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Abstract

Microglia play an important role in fine-tuning neuronal activity. In part, this involves their

production of tumor necrosis factor alpha (TNFα), which increases neuronal excitability.

Excessive synaptic activity is necessary to initiate spreading depression (SD). Increased microglial

production of pro-inflammatory cytokines promotes initiation of SD, which, when recurrent, may

play a role in conversion of episodic to high frequency and chronic migraine. Previous work

shows that this potentiation of SD occurs through increased microglial production of TNFα and

reactive oxygen species, both of which are associated with an M1-skewed microglial population.

Hence, we explored the role of microglia and their M1 polarization in SD initiation. Selective

ablation of microglia from rat hippocampal slice cultures confirmed that microglia are essential for

initiation of SD. Application of minocycline to dampen M1 signaling led to increased SD

threshold. In addition, we found that SD threshold was increased in rats exposed to environmental

enrichment. These rats had increased neocortical levels of interleukin-11 (IL-11), which decreases

TNFα signaling and polarized microglia to an M2a-dominant phenotype. M2a microglia reduce

pro-inflammatory signaling and increase production of anti-inflammatory cytokines, and therefore

may protect against SD. Nasal administration of IL-11 to mimic effects of environmental

enrichment likewise increased M2a polarization and increased SD threshold, an effect also seen in

vitro. Similarly, application of conditioned medium from M2a polarized primary microglia to slice

cultures also increased SD threshold. Thus, microglia and their polarization state play an essential

role in SD initiation, and perhaps by extension migraine with aura and migraine.
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Introduction

Migraine is a neurological disorder characterized by episodic severe and painful headaches

lasting between four and seventy-two hours. These low-frequency, episodic events may

evolve into higher-frequency and eventually chronic migraine. This transformation may
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involve increased excitability and related increases in inflammation and production of

reactive oxygen species (ROS) (Viggiano et al., 2011; Grinberg et al., 2012; 2013).

Spreading depression (SD), the most likely cause of migraine aura and perhaps migraine, is

a benign perturbation of brain, consisting of increased synaptic activity followed by a period

of electrical silence (Bureš et al., 1974; Somjen, 2001; Pietrobon and Moskowitz, 2013).

Following an episode of SD, neuronal excitability is temporarily elevated (Kruger et al.,

1996; Grinberg et al., 2011). Frequent occurrences of SD without sufficient time to recover

may be responsible for the transition from episodic migraine to high-frequency and chronic

migraine (Kraig et al., 2010). Few therapeutic options exist to prevent migraine or mitigate

the transformation of episodic to high-frequency and chronic migraine. However,

environmental enrichment (EE; volitionally increased physical, social, and intellectual

activity) has been clinically shown to reduce migraine frequency (Darabaneanu et al., 2011)

and SD propagation velocity (Guedes et al., 1996).

EE occurs with physiologically increased synaptic activity that is reflective of learning, and

low-level peripheral inflammation produced by increased physical activity (van Praag et al.,

2000; Radak et al., 2008). Both these events produce a phasic increase in ROS, a low-level

stressor that, given sufficient time to recover, induces an adaptive response (Kraig et al.,

2010; Fuente et al., 2011; Sasaki et al., 2013). Adaptive stress responses can include

increased production of antioxidants and increased anti-inflammatory signaling that may

help protect the brain (Herring et al., 2010; Williamson et al., 2012). Here, we showed that

EE-mediated mitigation of SD may involve increased production of anti-inflammatory

cytokines, such as interleukin-11 (IL-11).

IL-11 is a pleiotropic cytokine that plays a key role in anti-inflammatory responses, and

significantly reduces tumor necrosis factor alpha (TNFα; Trepicchio et al., 1996), including

that produced following SD (Hulse et al., 2008). TNFα enhances synaptic efficacy by

increasing membrane expression of excitatory α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptors and decreasing membrane expression of inhibitory γ-

aminobutyric acid-A receptors (Stellwagen et al., 2005). Increased neuronal excitability in

turn leads to increased ROS production, both of which promote subsequent occurrence of

SD (Grinberg et al., 2012; 2013). Though both microglia and astrocytes are capable of

TNFα production, we believe that microglial activation is necessary for firing of SD.

Like macrophages, microglia can be polarized to distinct phenotypic types that range from a

classically activated state to an alternatively activated state (Ransohoff and Perry, 2009;

Kigerl et al., 2009). Current understanding of microglial polarization designates four classes

of activation. M1 polarization stimulates production of pro-inflammatory cytokines (e.g.,

TNFα) and increased generation of reactive oxygen and nitrogen species [i.e., through

increased inducible nitric oxide synthase (iNOS)] (Liao et al., 2012, Durafort et al., 2012).

Conversely, M2a polarized microglia are characterized by increased production of anti-

inflammatory cytokines (e.g., TGFβ and IL-10) and neurotrophic factors, and are thought to

promote repair and regeneration (Maiorino et al., 2013; Ajmone-Cat et al., 2013). Though

additional activation states have been described, including an immunosuppressive phenotype
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(M2b), and an acquired-deactivation state (M2c) (Chhor et al., 2013), we focus here on M1

versus M2a activation states.

In this study, we explored the role of microglia and their polarization in the generation of

SD. We found that depletion of microglia in slice cultures lead to an inability to evoke SD

whereas replacing microglia in depleted cultures restored susceptibility to SD, suggesting an

essential role for these cells. Furthermore, microglial polarization state dramatically

impacted SD threshold – both in vitro and in vivo. Importantly, we found that exposure to

EE significantly increased SD threshold in whole animals. This effect could be mimicked

through nasal administration of IL-11, which significantly increased both neocortical SD

threshold and microglial polarization to toward an M2a phenotype. Thus, microglia play an

essential role in SD initiation, and manipulation of microglial polarization may be an

important focus for development of migraine therapeutics. This work has appeared in

preliminary form (Pusic et al., 2013).

Material and Methods

Animal use

All procedures involving animals were approved by the Institutional Animal Care and Use

Committee at the University of Chicago, and were conducted in accordance with the

guidelines published in the Guide for the Care and Use of Laboratory Animals (2011).

Wistar rats were obtained from Charles River Laboratories.

Environmental enrichment

Twelve male Wistar rats were group housed in a two-layered, 58 cm wide, 88 cm long, and

65 cm high in-house fabricated Marlau-style cage for EE (Obiang et al., 2011; Fares et al.,

2013). The bottom layer of the cage consisted of a running wheel for exercise, a resting area,

and ad libitum access to food and water. The top layer of the cage contained a maze which

was changed three times a week; six variations of this maze were utilized. Rats climbed

from the bottom to the top layer via ramps, progressed through the maze, and descended

down another set of ramps to access food and through one-way doors to return back to the

exercise and socialization area. Sufficient space was provided to prevent the emergence of

dominant male behavior (Marashi et al., 2003). EE rats were housed in this Marlau-style

cage for 35 days, whereas twelve aged-matched non-enriched (NE) rats were single-housed

under standard conditions.

At the conclusion of EE/NE exposure, animals were anesthetized with progressive exposure

to 100% carbon dioxide (i.e., at a rate of 10–30% of the euthanasia chamber volume/

minute). Carbon dioxide exposure was continued for a minute after respiratory arrest before

animals were decapitated. Brains were removed, frozen in isopentane at −30°C, which was

then lowered to −75°C, and stored at −80°C until further processing for protein extraction,

RNA isolation, or staining. Additional EE/NE groups were processed for SD as described

below.
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Slice culture preparation

Brain slice cultures are well-accepted models of their in vivo counterpart. However, some

have expressed difficulty in eliciting SD in hippocampal slice cultures. Accordingly, we

emphasize the aspects of our procedures that produce a robust in vitro model of SD that

closely parallels that found in vivo. These features include specific aspects of prenatal care,

culture preparation and growth, as well as experimental use.

Untimed pregnant Wistar female rats were single-housed with Enviro-dri® paper bedding

(Shepherd) and Nestlets (Ancare). This maternal nesting enrichment increased slice culture

vitality at 21 days in vitro from 80–85% (n ≥ 104 litters) to 95–100% (n ≥ 156 litters), and

most often 100% (Pusic et al., 2014; Pusic and Kraig, 2014). Pups (culled to 10 at birth)

were used for hippocampal slice cultures.

