
UC Irvine
ICTS Publications

Title
Dual and Opposing Roles of MicroRNA-124 in Epilepsy Are Mediated through Inflammatory 
and NRSF-Dependent Gene Networks

Permalink
https://escholarship.org/uc/item/3xb0m9nx

Journal
Cell Reports, 14(10)

ISSN
22111247

Authors
Brennan, GaryÂ P.
Dey, Deblina
Chen, Yuncai
et al.

Publication Date
2016-03-01

DOI
10.1016/j.celrep.2016.02.042

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License, 
availalbe at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3xb0m9nx
https://escholarship.org/uc/item/3xb0m9nx#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


Dual and opposing roles of microRNA-124 in epilepsy are 
mediated through inflammatory and NRSF-dependent gene 
networks

Gary P. Brennan1,2, Deblina Dey1, Yuncai Chen1, Katelin P. Patterson2, Eric J. Magnetta1, 
Alicia M. Hall1,2, Celine M. Dube1,2, Yu-Tang Mei1, and Tallie Z. Baram1,2,3

1Department of Pediatrics, University of California-Irvine, Irvine, 92697, United States

2Department of Anatomy & Neurobiology, University of California-Irvine, Irvine, 92697, United 
States

3Department of Neurology, University of California-Irvine, Irvine, 92697, United States

Abstract

Insult-provoked transformation of neuronal networks into epileptic ones involves multiple 

mechanisms. Intervention studies have identified both dysregulated inflammatory pathways and 

NRSF-mediated repression of crucial neuronal genes as contributors to epileptogenesis. However, 

it remains unclear how epilepsy-provoking insults (e.g., prolonged seizures) induce both 

inflammation and NRSF, and whether common mechanisms exist. We examined miR-124 as a 

candidate dual regulator of NRSF- and inflammatory-pathways. Status epilepticus (SE) led to 

reduced miR-124 expression via SIRT1, and in turn MiR-124 repression, via C/EBPα, upregulated 

NRSF. We tested whether augmenting miR-124 after SE would abort epileptogenesis by 

preventing inflammation and NRSF upregulation. SE-sustaining animals developed epilepsy but 

supplementing miR-124 did not modify epileptogenesis. Examining this result further, we found 

that synthetic miR-124 effectively blocked NRSF upregulation and rescued NRSF target genes, 

but also augmented microglia activation and inflammatory cytokines. Thus, miR-124 attenuates 

epileptogenesis via NRSF while promoting epilepsy via inflammation.

Introduction

The transformative mechanisms converting neuronal networks into epileptic ones (Vezzani 

et al., 2011; Engel et al., 2013a; Simonato et al., 2014) are driven at least partly by altered 

expression and function of crucial neuronal genes (Brooks-Kayal et al., 2009; Cacheaux et 

al., 2009; Goldberg and Coulter, 2013; Rossignol et al., 2014), in parallel with activation of 
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inflammatory cells (Pernot et al., 2011; Vezzani et al., 2011). Recently, interfering with the 

repression of numerous target genes by the transcriptional repressor Neuron Restrictive 

Silencer Factor (NRSF) was found to attenuate the development of epilepsy in the short-

term (McClelland et al., 2011), supporting a mechanistic role in epileptogenesis (Gao et al., 

2011; Baldelli and Meldolesi 2015). In addition, anti-inflammatory strategies have modified 

the course of this disease, supporting the contribution of inflammation to insult-provoked 

epilepsy (Maroso et al., 2011; Li et al., 2013). It is unclear how epilepsy-provoking insults 

such as status epilepticus (SE) initiate both NRSF dysregulation and pro-epileptogenic 

inflammation, and if these concurrent processes are co-orchestrated. Identification of 

regulatory molecules which govern multiple epileptogenic pathways may allow for the 

development of effective preventative therapies.

