 0.001) reduction in myelin one day after 

SD, which progressively returned to control levels. Electron microscopy images were 

derived from the CA3 hippocampal slice culture area. Control images (C) showed little 

evidence of myelin sheath disruption. However, SD triggered a significant (*p < 0.001) 

increase in myelin disruption after one day with blebs (arrows) between myelin layers (D) 
which returned to control levels by seven days. Scale bars, 100 nm (C), and 200 nm (D). 

Cells with myelin disruptions were quantified per image (E), and revealed a significant 
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difference in myelin breakage at one day post SD, which returned to control levels by seven 

days post SD. Representative images of MBP immuno-staining from control (F) and one 

day after SD (G) likewise show a reduction in MBP. Densitometric quantification of 

immunostaining (H) confirmed a significant (*p = 0.01) reduction of MBP one day after SD. 

Scale bar, 50 µm. Numerical data are mean ± SEM and comparisons between groups made 

via ANOVA plus Holm-Sidak post hoc testing (B and E) and paired Student’s t-test (H).
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Figure 2. T cells in slice cultures produced IFNγ which acutely reduced spreading depression 
threshold
Confocal fluorescence image showing immunostaining of T cells (A) in parenchyma of 

hippocampal slice cultures with CD6, a pan T cell marker. Scale bar, 15 µm. 

Lipopolysaccharide stimulation of cultures significantly (*p = 0.002) increased the number 

of IFNγ positive cells (bright field image of diaminobenzidine-positive cells) that 

morphologically resembled T cells compared to untreated cultures. Representative image 

(B) shows IFNγ positive cells (arrows). Scale bar, 30 µm. Acute application of IFNγ at a 

non-toxic dose caused a significant (*p < 0.001) reduction in SD threshold (C). Oxidative 

stress (OS) induced by acute exposure to IFNγ was measured via CellROX, a fluorescent 

marker of OS. NeuN immunostained image (D) illustrates the area of interest (dotted line) 

used for quantification. Scale bar, 200 µm. Lower levels of OS are evident in control (E) 
compared to IFNγ treated slice cultures (F). Scale bar, 200 µm. Quantification of 

fluorescence intensity (G) shows that acute IFNγ exposure triggered a significant (*p < 

0.001) increase in OS. Intracellular glutathione (GSH) was visualized using ThiolTracker, a 

fluorescent probe that reacts strongly with thiols. Representative low-power images show 

regional GSH under control conditions (H) and 30 minutes after treatment with IFNγ (I). 
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Scale bar, 200 µm. Representative high-power confocal image (J) shows ThiolTracker 

staining (arrows; green) within microglia (arrow heads; red). Scale bar, 20 µm. 

Quantification of regional staining intensity (K) revealed a significant (*p = 0.007) decrease 

in GSH content following acute IFNγ exposure. Numerical data are mean ± SEM and 

comparisons between groups made via ANOVA plus Holm-Sidak post hoc testing.
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Figure 3. T cells/IFNγ and sphingomyelinase activity are responsible for loss of myelin basic 
protein following spreading depression
Western blot analysis of MBP was used to determine changes in myelin following various 

treatments of slice cultures. IFNγ exposure triggered a significant (*p = 0.04) decline in 

MBP, a loss that was significantly enhanced (*p < 0.001) by co-incubation with TNFα (100 

ng/mL) (A). Removal of T cells from slice cultures at seven days in vitro by exposure to 

anti-CD4 (αCD4) did not alter MBP levels when measured at 21 or more days in vitro (B). 
However, removal of T cells abrogated the decrease in MBP seen one day after SD. 