Preparation and growth of hippocampal slice cultures generally followed protocols

previously described (Kunkler and Kraig 1997; Mitchell et al., 2010) with important

additional steps. Rat pups (P9-P10) were progressively anesthetized with 100% carbon

dioxide (as described above for adult males), decapitated, and their brains removed under

sterile conditions. Hippocampi were sliced into 350 µm sections and placed onto Millicell

(Millipore) inserts in six-well plates containing a horse serum-based medium (Kunkler and

Kraig, 1997). Cultures were grown in horse serum containing medium, and transferred to a

serum-free medium after 18 days in vitro to remove potential confounding impact of horse

serum on detection of immune signaling (Hulse et al., 2008; Pusic et al., 2014; Pusic and

Kraig, 2014). Cultures were screened for viability at 21 days in vitro with Sytox

(Invitrogen), a fluorescent stain for cell death (Hulse et al., 2008). Cultures that lacked

evidence of stratum pyramidale neuronal death were considered viable, and thus suitable for

subsequent experimental use.

We used hippocampal slice cultures maintained in vitro for 21–35 days to model SD in vivo,

since culture in this window of time closely parallel the in vivo counterpart (for review see

Kunkler et al., 2005 and Pusic et al., 2014). Specifically, the neurovascular unit (Kovacs et

al., 2011), multi-synaptic electrical activity (Kunkler and Kraig, 1998), pyramidal neuron

vitality (Hulse et al., 2008), responsive astrocytes and microglia (Ransohoff and Perry,

2009; Grinberg et al., 2011) and cytokine signaling (Kunkler et al., 2004) resemble that seen

in vivo. Use of this culture preparation has the additional benefit of allowing

microenvironmental conditions to be accurately controlled.

Additionally, modulation of brain tissue extracellular space can influence brain excitability,

including that seen with SD (Martins-Ferreira et al., 2000). To our knowledge, the

extracellular space has not been studied in brain slice cultures. However, the acute brain

slice preparation may provide insights. Submerged acute brain slices show extracellular

volume values that are close to those found in vivo (Hounsgaard and Nicholson, 1983).

Furthermore, interface acute slices show a reduction in extracellular space of about 7%

compared to submerged slices (Schuchmann et al., 2002). It seems reasonable to conclude,

as a first estimate, that the extracellular space of brain slice cultures as used here (i.e., in an

interface configuration) would show a similar reduction in extracellular space that could

modestly enhance excitability compared to their in vivo counterpart.
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Use of an interface configuration is essential for induction of SD in slice cultures (Kunkler

and Kraig, 1998) as it is with acute brain slices (Snow et al., 1983). However, several other

experimental use parameters are important to ensure robust induction of SD, as opposed to

confounding perturbations of spreading depolarizations, seizures, or spreading convulsions

(Pomper et al., 2006; Dreier et al., 2011).

It is our experience that induction of SD in hippocampal brain slice cultures maintained in

horse serum-based medium is difficult or impossible. This initially led us to expose cultures

to a Ringer’s solution that was transiently altered to a chloride free Ringer’s to induce SD

(Kunkler and Kraig, 1998; 2004; Kunkler et al., 2005). Unfortunately, this method of

stimulation can sometimes preclude induction of SD due to alternative induction of bursting

activity or seizures (Kunkler and Kraig, 1998) like that seen by Pomper and coworkers when

using less mature cultures (Pomper et al., 2006). Such confounds have been resolved by the

following additional procedures. First, we have shown that cultures require at least 15 mM

glucose for optimal function; our habit is to use 42 mM glucose, as originally described for

preparation of brain slice cultures. Second, we do not expose cultures to oxygen levels

above that found in room air (~20%), as this tends to provoke seizures, which prevent

induction of SD. Third, we do not use penicillin/streptomycin since this antibiotic

combination, unlike gentamycin, provokes seizure activity. Fourth, physiological recordings

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

medium, not Ringer’s, since the latter reduces culture vitality over hours. Fifth, our serum-

free medium contains glutathione, as well as cysteine, glycine, and glutamate which are

essential to maintain cellular glutathione levels. Also, the medium contains ascorbate and

tocopherols and the antioxidant enzymes catalase and superoxide dismutase as noted in

Grinberg et al., 2013 (Gemini BioProducts Material Data Safety Sheet; Brewer et al., 1993).

The above steps allow us to create physiologically robust and long-lived brain slice cultures

with neural cells, cytokine levels, and responses to pathological perturbations (e.g., SD,

NMDA injury, multiple sclerosis modeled with lysolecithin) like that seen in vivo. As use of

serum-free medium is essential for the induction of SD in slice cultures, we specifically

provide the formulation here. Serum-free medium, per 100 mL, consists of: Neurobasal

medium (97 mL; Invitrogen); Gem21 NeuroPlex supplement, (2.0 mL; Gemini

Bioproducts); GlutaMax (1 mM; Invitrogen); gentamicin (1 µg/mL; Invitrogen); D-glucose

(45%; 680 μL; Sigma); ascorbic acid (0.5 mM; Sigma); Fungizone, (1 mg/mL; Invitrogen);

NaCl (41 mM; Sigma); Mg2Cl2 (0.8 mM; Sigma); CaCl2 (1.6 mM; Sigma). Constituents of

Neurobasal are detailed by Brewer and coworkers (1993) and include an array of amino

acids and vitamins as well as traditional salts. Gem21 was used as previously described

(Chen et al., 2008), and provided insulin, T3, and the antioxidant agents noted above.

(Gemini Bio-Products Material Data Safety Sheet; www.gembio.com ).

Isolation of primary microglia

Primary microglia were cultured as previously described (Caggiano and Kraig, 1998).

Briefly, postnatal Wistar rat pups (P0-P3) were progressively anesthetized with 100%

carbon dioxide, washed in ethanol, decapitated, and brains harvested. The meninges were

carefully removed, and the cortices dissected out in Hanks’ Balanced Salt Solution
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(Invitrogen) without calcium or magnesium. Tissue was then dissociated by trituration in

Hank’s Balanced Salt Solution containing 10% trypsin (Gibco) and then incubated for 15

minutes at 37°C with agitation. Filtered fetal bovine serum (FBS; Gibco) and DNase

(Invitrogen) were added to neutralize trypsin, and the solution vortexed and then spun down

at 2000 rpm for five minutes. The resultant pellet was washed twice in culture medium

[Dulbecco’s Modified Eagle Medium (DMEM; Invitrogen) with 10% FBS], resuspended at

~2×107 cells per 12 mL, and plated in 75 cm2 flasks (Corning). Medium was changed every

three to four days. At 10–14 days post-culture, flasks were shaken (150 rpm for 10 minutes

at room temperature) to release the loosely adherent microglial population from the adherent

astrocyte monolayer. Cells were collected, washed, and re-plated on flamed glass coverslips

(Corning) at ~ 1×106 cells, or added to clodronate treated slice cultures for rescue

experiments (see below).

Microglia cultures were maintained in DMEM medium supplemented with astrocyte-

conditioned medium in a 1:1 ratio, and were ready for use in subsequent experiments three

days later. Astrocyte conditioned medium was prepared by harvesting culture medium from

cultured astrocytes 24 hours after feeding with DMEM supplemented with 10% FBS

(Sievers et al., 1994). Supplementation with astrocytes conditioned medium improves the

growth and longevity of cultures and produces ramified (i.e., quiescent) microglia (Frei et

al., 1986; Eder et al., 1999). Iba1 staining was performed to confirm that microglial cultures

were >95–99% pure (data not shown). Additionally, staining for common polarization

markers determined that, at baseline, these microglial cultures do not show a dominant

polarization state (data not shown).

Primary microglia cultures were polarized through treatment with either IL-4 (M2; 20

ng/mL; R&D Systems) or lipopolysaccharaide (LPS, M1; 1 µg/mL; Sigma) for subsequent

collection of conditioned media (Kigerl et al., 2009; Girard et al., 2013; Chhor et al., 2013).

Microglial cultures were additionally treated with IL-11 [100 ng/mL; R&D Systems

(Mitchell et al., 2011)] and coverslips fixed for staining.

Use of clodronate liposomes

Though all clodronate formulations available (including our own in-house initial

fabrications) were made using aseptic techniques, we occasionally found these formulations

resulted in infection many days after application to naïve slice cultures. Thus, clodronate

liposomes were ultraviolet light sterilized [exposure to 254 nm ultraviolet light for two hours

prior to use (100 µW/cm2)]. Ultraviolet light treatment did not adversely affect the ability of

clodronate liposomes to deplete microglia.