MicroRNAs are potent and pleiotropic molecules with numerous gene targets and conserved 

across evolution (Lall et al., 2006; O'Carroll and Schaefer, 2013; Izaurralde, 2015). Their 

targets include transcription factors and inflammatory cascades (Quinn and O'Neill, 2011; 

Neo et al., 2014; Su et al., 2015). Recent studies have found aberrant expression of miRNAs 

during epileptogenesis and consequent gene dysregulation, including miR-134 (Jimenez-

Mateos et al., 2012), miR-128 (Tan et al., 2013), miR-146 (Aronica et al., 2010) and others 

(Risbud and Porter, 2013; Gorter et al., 2014). Here we focused on miR-124 because it is 

strongly expressed in hippocampus (Smirnova et al., 2005), has been linked to NRSF 

expression in developing neurons (Conaco et al., 2006; Visvanathan et al., 2007; Yoo et al., 

2009), and has recently been reported to be required for microglial quiescence (Ponomarev 

et al., 2011). Using a SE model of epilepsy generation, we demonstrate that miR-124 plays 

dual and opposing roles in epileptogenesis. We find that preventing the SE-provoked 

reduction of miR-124 levels is anti-epileptogenic because it prevents increased NRSF 

expression and activity. However, preventing reduction in miR-124 levels surprisingly also 

exacerbates inflammation, with a pro-epileptogenic effect.

Results

Both inflammatory and transcriptional pathways are activated by an epilepsy-promoting 
insult

Within hours of SE provoked by the systemic administration of the glutamate receptor 

agonist kainic acid (KA) (KA-SE), many gene networks were activated. First, pro-

inflammatory cascades were induced in the hippocampus evident by microglial activation, 

as apparent from the altered microglia morphology from ramified to globular (Figure 1A), 

augmented CD11b expression (Figure 1B), and robust induction of pro-inflammatory 

cytokines. Levels of the cytokines IL-1β, IL-6, and TNF-α, and of IL-1β receptor, were 

significantly enhanced compared with control hippocampus (Figure 1B). Concurrently, as 

reported, the transcriptional repressor NRSF was upregulated at both mRNA and protein 

level already within 4h of KA-SE, and remained elevated up to 48h (Palm et al., 1998; 

McClelland et al., 2011; McClelland et al., 2014) (Figures 1C–1E). Furthermore, NRSF 

activation by SE led to repression of NRSF-regulated target genes including HCN1, 

GRIN2A and KCC2 (Figure 1F).
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Hippocampal miR-124 levels decline rapidly following epilepsy-provoking seizures

As both inflammatory cells and NRSF are induced by SE and might contribute to 

epileptogenesis we sought to identify a potential common upstream regulatory mechanism. 

However in-silico approaches failed to identify canonical transcriptional controls common 

to both. Therefore, we considered non-canonical mechanisms of regulation including non-

coding RNAs, and focused on microRNAs (miRNA) because they are expressed and 

function in all cell types including neurons and microglia (Ponomarev et al., 2011; Jovicic et 

al., 2013; Malmevik et al., 2015). In-silico analysis identified a group of miRNAs predicted 

to regulate NRSF (Figure S1A), those reported to regulate neuro-inflammation (Soreq and 

Wolf, 2011) and those, such as miR-132, 134, 128, 9 and 124 that have been implicated in 

epilepsy (Jimenez-Mateos et al., 2012; Kan et al., 2012; Risbud and Porter, 2013). Because 

miR-9 and miR-124 also interact with NRSF during neuronal development (Conaco et al., 

2006; Visvanathan et al., 2007; Yoo et al., 2009) we focused on them..