Pharmacological inhibition of neutral sphingomyelinase-2 by GW4869 prevented the loss of 

MBP otherwise seen one day after SD or exposure to IFNγ (C). Numerical data are mean ± 

SEM and comparisons between groups made via ANOVA plus Holm-Sidak p ost hoc 

testing.
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Figure 4. In vivo spreading depression recapitulated in vitro results
Representative electrophysiological records (A) are shown for KCl-induced whole animal 

neocortical recurrent spreading depression (SD). All subsequent measurements were taken 

one day post exposure to SD. Representative electron microscopy images were derived from 

the paramedian neocortex. While control images (B) showed little evidence of damage to the 

myelin sheath, exposure to SD (C) caused significant (*p = 0.001) structural disruption 

(arrows) of myelin one day later (D). Scale bar, 200 nM. Neutral sphingomyelinase activity 

(mU/mg protein normalized to control, with U defined as the amount of nSMase2 that will 

catalyze transformation of one micromole of sphingomyelin per minute) was significantly 

(*p = 0.02) increased in SD-exposed neocortex (left) compared to the contralateral control 

neocortex (right) (E). Comparison of MBP staining control (F) versus SD-exposed 

neocortex (G) revealed a significant (*p < 0.001) reduction in grey matter myelin following 

SD (H). Scale bar, 100 µm. A significant (*p < 0.001) decrease in MBP immunostaining 

following SD was also seen in the underlying white matter of the lateral corpus callosum (I–
K). Thresholded areas are shaded green to aid visualization of differences that were 

densitometrically quantified (*p < 0.001). Scale bar, 100 µm. Representative confocal 

fluorescence images show immunostaining of T cells (arrows) within neocortex of control 

(L) and SD-exposed (M) brain. Scale bar, 30 µm. Quantification (N) shows significantly (*p 

< 0.001) increased T cell counts in SD versus control neocortex. Representative images 

show IFNγ positive cells that morphologically resemble T cells (arrows) in control (O) and 

SD-exposed neocortex (P). Scale bar, 30 µm. Quantification revealed a significant (*p 
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<0.001) increase in IFNγ-positive cells following exposure to SD (Q). Numerical data are 

mean ± SEM and comparisons between groups made via Student’s t-Test.
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Table 1
Slice culture T cell lymphocyte-related mRNA changes after spreading depression

Slice culture expression of inflammatory and common cytokines following exposure to SD was assayed via 

PCR arrays. Relative gene expression was normalized to ribosomal protein L13a (Rpl13a). Greater than two-

fold changes in expression between SD and control conditions were considered significant.43–45 mRNA 

analyses included two technical replicates per experimental measurement and at least three biological 

replicates per experimental group. Table 1 lists changes in T cell-related mRNA species measured three hours 

after induction of six SDs. For assaying subtle changes in IFNγ expression, cDNA for both experimental and 

control samples were pre-amplified. Red numbers indicate a significant decrease, and green numbers indicate 

a significant increase in expression.

Rat Slice Culture Post-SD vs. Control

Cytokine mRNA changes

Symbol Ref Seq Description Fold Regulation

T cell lymphocytes

IFNγ NM_138880 Interferon-gamma 4.66 (preamp)

Csf1 NM_023981 Colony stimulating factor 1 2.46

Csf2 XM_340799 Colony stimulating factor 2 4.0

IL-2 NM_053836 Interleukin 2 4.2

IL-3 NM_031513 Interleukin 3 4.4

IL-21 XM_345201 Interleukin 21 11.0

Neuron

IL-11 NM_133519 Interleukin 11 5.46

Bmp2 NM_017178 Bone morphogenetic protein 2 2.6

IL-1ra NM_022194 Interleukin 1 receptor antagonist 9.19

Microglia

TNFα NM_012675 Tumor necrosis factor-alpha 8.88

IL-6 NM_012589 Interleukin 6 3.4

IL-12a NM_053390 Interleukin 12a 4.0

IL-19 XM_001060482 Interleukin 19 6.1

IL-10 NM_012854 Interleukin 10 2.23

Astrocytes

IL-1α NM_017019 Interleukin 1 alpha 3.36

IL-1β NM_031512 Interleukin 1 beta 9.51

Lif NM_022196 Leukemia inhibitory factor 17.15
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