To deplete the microglia population (Markovic et al., 2005; Kreutz et al., 2009; Vinet et al.,

2012), clodronate liposomes (FormuMax or NanoEncapsula) were added to hippocampal

slice cultures 18 days in vitro at a concentration of 0.5 mg/mL (500 µg total of encapsulated

clodronate; based on manufacturer’s information) and incubated at 37°C for 24 hours. After

24 hours, cultures were gently washed with Neurobasal medium (Invitrogen) and given

another dose of 0.5 mg/mL of clodronate liposomes and incubated for an additional 24 hours

at which point cultures were washed again, placed in new medium, and incubated for seven
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days. On day seven, cultures were depleted of microglia and were ready for subsequent

experiments.

For rescue experiments, cultured primary microglia (~ 5×105 cells in 200 µL) were added on

top of slice cultures. To assess growth and viability, microglia from the same isolation were

simultaneously plated on cover-slips at the same density. Two days later, SD threshold was

determined in microglia-supplemented, clodronate-treated slice cultures.

Slice culture electrophysiology

Hippocampal slice cultures were subjected to experimental treatments prior to

electrophysiological recording. Treatment groups consisted of: 100 ng/mL of IL-11 applied

three days before recording, minocycline (10 µg/mL; Sigma) applied acutely prior to

recording, clodronate liposome treatment (as described above), or treatment with M1/M2a

conditioned medium three days before recording. Where appropriate, the effect of treatment

was assessed at three days post application, as this is a commonly used time point for

studying delayed neuroprotection (Hulse et al., 2008), which involves de novo protein

synthesis and requires sufficient time to be maximally evident (Kariko et al., 2004; Gidday,

2006; Stenzel-Poore et al., 2007).

Slice culture electrophysiology was performed as previously described (for detailed protocol

see Pusic et al., 2011). Briefly, the hippocampal slice culture insert was placed in a 35 mm

culture dish filled with 1.5 mL of serum-free culture medium and secured in place with three

small 2–4 mm lengths of rubber tubing placed equidistantly around the insert. Another 1 mL

of medium was used to saturate a sterile cotton strip that was then placed along the inner

wall of the insert to provide necessary humidity. Next, the insert-dish assembly top was

covered with polyvinyl chloride wrap (Thermo Fisher Scientific) and placed into a recording

chamber (PDMI-2; Harvard) that provide heating to 36°C and 5% carbon dioxide, 95% air.

Recording microelectrodes and a specially fabricated bipolar stimulating electrode (Pusic et

al., 2011) were positioned into slice cultures using WR 60 manipulators (Narishige).

Interstitial DC recordings were made using an Axoprobe A1 amplifier system coupled to a

Digidata 1322A analog-digital conversion board (both from Axon Instruments) run on a PC-

based computer system. Bipolar electrical stimuli were provided via a digital Master-8

stimulator (A.M.P. Instruments) coupled to a model BSI-2 isolator (Bak).

For trans-synaptically induced SD, the bipolar stimulating electrode was placed at the

dentate gyrus, and recordings made from a microelectrode (filled with 150 mM sodium

chloride) placed in the stratum pyramidale of CA3. Before use in SD experiments, slice

culture electrophysiological function was assessed by recording CA3 area field potentials.

Stimuli (100 μs pulses, ≤ 0.2 Hz) were applied to the dentate gyrus, and the recording

electrode moved along the long axis of the stratum pyramidale of CA3 until the field

potential excitatory post-synaptic response was maximal. Slices with greater than 3 mV post

synaptic responses, indicating normal excitability, were used for experiments (Pusic et al.,

2011; Grinberg et al., 2012, 2013). To determine SD threshold, stimulation [10 pulses, 10

Hz (100 μs/pulse)] was applied at half the current required for eliciting maximal field
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potential, and was then incrementally increased per trial (spaced every 3 minutes) until SD

was induced.

SD was also induced by transient slice exposure to KCl. While recording from the CA3

stratum pyramidale as described above, a small borosilicate glass tube (1.0 mm outside

diameter, 0.58 mm inside diameter; Sutter) filled with 1 M KCl-3.5 % agar was touched to

the dentate gyrus area using a micromanipulator (WR-60, Narishige) for one to two seconds

to trigger SD. Since the KCl was in a semi-solid form, and the application period was short,

we do not believe lingering KCl in the chamber was a confounding factor.

Intranasal administration of IL-11

Wistar rats were nasally administered one mg of recombinant rat IL-11 (R&D Systems).

Rats were placed in a fume hood with a heat lamp and thermo-regulator to maintain a body

temperature of 37°C. Inhalational isoflurane anesthesia was delivered via a nose cone (5 %

induction and 2–3 % maintenance, in oxygen; Baxter). One mg of IL-11 in 50 µL of sodium

succinate buffer was administered over a 20 minute period at a rate of five µL every two

minutes to alternating nostrils (Liu et al., 2001). Controls were nasally administered sodium

succinate buffer alone.

One day post nasal administration, animals were anesthetized with progressive exposure to

100% carbon dioxide and decapitated. Brains were removed, frozen in isopentane at −30°C,

which was then lowered to −75°C, and stored at −80°C until processing for protein

extraction, RNA isolation, or staining. Additional groups were processed for SD as

described below.

Whole animal electrophysiology

Whole animal SD recordings were completed using aseptic techniques (Kraig et al., 1991).

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 with

outflow gas exhausted via vacuum to prevent room contamination. Arterial oxygen was

monitored throughout with an oximeter (Nonin Medical) and ranged from 95–100%.

We chose to use isoflurane in accordance with the manufacturer’s directions and

administered via spontaneous respiration to avoid potential confounds associated with

intubation and subsequent animal health. This choice was based on our long-term goal of

studying the impact of recurrent SD, which necessarily involves survival surgeries and

recurrent anesthesia for electrical recordings. Several points are noteworthy with application

of this anesthetic plan. First, in our experience, use of gaseous anesthetics with volitional

breathing commonly requires 2–3% anesthetic (Kraig et al., 1991). Second, the percentage

of inhalational anesthetic administered is influenced by the magnitude of facial mask suction

used to prevent gas escaping to the general laboratory environment. Therefore, percentage of

inhalational gas cannot be directly compared to that used when animals are under ventilation

control via intubation. Third, use of nitrous oxide to reduce the level of isoflurane otherwise

necessary will also impact measurements of SD threshold. Nitrous oxide reduces SD

frequency, whereas 100% oxygen has no impact (Kudo et al., 2008). Fourth, inhalational
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isoflurane as used here might have an impact on blood brain barrier opening (Tetrault et al.,

2008), and Lapilover and coworkers (2012) show that peri-infarct blood brain barrier

dysfunction facilitates SD. However, if this confound were present in our experiments, it

would serve to increase SD susceptibility, which only supports the efficacy of EE or IL-11

for protection against induction of SD. Furthermore, it would be a systematic error since it

would equally apply to sham controls and experimental animals.

Once anesthetized (i.e., no withdrawal response to paw pinch), animals were mounted in a

standard table-top nose clamp and ear bars and kept warm with an overhead infrared lamp to

keep core temperature at 37°C in preparation for cranial surgery. Eyes were coated with

Artificial Tears (Akorn) and the head was shaved and cleansed with Betadine (Purdue

Products). Next, 0.05 mL Bupivacaine (Hospira) was injected subcutaneously to either side

of what would become a midline scalp incision minutes later. A midline scalp incision was

made from just behind the eyes to the lambdoid suture area. The skin was spread laterally

and skull scraped free of connective tissue. Skull hemostasis was achieved using Bone Wax

(Ethicon). Two 1–2 mm craniotomies were made in the left skull under saline cooling and

without damaging the underlying dura. The KCl stimulation craniotomy was placed −2.0

mm from Bregma and 1.5 mm to the left of the sagittal suture. The recording craniotomy

was placed −6.0 mm from Bregma and 4.5 mm lateral to the sagittal suture.

Anesthetized animals were then quickly transferred from the surgery area to the stereotaxic

recording setup where gaseous anesthesia, oxygen monitoring, and warming was continued.

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

recordings, a 2–4 µm tip microelectrode was positioned 750 µm below the pial surface at the

posterior craniotomy with a Canberra micromanipulator (Narishige) and recordings begun

using an Axoprobe A1 amplifier system and Digidata 1322A analog-digital conversion

board run on a PC-based computer system. 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) and filled with 0.5M KCl was positioned 750 µm below the pial surface at

the anterior craniotomy. Micro-injections of KCl were administered via pressure from a

Picospritzer-II electronic valve system (General Valve), whose injection periods were

registered directly to the permanent digital recording of SD induction. Immediately after SD

induction, injection electrodes were raised and moved into a microscope slide with

depression wells (Thermo Fisher Scientific) filled with light oil (3-In-ONE). Successful KCl

injection stimuli were then delivered into the light oil and the diameter of resultant injection

volumes determined using a compound microscope fitted with an optical micrometer within

an eye piece.