We found no change in hippocampal miR-9 levels following KA-SE (Figure S1C). In 

contrast, miR-124 levels were rapidly and significantly reduced by 90min following KA-SE 

and remained depressed for up to 48h (Figure 2A). We then measured the levels of 

functional miR-124 by measuring levels bound to Argonaute 2 (Ago2) within RISC. Levels 

of miR-124 within RISC were lower in KA-SE compared to control hippocampi (Figure 

2B). This reduction was selective because miR-134 RISC levels were increased, as reported 

(Jimenez-Mateos et al., 2012); Figure 2B). Decreased miR-124 expression was biologically 

important because levels of target mRNAs such as CoREST and AXIN1 were increased (de-

repressed) in hippocampus 48h after KA-SE (Figure 2C).To test if reduced miR-124 in the 

RISC complex stemmed from diminished total miR-124 levels or from potential SE induced 

perturbation of miRNA uptake by RISC we measured pri-mir-124-1, 2 and 3, precursor 

molecules expressed from the three genes which code for the same mature miR-124. 

Primir-124-1 expression was significantly attenuated after SE (Figure 2D), whereas pri-

mir-124-2 and 3 were unaffected (Figure S1D), indicating that reduced mature miR-124 

levels derived from reduced output of the miR-124-1 gene. Together, the findings indicated 

that the expression, activity and function of miR-124 were repressed rapidly following SE, 

preceding the augmentation of inflammatory cytokines and of NRSF levels.

The miR-124-1 gene is repressed via histone deacetylation that is mediated by SIRT1

The above data demonstrated that KA-SE rapidly reduced miR-124-1 gene expression, 

prompting a search for the underlying mechanisms. Histone deacetylation can take place 

within minutes as a result of neuronal activity during memory processes (Roth et al., 2010; 

White and Wood, 2014). Therefore, we probed the deacetylation of chromatin surrounding 

miR-124-1 gene locus as a candidate mechanism for miR-124 repression, and found we 

found enhanced de-acetylation of H4K16 (Figure 3E) de-acetylation of which typically 

denotes gene repression (Ferguson et al., 2015). Looking for the responsible deacetylating 

enzyme, we reasoned that SE represents an extremely metabolically demanding process 

(Duffy et al., 1975; Fujikawa et al., 1988; Carmody and Brennan, 2010; Jupp et al., 2012; 

Tantama et al., 2013; Choy et al., 2014). Therefore we tested for the involvement of 

members of the lysine deacetylase family, Sirtuins, which are activated by changes in 

cellular energy levels (Blander and Guarente, 2004; Herskovits and Guarente, 2014). KA-SE 
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did not alter mRNA or total cellular protein levels of SIRT1 (Figure 3A, 3B) however the 

levels of SIRT1 within the nuclear fraction of hippocampal tissue were significantly 

augmented already at 1h post KA-SE (Figure 3C). (Cytoplasmic levels of SIRT1 were low 

and did not change appreciably; Figure S2A). Augmented nuclear SIRT1 was associated 

with increased binding to the miR-124-1 gene promoter (Figure 3D) whereas binding to 

miR-124-2 and 3 genes did not change (Figure S2B and S2C), and reduced H4K16 

acetylation (Figure 3E). Whereas the above data supported that SIRT1 binding caused the 

repression of the miR-124-1 gene, we tested this directly by inhibiting SIRT1 using the 

specific inhibitor Ex-527. Using organotypic hippocampal slice cultures we replicated our in 

vivo findings from above by treating with kainic acid to induce seizure-like events (Figure 

S3A S3B). Following 3h of seizure-like activity we applied the SIRT1 inhibitor and found 

that this reduced SIRT1 binding to the chromatin surrounding the miR-124-1 promoter 

region (Figure 3F) and prevented deacetylation of the H4K16 locus (Figure 3G). Inhibition 

of SIRT1 rescued the expression of pri-mir-124-1 (Figure 3H), of mature miR-124 (Figure 

3I), and of another established target of SIRT1, miR-134; (Gao et al., 2010) (Figure S2D). 

Together these data indicated that SIRT1 directly repressed miR-124 by binding to the 

miR-124-1 gene and deacetylating histone lysine residues, promoting the formation of 

heterochromatin and consequent gene silencing.