Measurements of oxidative stress

Oxidative stress [(OS), i.e., excess production of oxidants over that of anti-oxidants] was

measured using CellROX Deep Red Reagent (Invitrogen), a cell-permeant fluorogenic

probe. CellROX was used as previously described (Grinberg et al., 2012; 2013).

While use of CellROX without addition of an exogenous stressor would give a readout of

changes in baseline oxidative status under treatment conditions, we were interested in the

ability of slice cultures to react to increased oxidative load, such as that produced by SD
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(Grinberg et al., 2012; 2013). Thus, menadione treatment (8.6 µg/mL; Supelco Analytical)

was used to generate reactive oxygen species, and resultant oxidative stress determined (via

CellROX fluorescence) as a measure of differential oxidative tolerance of slice cultures

subjected to treatment compared to control conditions. However, measurements of baseline

oxidative stress and menadione-induced oxidative stress following treatment with M1/M2

conditioned medium produced the same results.

Briefly, IL-11 (100 ng/mL) or M1/M2 conditioned medium was applied to naïve slices for

three hours then co-incubated with CellROX and menadione for two hours. CellROX

fluorescence intensity was quantified at the CA3 stratum pyramidale via digital imaging

strategies as described below.

Following treatment of slice cultures with IL-11 (100 ng/mL), changes in microglial

glutathione levels were assessed by co-staining with ThiolTracker (Invitrogen) and isolectin

GS-IB4 AlexaFluor 594 conjugate (1:20; Invitrogen). ThiolTracker is a fluorescent dye that

reacts with reduced thiols in intact cells, which predominantly reflect glutathione

(Mandavilli and Janes, 2010). Procedures for staining followed manufacturer’s protocol,

modified for use with hippocampal slice cultures. ThiolTracker was dissolved in dimethyl

sulfoxide (2 mM, Sigma) and used at 20 µM in a thiol-free solution. Culture inserts were

rinsed with Gey’s balanced salt solution (Sigma) supplemented with 7.25 mL 45% D-

glucose (Sigma) to remove extracellular thiols, then incubated in glucose-supplemented

Gey’s containing ThiolTracker for 30 minutes under standard conditions. Post-incubation,

inserts were washed in Gey’s, fixed in 10% phosphate buffered formalin at 4°C overnight

and stained.

ThiolTracker and CellROX fluorescence intensity was quantified using a self-calibrating

sensitive CCD digital imaging system consisting of a QuantEM-512SC camera

(Photometrics), electronic shutter (Lambda SC Smart Shutter; Sutter Instruments), and a 100

watt Hg light on a DMIRE2 inverted microscope (Leica) at 20x gain. A standardized area of

interest at the CA3 stratum pyramidale was used for all quantifications and digital images

were thresholded and the average optical intensity registered using MetaMorph software

(ver. 7.5.4.0; Molecular Devices).

Although protein carbonylation is ROS-mediated and does not encompass RNS-mediated

damage, its measurement is accepted as a reliable indicator for the extent of oxidative

damage (Ghezzi and Bonetto, 2003). Protein carbonyl levels were measured utilizing the

Protein Carbonyl Content Assay Kit (Abcam) according to manufacturer’s protocol. Briefly,

protein was extracted from the neocortex of animals nasally administered with IL-11 or

sham controls using RIPA buffer as previously described (Cook et al., 2011; Roundtree et

al., 2011). Protein homogenate was treated with streptozocin to remove any nucleic acid

contaminates. Samples were reacted with 2, 4-Dinitrophenylhydrazine followed by

quantification of the acid hydrazones at 405 nm. BCA assays (ThermoFisher Scientific)

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

carbonyl content based on optical density.
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Immunochemistry and microscopy

Hippocampal slice cultures were fixed in 4% paraformaldehyde at 4°C overnight prior to

staining. For whole brain samples, frozen brains were sectioned (40 µm) using a Leica

cryostat (Leica), and fixed in 10% buffered formalin phosphate for 15 minutes prior to

staining. Primary antibodies used in this study are: monoclonal mouse anti-CNPase IgG

(1:1000, Millipore), polyclonal rabbit anti-Iba1 IgG (1:1000, Wako Pure Chemical

Industries), monoclonal mouse anti-GFAP IgG (1:1000, Santa Cruz Biotechnology),

monoclonal mouse anti-NeuN IgG (1:1000, Millipore), monoclonal mouse anti-Arginase-1

IgG (1:500, BD Biosciences), monoclonal mouse anti-CD32 IgG (1:500, BD Biosciences),

and polyclonal rabbit anti-IL-11 IgG (1:10, Santa Cruz Biotechnology). Slices were then

incubated with AlexaFluor 488 or AlexaFluor 594 labeled secondary antibody specific to the

appropriate animal species (1:1000, Millipore) and mounted using Prolong Anti-fade with or

without DAPI (Invitrogen). Fluorescently stained slices were then visualized by either using

the Leica TCS SP5 II AOBS laser scanning confocal microscope (Leica) at the Light

Microscopy Core Facility at the University of Chicago or a DMIRE2 inverted microscope

(Leica). All confocal images were with taken as 11 µm-thick z-stacks acquired at 63x gain.

RT-QPCR

RNA was extracted from slice cultures by TRIzol extraction followed by miRNeasy mini kit

(Qiagen) spin column-based purification. Concentrations were measured via RiboGreen

(Invitrogen). RNA samples were reverse transcribed in 20 μL reactions using the iScript

cDNA synthesis kit (Bio-Rad) following manufacturer's protocol. Real-time PCR using 1 μL

of cDNA and iQ SYBR Green Supermix (Bio-Rad) were run on the MyiQ Single-Color

Real Time Detection System (Bio-Rad). All primers (see Table 1) were used at 10 nM

(IDT). Briefly, each sample was normalized to an endogenous control, Rpl13a, and the fold

changes for each gene assayed was determined via the delta delta Ct method (Pfaffl, 2001).

Data handling and statistics

Data were analyzed using SigmaStat software (v.3.5; Systat Software). 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). Mean control data in each experiment were scaled to 1.00 with all

subsequent parameters scaled proportionally to better allow inter-experiment comparisons.

Molecular biological data (semi-quantitative RT-PCR) analyses and immunohistochemical

quantifications included two or more technical replicates per experimental (i.e., biological)

measurement. All experimental groups consisted of biological replicates of n ≥ 3. For semi-

quantitative RT-PCR data, fold changes of greater than two were considered significant

(Pfaffl, 2001). Pairwise comparisons were made with the Student’s t-test and multiple

comparisons done via ANOVA plus post hoc Holm-Sidak testing. For KCl induced SD in

slice culture, the acquired data was binary (i.e., SD elicited versus no SD elicited) and thus

analyzed via Fisher’s exact test.

Electrophysiological data was transferred from Axon Instruments software to OriginPro

(ver. 8.1; OriginLab) for conversion into manuscript figures. In addition, CorelDRAW X3

(ver. 13.0; Corel Corporation) and then Photoshop (ver. 9.0.2; Adobe) was used to construct
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final figure images. If any image manipulation was done to enhance visualization, it was

always done equally to control, sham, and experimental images.

Results

Clodronate liposome-treatment of slice culture selectively depleted microglia

Clodronate, a drug that initiates apoptosis when present in sufficiently high concentrations

within a cell, was packaged into artificially prepared bilipid vesicles (liposomes) to allow

ample uptake by phagocytic cells (van Rooijen, 1989; Vinet et al., 2012). These clodronate-

filled liposomes were applied to naïve 20 days in vitro hippocampal slice cultures. Seven

days later, slice culture vitality was confirmed via Sytox staining before use in experiments

or fixation for immunohistochemistry. To determine the degree of microglial depletion and

potential effects on other cell types, treated cultures were stained with Iba1, GFAP, CNPase

and NeuN (Figure 1A). Quantification of Iba1 staining intensity revealed significant

depletion of microglia in treated cultures (0.005 ± 0.00, n = 9) versus untreated controls

(1.00 ± 0.01, n = 9) (Figure 1B). Quantification of staining intensity for all other cell types

showed no significant difference following clodronate liposome treatment (Figure 1B).

Thus, clodronate liposome treatment of slice cultures provided a microglia-free slice culture

that contained normal levels of neurons, oligodentrocytes and astrocytes, allowing us to

proceed with electrophysiology experiments.