Reduced miR-124 expression is required for increased NRSF expression

MiR-124 has been shown to repress microglia activation and the ensuing inflammatory 

molecular cascades (Ponomarev et al., 2011). The relationship between repression of 

miR-124 and the expression of NRSF has not been studied in the context of epileptogenesis. 

Therefore, having established the link between epilepsy-promoting metabolic insults such as 

KA-SE and repression of miR-124, we asked if depleted miR-124 was a cause of NRSF 

upregulation during epileptogenesis (McClelland et al., 2011; McClelland et al., 2014).

To test this possibility, we induced seizure-like events in organotypic hippocampal slice 

cultures and prevented cellular depletion of miR-124 levels by providing synthetic 

microRNA (agomir) to a subgroup of the cultures after termination of seizure-like activity. 

Restitution of miR-124 levels abrogated the upregulation of NRSF expression for up to 96h 

(Figure S3C) and prevented repression of NRSF target genes including GRIN2A (Figure 

S3d) (McClelland et al., 2014). The specificity of the effects of miR-124 was examined by 

supplementing the medium with miR-134 agomirs which did not prevent seizure-induced 

upregulation of NRSF (Figure S3E).

We then tested the role of miR-124 in regulating NRSF in vivo. We infused miR-124 

agomirs into the lateral cerebral ventricles (ICV) of rats following KA-SE and measured 

mRNA and protein levels of hippocampal NRSF using qPCR and Western blots 

respectively. MiR-124 agomirs prevented seizure-induced upregulation of NRSF at both 

mRNA (Figure 4A) and protein level (Figure 4B) and prevented NRSF mediated repression 

of GRIN2A (Figure 4C). The combined in vitro and in vivo approaches demonstrated that 

the rapid repression of miR-124 levels after prolonged seizures caused NRSF upregulation 

and consequent repression of critical neuronal genes.
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MiR-124 regulates NRSF levels via the transcription factor C/EBPα

In silico analysis revealed no canonical binding site for miR-124 on the 3’UTR of the NRSF 

mRNA, suggesting the existence of intermediate miR-124 targets which, in turn, control 

NRSF expression. We initially tested a potential role of the miR-124 target PTBP1, 

(Visvanathan et al., 2007) however, the presence of increased REST4 splicing (Figure S4B) 

and no changes in PTBP1 levels (Figure S4A) suggested alternative regulatory mechanisms. 

The robust increase in NRSF mRNA levels provoked by SE suggested that transcriptional 

mechanisms were involved. In silico analysis of miR-124 targets combined with analysis of 

the NRSF gene, identified transcription factors that were predicted to both be targets of 

miR-124 and bind the NRSF gene. Among these, the CCAAAT enhancer binding protein 

(C/EBPα) has been described as a target of miR-124 that exerted actions related to microglia 

regulation (Ponomarev et al., 2011), and potential C/EBPα binding sites exist within the 

NRSF gene promoter (Figure S4C). C/EBPα mRNA and protein levels increased 

significantly in hippocampus of rats sustaining KA-SE (Figures 4D, 4E) and this increase 

was abrogated by administration of miR-124 agomirs immediately following KA-SE (Figure 

4F). Chromatin immunoprecipitation (ChIP) demonstrated that C/EBPα binding to the 

NRSF promoter region, but not to the C/EBPα binding site within the first intron of the 

NRSF gene (Figure S4D), was significantly higher in hippocampus of KA-SE animals 

compared to control (Figure 4G). To test if C/EBPα binding was required for increased 

NRSF expression, we blocked C/EBPα binding by using decoy oligodeoxynucleotides 

(ODNs) composed of the C/EBPα binding recognition site (McClelland et al., 2011). These 

ODNs, but not scrambled (Scr) ODNs, decreased C/EBPα binding to the NRSF gene 

promoter (Figure 4H). Importantly, blocking C/EBPα binding abrogated upregulation of 

NRSF following seizure-like activity (Figure 4I). Together, these data identified C/EBPα as 

a seizure- and miR-124 dependent regulator of NRSF expression in hippocampus. 