Microglia were necessary for trans-synaptically and KCl evoked spreading depression

SD threshold was assessed in clodronate liposome-treated slice cultures (i.e., cultures

lacking microglia). Evoked synaptic activity was evaluated in all slice cultures before use.

Field potential excitatory post-synaptic responses recorded in the CA3 region (Figure 1C)

were not significantly different between control and clodronate-treated cultures, indicating

that clodronate treatment had little or no effect on slice culture excitability. Specifically,

average post synaptic field potential amplitude for control cultures was (7.50 ± 0.75 mV, n =

12) and (6.00 ± 0.51 mV, n = 12) for clodronate treated cultures (Figure 1Ci and Cii,

respectively). Next, SD threshold was determined in these cultures by trans-synaptic

stimulation as illustrated in Figure 1Ciii. Trans-synaptically induced SD threshold was

significantly higher in clodronate liposome-treated (227.00 ± 0.00, n = 6) versus untreated

control cultures (1.00 ± 0.41, n = 6) (Figure 1D). However, it is important to note that the

maximum stimulus used to attempt induction of SD was 10,000 nC. This amount of current

was unable to evoke SD in any microglia depleted cultures, but our statistical analysis scaled

this value relative to the SD threshold nC of untreated controls.

SD was also induced by transient contact of a 1M KCl-agar filled wand to the dentate gyrus

(Figure 1Ei). In all instances, KCl promptly induced SD (n = 9) in untreated cultures, while

similar KCl application to the dentate gyrus of clodronate liposome-treated slice cultures

never induced SD (n = 9) (Figure 1Eii). Thus, microglia were essential for initial induction

of SD in hippocampal slice cultures, a model which closely mimics conditions found in the

in vivo counterpart.
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Notably, our SD results were not consistent with “spreading depolarizations” (i.e.,

depolarizations that spread with the absence of preceding spontaneous activity; Dreier et al.,

2011). All of our brain slice cultures showed spontaneous neuronal activity before SD

stimulation (see Figure 1Civ, Figure 1Eii; the relative thickness of the DC recording is due

to overlying activity, whereas the recording becomes a thin line in the absence of this

activity during SD).

Restoration of microglia to previously depleted cultures reestablished their susceptibility
to spreading depression

To confirm the presence of exogenously added microglia, clodronate-treated, microglia-

supplemented cultures were stained with Iba1. Quantification of Iba1 staining intensity

again confirmed significant depletion of microglia in clodronate treated cultures (0.01 ±

0.00, n = 6) versus untreated controls (1.00 ± 0.06, n = 6), and revealed significant

restoration of microglia in supplemented cultures (0.45 ± 0.12, n = 6) (Figure 2A). However,

single evoked stimuli to the dentate gyrus of clodronate-treated, microglia-supplemented

cultures provoked hyperexcitable responses that precluded accurate measurement of post

synaptic field response amplitude. Trans-synaptically induced SD threshold was

significantly higher in clodronate-treated (777.00 ± 0.00, n = 6) versus untreated control

cultures (1.00 ± 0.37, n = 6), whereas SD threshold in clodronate-treated cultures

supplemented with primary microglia were not significantly different from controls (0.20 ±

0.20, n = 5) (Figure 2B). Representative electrophysiological records for each group are

shown in Figure 2C. Field potential excitatory post-synaptic amplitudes for control and

clodronate-treated cultures were consistent with those reported above (Figure 1), while those

for clodronate-treated microglia-supplemented cultures tended to be larger and occasionally

triggered bursting or seizure activity (n = 3), which precluded induction of SD.

Environmental enrichment of animals increased spreading depression threshold and
decreased baseline oxidative stress

EE is well-known to improve the outcome of neurological diseases, including but not

limited to migraine. Furthermore, EE reduces the propagation velocity of SD (Gueddes et

al., 1996). Accordingly, we determined SD threshold in rats exposed to EE compared to NE

age-matched controls by recording KCl-induced SD (Figure 3A). Whole animal neocortical

SD threshold was significantly increased by EE (9.82 ± 0.75, n = 5) compared to NE

counterparts (1.00 ± 0.26, n = 6) (Figure 3B). Protein carbonyl levels were also measured in

naïve EE versus NE rat neocortex, as a means to assess differences in baseline levels of OS.

We found a significant decrease in carbonylated protein content in EE neocortex (7.10 ±

0.29 nmol/mg, n = 3) compared to NE neocortex (11.90 ± 1.15 nmol/mg, n = 3) (Figure 3C).

This further supports the ability of EE to mitigate SD (and by extension, migraine), and

suggests that reduction of OS may be involved in this effect.

Environmental enrichment increased CNS levels of IL-11

Since IL-11 reduces TNFα (Mitchell et al., 2011) which is an important stimulus for the

generation of microglial ROS following SD (Grinberg et al., 2013), we determined IL-11

and TNFα expression levels in EE and NE brains via semi-quantitative RT-PCR. IL-11
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mRNA expression was significantly higher in EE versus NE brains (10.6 fold), whereas

TNFα mRNA levels were not significantly different (< 2 fold) (Figure 3D). To confirm this

increase in IL-11 mRNA, we next stained for IL-11 protein in EE and NE brains. Double-

staining with NeuN indicated that neuronal IL-11 was increased in EE (Figure 3E; right)

relative to NE brains (Figure 3E; left). Thus, EE increased CNS levels of IL-11, which may

contribute to the observed reduction in OS and SD (detailed above).

M2a polarization of microglia led to increased spreading depression threshold

To determine the relative contribution of pro-inflammatory M1 microglia to induction of

SD, we inhibited signaling from classically activated microglia (effectively creating an M2a-

biased phenotype) via application of minocycline. Minocycline was used at 10 µM, a dose

that inhibits microglial function (Hulse et al., 2008). Minocycline selectively inhibits M1

activation – thus reducing production of inflammatory molecules including TNFα and iNOS

– while not affecting M2a polarization (Kobayashi et al., 2013). Application of minocycline

significantly increased SD threshold (13.20 ± 5.53, n = 3) compared to untreated control

(1.00 ± 0.33, n = 9) slice cultures (Figure 4A). Likewise, application of exogenous IL-11 to

mimic the increase of IL-11 seen in EE brains also increased SD threshold (120.00 ± 23.00,

n = 8) relative to control (1.00 ± 0.34, n = 6) slice cultures (Figure 4B). Since reduction of

M1 polarization and exogenous IL-11 both increased SD threshold, we next looked to

determine if IL-11 could shift microglial polarization to an M2a dominant phenotype. IL-11

was applied to primary microglial cultures, and immunohistochemistry for M1 and M2a

markers (CD32 and Arg-1 respectively) was performed (Figure 4C). Quantification of

staining intensity revealed a significant increase in M2a (Arg-1 positive staining) in IL-11-

treated microglia cultures (1.07 ± 0.01, n = 3) compared to untreated cultures (1.00 ± 0.01, n

= 3) (Figure 4D). Staining for M1 and M2a markers was also performed in IL-11 treated

slice cultures to determine polarization of microglia in the presence of neural tissue

maintained in vitro (Figure 4E). As with primary microglia cultures, application of IL-11 to

slice cultures significantly increased M2a polarization of microglia (1.28 ± 0.08, n = 5)

compared to untreated cultures (1.00 ± 0.04, n = 5) (Figure 4F). Since we observed

increased IL-11 in conjunction with decreased OS in whole animals exposed to EE (Figure

2), we next assessed the impact of IL-11 on OS. IL-11 was applied to slice cultures for three

days prior to induction of OS via menadione treatment. CellROX was used as a means to

assess OS (Figure 4G; control: left, IL-11 treatment: right). Pre-treatment with IL-11

significantly decreased slice culture OS (0.81 ± 0.03, n = 9) compared to that seen in

untreated controls (1.00 ± 0.05, n = 9) (Figure 4H). Prior work has implicated microglial

production of glutathione as a key component of antioxidant defense mechanisms in the

CNS (Dringen, 2005). Thus, we performed double staining of ThiolTracker and Isolectin-

IB4 in control (Figure 4I; left) versus IL-11-treated (Figure 4I; right) slices to determine

changes in microglial glutathione levels. However, no significant difference was seen

between the two groups (Figure 4J). This begins to suggest that the observed decrease in OS

may be due to decreased production of reactive oxygen or nitrogen species, rather than a

specific upregulation of antioxidants.
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Environmental enrichment induced a shift toward an M2a phenotype

Since IL-11 increased M2a polarization in primary microglial cultures, and IL-11 was

significantly increased in EE brains, we next looked at microglial polarization in EE versus

NE brains. Staining for M1-specific marker CD32 (Figure 5A; NE: left, EE: right) showed a

significant reduction of M1 polarization of microglia/macrophages in neocortex of EE (0.14

± 0.03, n = 3) versus NE (1.00 ± 0.09, n = 3) animals (Figure 5B). In contrast, staining for

M2a-specific marker Arg-1 (Figure 5C; NE: left, EE: right) revealed a significant increase in

M2a polarization in EE (38.00 ± 10.00, n = 3) compared to NE (1.00 ± 0.25, n = 3)

neocortex (Figure 5D). To confirm immunohistochemistry assessment of protein levels,

semi-quantitative RT-PCR was performed for M1 and M2a gene expression. M1

polarization was determined by expression levels of surface protein markers CD32 and

CD86, as well as M1 products TNFα and iNOS. M2a polarization was determined by

expression levels of surface protein markers Arg-1 and CD206, as well as M2a products

TGFβ and IL-10. A significant increase (2.9 fold) was found in Arg-1 mRNA expression in

EE versus NE brains, though no significant change (< 2 fold) was seen in M1-specific CD32

and CD86 or M2a-specific CD206 (Figure 5E). Furthermore, expression of M2a products

TGFβ and IL-10 were significantly higher in EE (2.7 fold and 2.4 fold, respectively)

compared to NE brains, whereas expression of M1 product iNOS was significantly reduced

(3.0 fold). No significant change was observed in TNFα mRNA levels (Figure 5F). Taken

together, this gene expression data indicate a shift of microglia/macrophages toward an M2a

phenotype in EE animals. Though M1 surface markers and TNFα were not significantly

changed, it is notable that iNOS (a producer of reactive nitrogen species) was significantly

reduced.

M2a microglia conditioned medium increased spreading depression threshold while
maintaining normal levels of oxidative stress

To further confirm whether M1 and M2a microglia alter SD threshold through changes in

the local environment (i.e., the inflammatory and oxidative state of the brain) via secreted

agents, we applied conditioned medium from polarized primary microglia to slice cultures.

Primary microglial cultures (Figure 6A–B, left) were polarized to an M1 phenotype by

application of LPS (Figure 6A, right), or to an M2a phenotype via application of IL-4

(Figure 6B, right). Naïve slice cultures were incubated in M1 or M2a conditioned media,

and SD threshold determined three days later. Exposure to M2a conditioned medium

significantly increased SD threshold (349.50 ± 107.80, n = 8) relative to M1 conditioned

medium exposure (1.03 ± 0.33, n = 9) and control (1.00 ± 0.31, n = 9) (Figure 6C).

OS levels were also measured following exposure to conditioned media. Slice cultures

incubated in M1 conditioned medium, M2a conditioned medium, or normal serum -free

medium were exposed to menadione as above, and OS measured via CellROX (Figure 7A).

A significant increase was seen in slices exposed to M1 conditioned medium (1.33 ± 0.09, n

= 5), indicating production of reactive oxygen/nitrogen species above that induced by

menadione alone. However, quantification of CellROX fluorescence intensity showed no

significant decrease in OS from menadione in cultures treated with M2a conditioned

medium (1.10 ± 0.09, n = 5) compared to cultures exposed to menadione alone (1.0 ± 0.05,
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n = 6). This suggests a lack of increased antioxidant production in the latter condition

(Figure 7B).

Nasal administration of IL-11 mimicked environmental enrichment by promoting an M2a
phenotype

Since EE animals had increased IL-11, and IL-11 both alters microglial polarization and

protects from SD in slice cultures, we next administered IL-11 to whole animals to

determine its efficacy in vivo. Naïve rats were nasally administered IL-11 (1 mg) or sodium

succinate buffer alone (sham), and used one day later for measurement of all variables

assessed in EE animals (Figure 4).

Whole animal SD threshold determination revealed significantly increased threshold in

IL-11-treated (24.40 ± 8.90, n = 5) versus sham (1.00 ± 0.14, n = 5) animals (Figure 8A). As

in EE animals, baseline protein carbonyl content was also significantly lower in IL-11

treated (7.29 ± 1.69 nmol/mg, n = 3) versus sham (13.89 ± 0.39 nmol/mg, n = 3) animals

(Figure 8B).

Staining for M1-specific marker CD32 (Figure 8C; left and middle) showed no significant

difference in M1 polarization of microglia/macrophages in neocortex of rats nasally

administered IL-11 (1.06 ± 0.05, n = 3) versus shams (1.00 ± 0.05, n = 3) (Figure 8C; right).

In contrast, staining for M2a-specific marker Arg-1 (Figure 8D; left and middle) revealed a

significant increase in M2a polarization in IL-11-treated (1.21 ± 0.04, n = 3) compared to

sham (1.00 ± 0.04, n = 3) neocortex (Figure 8D; right). As above, semi-quantitative RT-

PCR was performed for M1 and M2a gene expression. mRNA expression was significantly

increased (4.4 fold) for CD206 and decreased (2.3 fold) for CD86 in IL-11-treated versus

sham brains. No significant changes (< 2 fold) in CD32 or Arg-1 were seen (Figure 8E).

Expression of IL-10 was significantly higher in IL-11-treated animals (2.1 fold), though

TGFβ was just under significance (1.7 fold) compared to sham brain levels. Expression of

iNOS was significantly reduced (2.3 fold) and no significant change was observed in TNFα

levels (Figure 8F). Once again, this gene expression data indicated a shift of microglia/

macrophages towards an M2a phenotype in IL-11-treated animals, similar to that seen in EE

animals (Figure 4). Thus, IL-11 mimicked the effects of EE.

Discussion

Previous studies by our laboratory have demonstrated that microglial TNFα and OS play an

important role in increasing susceptibility to SD after recurrent SD (Grinberg et al., 2012;

2013). Here, we show that microglia are also instrumental in triggering an initial event of

SD by ablating microglia in hippocampal slice cultures through application of clodronate

liposomes. Using this method, we were able to selectively deplete microglia without

adversely affecting levels of other cell types. Furthermore, clodronate treatment did not

affect slice culture evoked neuronal activity, as assessed by presence of normal field

potential excitatory post-synaptic responses. This allowed us to perform electrophysiological

experiments in slices with intact neuronal/synaptic activity to determine the threshold for

evoking SD with and without microglia. In the absence of microglia we were unable to

initiate SD (Figure 1D, F). Though we cannot delineate whether this was directly due to the
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lack of microglia, or indirectly via neighboring cells, adding primary microglia back to

depleted cultures restored the ability to evoke SD (Figure 2C). This suggests that in addition

to being a critical component of enhancing susceptibility after recurrent SD (Grinberg et al.,

2012; 2013), microglia are also necessary for evoking initial SD itself.

A sufficient volume of grey matter must be synchronously depolarized above a threshold to

initiate SD in susceptible brain regions. This threshold level of depolarization has long been

recognized to involve adequate elevations of interstitial potassium and glutamate (Bureš et

al., 1974; Somjen, 2001). Astrocytes are macroglia that help regulate interstitial

homeostasis. Thus their role in SD initiation has been extensively documented (for review

see Martins-Ferreira et al., 2000; Grafstein, 2011). Microglia, on the other hand, are only

recently recognized as key regulators of neuronal excitability via their involvement in

potassium and glutamate homeostasis. Additionally, microglial immune signaling can

further increase excitability by amplifying traditional electrophysiological signaling (Pusic

et al. 2011; Devinsky et al., 2013; Rodriquez et al., 2013). Our work adds to the growing

literature indicating that microglia are instrumental in mitigating hyperexcitability caused by

inflammation, and that EE-induced changes in microglia may be an important part of this

process.

Since EE is a natural therapeutic option shown to reduce migraine frequency (Darabaneanu

et al., 2011), and recent work suggests that EE dampens pro-inflammatory responses from

microglia and astrocytes (Williamson et al., 2012), we next asked whether this reduction of

pro-inflammatory signaling affects SD threshold. Here, it is important to note that while

prior studies have shown that the effects of voluntary exercise and those from exposure to an

enriched environment are separable (Olson et al., 2006), they provide the greatest benefit

when used simultaneously (Fabel et al., 2009).

Our study found that whole animals exposed to EE had significantly higher SD thresholds

than age-matched NE animals (Figure 3B). Examination of EE versus NE brains also

revealed significantly reduced protein carbonylation, a measure of oxidative stress, in EE

neocortex (Figure 3C). This may indicate either decreased ROS production or increased

anti-oxidant capacity, both of which would decrease net OS, which is a key component of

SD initiation. This baseline decrease in OS may also be a key mechanism of EE-induced

neuroprotection in a number of other disease models where pro-oxidants initiate or

exacerbate damage, such as stroke, seizure and neurodegenerative disorders.

We next examined levels of IL-11, an anti-inflammatory cytokine with known

immunomodulatory and neuroprotective properties (Trepicchio et al., 1996; Trepicchio and

Dorner, 1998; Zhang et al., 2006; Maheshwari et al., 2013). Semi-quantitative RT-PCR

measurement of IL-11 mRNA revealed an increase in IL-11 expression, as well as an

expected reduction in TNFα expression in EE versus NE brains (Figure 3D). Interestingly,

double staining for IL-11 and NeuN in sectioned neocortex suggests increased IL-11

production by neurons in EE exposed animals (Figure 3E). Taken together, these data

suggest that EE mitigation of migraine involves dampening of pro-inflammatory signaling

and resultant OS. Furthermore, the observed increase in IL-11 levels, which correlate with
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phasically increased neuronal activity from learning associated with EE (van Praag et al.,

2000), may contribute to this effect.

Microglial M1 polarization is associated with increased production of pro-inflammatory

cytokines and reactive oxygen/nitrogen species (Durafourt et al., 2012; Ajmone-Cat et al.,

2013). To determine whether decreasing this pro-inflammatory signaling mitigates SD, and

thus perhaps migraine, we applied minocycline to slice cultures and measured SD threshold.

Minocycline is a tetracycline antibiotic that selectively inhibits M1 polarized microglia, thus

reducing production of pro-inflammatory cytokines (Kobayashi et al., 2013). Treatment with

minocycline significantly increased SD threshold (Figure 4A), indicating that M1

polarization contributes to induction of SD. Decreasing pro-inflammatory signaling through

application of exogenous IL-11 likewise increased SD threshold (Figure 4B), supporting the

idea that increased IL-11 from EE protects from migraine. We next wanted to determine the

effects of IL-11 on microglial polarization and slice culture OS. Exposure to IL-11 produced

an M2a-skewed phenotype in both primary microglial cultures and hippocampal slice

cultures (Figure 4C–F), and IL-11 treatment significantly decreased OS from menadione

exposure in slice culture (Figure 4G, H). However, slice culture treatment with IL-11 did not

increase microglial glutathione content (Figure 4I, J). This suggests that IL-11 increases SD

threshold by dampening M1 polarization and therefore reducing M1-associated

inflammatory and pro-oxidant effects.

Since IL-11 shifted microglia to an M2a dominant phenotype, we next looked to M2a

polarization in EE brains as a potential mechanism for abrogation of SD. We assessed M1

and M2a polarization using a combination of immunohistochemical staining for known M1

versus M2a surface markers and semi-quantitative RT-PCR of additional markers and

products. Animals exposed to EE had significantly lower M1 and higher M2a levels

compared to NE animals, further supporting the role of reduced inflammation in EE

mitigation of migraine (Figure 5).

We next sought to determine if microglia polarization to an M2a versus M1 dominated

phenotype creates an environment of decreased OS that in turn reduces SD. By doing so, we

could also affirm that the effect we observe from EE and IL-11 are mediated by products of

microglial activation. M1 conditioned medium had no effect on SD threshold, whereas M2a

conditioned medium significantly increased SD threshold above that of control untreated

slice cultures (Figure 6C). However, while M2a conditioned medium had no effect, M1

conditioned medium exacerbated OS following exposure to menadione (Figure 7).

Finally, we asked whether administration of exogenous IL-11 could mimic the nutritive

effects seen from exposure to EE. Nasally delivered cytokines, such as insulin-like growth

factor-1 (IGF-1), have been shown to rapidly diffuse via bulk flow along olfactory and

trigeminal nerves before being distributed more widely throughout the brain (Liu et al.,

2001; Thorne et al., 2004; Lockhead and Thorne, 2012). SD threshold was significantly

increased in rats nasally administered IL-11 versus aged matched controls administered

sodium succinate (vehicle) alone (Figure 8A). Furthermore, these IL-11 treated animals

showed a significant decrease in protein carbonylation (Figure 8B), and exhibited an M2a-

skewed phenotype (Figure 8C–F), measured as before with both immunohistochemistry and
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semi-quantitative RT-PCR. Thus, nasal administration of IL-11 can closely mimic the M2a

polarization and associated reduction of SD seen from exposure to EE.

Interestingly, the significant decrease in protein carbonylation in the neocortex of EE and

IL-11-treated rats relative to NE and sham animals was not reflected in increased production

of microglial glutathione. Additionally, M2a polarization did not protect from acute

menadione exposure, while M1 polarization increased the resultant degree of OS. Taken

together, these data begin to suggest that EE protection from SD is mediated not by an

increase in antioxidant production from M2a microglia, but a decrease in M1 microglia

generation of oxidants and pro-inflammatory cytokines.

Mounting evidence shows that changes in microglial polarization likely impacts downstream

nociceptive signaling of migraine, as well as chronic pain (Tsuda et al., 2013). For example,

TNFα (a M1 polarization product) induces sensitization of meningeal nociceptors, which

play a role in migraine pain signaling (Zhang et al., 2011). Also, neocortical SD induces OS

in the trigeminal nociceptive system (Shatillo et al., 2013). It is likely that an M1 dominant

phenotype contributes to enhanced migraine pain, and that a shift toward M2a polarization

(i.e., through EE or increased IL-11) may normalize excessive neuronal activity in

nociceptive signaling pathways, and thus reduce migraine.

In summary, this study demonstrates that microglia and their polarization state are critical

for SD induction. Specifically, M1 microglia produce ROS and pro-inflammatory cytokines,

including TNFα which can alter neuronal excitability (Grinberg et al., 2012, 2013;

Durafourt et al., 2012; Ajmone-Cat et al., 2013). M1 polarization may decrease inhibitory

synaptic activity to promote initiation of SD (Kunkler et al., 2005; Stellwagen et al., 2005;

Pribiag and Stellwagen, 2013). Furthermore, we demonstrate that a shift from M1 to M2a

polarization is involved in EE-mediated increase of SD threshold. Thus, a better

understanding of the mechanisms by which EE changes in microglia can mitigate SD will be

important for the development of novel therapeutics for migraine.
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Figure 1. Microglia are essential for spreading depression
Slice cultures were treated with clodronate liposomes and stained to assess microglial

depletion. (A) Representative staining with cell-specific markers for microglia, astrocytes,

oligodendrocytes and neurons (Iba1, GFAP, CNPase and NeuN, respectively) showed

depletion of microglia in clodronate liposome-treated slices (bottom) versus control (top),

with no effect on other cell types. Scale bar, 20 µm. (B) Quantification of cell-specific

staining intensity for microglia, astrocytes, oligodendrocytes and neurons. A significant (*, p

< 0.001) decrease in Iba1 staining was seen in clodronate liposome-treated slices. No
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significant differences were seen in any other cell-specific stains. (C) Representative

electrophysiological records are shown for (i) normal field potential, illustrating an initial 10

mV×2 ms calibration pulse followed by a stimulation pulse (first negative deflection,

indicated by arrow). (ii) Similarly, representative evoked CA3 area field potential response

from a slice culture depleted of microglia by clodronate exposure. (iii) 10-Hz stimulation

used to trans-synaptically induce SD [with time scale bar applicable to (i, ii and iii)], and

(iv) SD evoked seconds after the electrical stimulation (indicated by arrow). (D) SD

threshold was determined for control versus clodronate liposome-treated slices. Depletion of

microglia significantly (*, p <0.001) increased trans-synaptically induced SD threshold

compared to untreated control. In fact, SD was not elicited in treated cultures, but is

categorized with the highest current stimulus whether or not it triggered SD. (E)

Representative electrophysiological records for (i) KCl-induced SD in control slice cultures

and (ii) absence of SD in clodronate liposome-treated slice cultures are shown. Arrows

indicate application of KCl stimuli. (F) As with trans-synaptically induced SD, depletion of

microglia significantly (*, p < 0.001) reduced KCl-induction of SD compared to control. In

fact, SD was never evoked by KCl in clodronate liposome-treated slice cultures.
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Figure 2. Restoration of microglia to previously depleted cultures reestablished their
susceptibility to spreading depression
Slice cultures were treated with clodronate liposomes as before, and supplemented with

cultured primary microglia. (A) Quantification of Iba1 staining intensity for microglia. A

significant (*, p < 0.001) decrease in Iba1 staining was seen in clodronate treated cultures,

whereas Iba1 staining in clodronate + microglia treated cultures was significantly (#, p <

0.001) improved toward normal levels. (B) SD threshold was determined for control versus

clodronate liposome-treated and clodronate + microglia treated cultures. Depletion of

microglia significantly (*, p <0.001) increased trans-synaptically induced SD threshold

compared to untreated control, whereas addition of exogenous microglia re-established the

ability to evoke SD toward control levels. (C) Representative electrophysiological records

(field potential to left and SD (if elicited to right) for (i) control, (ii) clodronate-treated and

(iii) clodronate + microglia treated slice cultures. Once again, SD was induced in control

cultures but not in clodronate-treated cultures. Importantly, clodronate-treated cultures

supplemented with microglia showed markedly increased evoked excitability of SD (n = 5),

seizures (n = 2) and bursting (n = 1) to single electrical pulses.
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Figure 3. Environmental enrichment increases IL-11 and spreading depression threshold
(A) Representative electrophysiological records are shown for KCl-induced whole animal

neocortical spreading depression (SD) from environmentally enriched (EE) and non-

enriched (NE) animals. (B) Whole animal SD threshold was determined for NE and EE rats.

EE animals showed a significantly (*, p < 0.001) increased SD threshold compared to NE

animals. (C) Protein carbonyl content was measured in NE and EE neocortex. EE brains

contained significantly (*, p = 0.016) lower levels of carbonylated protein relative to NE

controls. (D) Semi-quantitative RT-PCR shows no increase (< 2 fold) in TNFα mRNA in
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EE versus NE brains, whereas increased expression (10.6 fold) was seen in IL-11 mRNA.

(E) Representative images of rat brain sections (40 µm) double-stained for IL-11(red) and

NeuN (green) show increased neuronal IL-11 (yellow) in neocortex of EE versus NE

animals. Scale bar, 20 µm.
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Figure 4. Pharmacological induction of microglial M2a phenotype occurs with increased
spreading depression threshold
Trans-synaptically induced spreading depression (SD) threshold was significantly increased

in both (A) minocycline-treated slice cultures (*, p < 0.002) and (B) IL-11-treated slice

cultures (*, p < 0.001) versus untreated controls. (C) Representative images of M1 (CD32)

and M2a (Arg-1) staining of IL-11-treated primary microglia cultures. Scale bar, 20 µm. (D)

Quantification of M1 and M2a staining intensities show a significant (*, p = 0.008) increase

in M2a-specific staining in IL-11-treated primary microglia cultures. (E) Representative
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images of M1 (CD32) and M2a (Arg-1) staining of IL-11-treated hippocampal slice cultures.

Scale bar, 20 µm. (F) Quantification of M1 and M2a staining intensities show a significant

(*, p = 0.008) increase in M2a-specific staining of microglia in IL-11-treated slice cultures.

(G) Representative images of staining for menadione-induced oxidative stress (CellROX) in

control (left) and IL-11-treated (right) slices. Scale bar, 200 µm. (H) Quantification of

CellROX fluorescence intensity at the CA3 region shows a significant (*, p = 0.005)

decrease in oxidative stress in IL-11-treated versus untreated controls. (I) Representative

images of ThiolTracker [green; glutathione (GSH)] and Isolectin-IB4 (red; microglia)

double-staining in control (left) and IL-11-treated (right) slices. Scale bar, 20 µm. (J)

Quantification of ThiolTracker fluorescence intensity showed no significant difference in

glutathione levels between control and IL-11-treated slices.
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Figure 5. Environmental enrichment drives microglia to M2a phenotype
Immunostaining of non-enriched (NE) and environmentally enriched (EE) brain sections (40

µm) for M1 and M2a specific markers (CD32 and Arg-1, respectively). (A) Representative

images of CD32 staining in NE and EE neocortex. Scale bar, 20 µm. (B) Quantification of

CD32 staining intensity shows significantly (*, p < 0.001) reduced M1 microglia/

macrophages in EE versus NE. (C) Representative images of Arg-1 staining in NE and EE

neocortex. Scale bar, 20 µm. (D) Quantification of Arg-1 staining intensity shows

significantly (*, p =0.021) increased M2a microglia/macrophages in EE versus NE. Semi-

quantitative RT-PCR was performed for M1 and M2a gene expression. (E) Assessment of

classical M1 and M2a surface markers showed increased (2.9 fold) expression of Arg-1
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mRNA (M2a) in EE versus NE. M1 markers (CD32 and CD86) showed similar or slightly

reduced (< 2 fold) expression levels in EE versus NE. (F) Assessment of select mRNAs

indicative of M1 versus M2a polarization showed increased expression of M2a-specific

TGFβ and IL-10 mRNA (2.7 and 2.4 fold, respectively), and reduced expression (3.0 fold)

of M1-specific iNOS mRNA. Expression levels of M1-specific TNFα mRNA were not

significantly different (< 2 fold).
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Figure 6. M2a microglia-conditioned medium increases spreading depression threshold
Primary microglia cultures were polarized to an M1 (treated with 1 µg/mL LPS) or M2a

(treated with 20 ng/mL IL-4) phenotype. (A) Representative images of CD32 staining of

untreated (left) and LPS-treated (right) primary microglia cultures show increased CD32

positive staining in treated cultures. Scale bar, 200 µm. (B) Representative images of Arg-1

staining of untreated (left) and IL-4-treated (right) primary microglia cultures show

increased Arg-1 positive staining in treated cultures. Scale bar, 20 µm. (C) Naïve

hippocampal slice cultures were incubated in conditioned medium derived from M1 or M2a
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polarized microglia cultures, and spreading depression (SD) threshold determined three days

later. Trans-synaptically induced SD threshold was significantly (*, p < 0.001) increased in

hippocampal slices treated with M2a-conditioned medium versus those treated with M1-

conditioned medium and untreated control slice cultures.
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Figure 7. M1 microglia-conditioned medium increases oxidative stress
Naïve slice cultures were incubated in conditioned medium derived from M1 or M2a

polarized primary microglia cultures. (A) Representative images of staining for menadione-

induced oxidative stress (OS; CellROX) in control (left), M1 conditioned medium-treated

(middle) and M2a conditioned medium-treated (right) hippocampal slice cultures. Scale bar,

200 µm. (B) Quantification of CellROX fluorescence intensity at the CA3 region showed a

significant (*, p = 0.006) increase of OS in hippocampal slices treated with M1 conditioned

medium versus slices treated withM2a conditioned medium or menadione alone (control).
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Figure 8. Nasal administration of IL-11 mimics environmental enrichment
Animals were nasally administered IL-11 (1 mg) or sodium succinate alone (sham). All

measurements were taken one day post-treatment. (A) Whole animal spreading depression

(SD) threshold was determined for IL-11-treated and sham rats. Nasal administration of

IL-11 significantly (*, p = 0.03) increased SD threshold compared to sham. (B) Assessment

of protein carbonyl levels was performed as a measure of oxidative stress. Animals that were

nasally administered IL-11 exhibited significantly (*, p = 0.02) lower levels of carbonylated

protein. Immunostaining of IL-11-treated and sham brain sections (40 µm) for M1 and M2a
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specific markers (CD32 and Arg-1, respectively). (C) Representative images of CD32

staining in neocortex of sham and IL-11-treated animals. Scale bar, 20 µm. Quantification of

CD32 staining intensity showed no significant difference in M1 microglia/macrophages

between sham and IL-11-treated animals. (D) Representative images of Arg-1 staining in

neocortex of sham and IL-11-treated animals. Scale bar, 20 µm. Quantification of Arg-1

staining intensity showed significantly (*, p = 0.014) increased M2a microglia/macrophages

in IL-11-treated versus sham animals. Semi-quantitative RT-PCR was performed for M1

and M2a gene expression. (E) Assessment of classical M1 and M2a surface markers showed

increased (4.4 fold) expression of CD206 mRNA (M2a) and reduced (2.3 fold) expression of

CD86 mRNA (M1) in IL-11-treated versus sham animals. Expression of CD32 and Arg-1

mRNA was not significantly different (< 2 fold). (F) Assessment of select mRNAs

indicative of M1 versus M2a polarization showed increased expression of M2a-specific

IL-10 mRNA (2.1 fold), and reduced expression (2.3 fold) of M1-specific iNOS mRNA.

Expression levels of M2a-specific TGFβ and M1-specific TNFα mRNA were not

significantly different (< 2 fold).
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