Specifically, seizure-induced repression of miR-124 levels led to increased levels of C/

EBPα, which, in turn, augmented NRSF expression by binding to the gene promoter and 

enhancing transcription.

Effects of post-insult miR-124 replenishment on the development of epilepsy

The data above suggested that rapid, KA-SE-induced repression of miR-124 levels in 

hippocampus promotes the development of epilepsy by two mechanisms: first, miR-124 

represses inflammation, therefore, its depletion should promote increased cytokine 

expression (Figure S1B and Figure 5). Second, miR-124 depletion augments NRSF levels, 

implicated in short-term epileptogenesis (McClelland et al., 2011). Because these combined 

data poise miR-124 depletion as an important upstream mediator of epileptogenesis, we 

tested if miR-124 restitution would prevent epileptogenesis by both preventing upregulation 

of NRSF and by maintaining quiescent microglia and preventing inflammation.

We infused miR-124 agomirs or scrambled sequences directly into brain (ICV) of adult male 

rats immediately following the termination of KA-SE. The experimental groups consisted of 

rats ‘destined’ to become epileptic (KA-SE with Scr agomirs; n=12), rats sustaining KA-SE 

and treated with miR-124 agomirs (n=12), and control rats treated with either Scr agomir or 

ordered miR-124 agomir (n=5/group). All rats underwent continuous two month video-EEG 

monitoring (Hellier and Dudek, 2005). We evaluated the presence or absence of 
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spontaneous seizures (epilepsy), the latency to onset of the first seizure, seizure duration, 

severity and the number of seizures per rat and per group. Mir-124 did not influence basal 

EEG including rhythms and amplitude in either controls or KA-SE rats and control rats did 

not develop seizures. The number of rats developing epilepsy was similar in KA-SE 

miR-124 agomir and Scr groups (11/12 and 10/12, respectively) (Figure 5A). Detailed 

analyses of video-EEG data revealed that the number of seizures (Figure 5A), average 

seizure number per day (Figure 5B), seizure duration (Figure 5C), seizure severity on the 

Racine scale (Figure 5D), and latency to the onset of the first seizure (Figure 5E) did not 

distinguish between groups. Together, these data indicated that administration of miR-124 

agomirs after an epilepsy-provoking insult does not prevent or modify significantly the 

disease process.

Unexpected and complex actions and expression patterns of miR-124 in the brain

The lack of effect of miR-124 infusion on epileptogenesis was not a result of insufficient 

agomir levels. We employed a chemically-protected agomir (see methods), and detected 

levels in vivo in ranges comparable to endogenous miR-124 in naïve hippocampus (Figure 

5F).Additionally, infused agomirs prevented the SE-induced upregulation of NRSF levels 

and activity (Figures 4A–C). We therefore examined if restitution of the SE-depleted 

miR-124 levels exerted the expected suppressive actions on SE-induced inflammatory 

cascades.

We first measured expression of inflammatory markers and cytokines and found that, as 

expected, they were elevated in hippocampi of KA-SE rats compared with controls (Figure 

6A) (Jarvela et al., 2011; Pernot et al., 2011; Vezzani et al., 2011; Jiang et al., 2013). 

Unexpectedly, in hippocampi of rats receiving miR-124 agomirs, cytokine levels were not 

repressed but increased (Figure 6A) including IL-1β, TNF-α and IL-6. Robust increase in 

CD11b and modest upregulation of astrocytic GFAP were also observed after miR-124 

infusion (Figure 6A). These striking effects were not detected in animals which received 

scrambled agomirs, suggesting specific and surprising pro-inflammatory actions of 

miR-124.

We then examined the cell types influenced by miR-124. We assessed the four groups 

described for evidence of inflammatory cell activation using ICC. We measured the numbers 

of cells expressing the microglial IBA1, and quantified the proportion of these cells that 

were activated (Figure 6B–C inset). While moderate microglia activation was observed in 

KA-SE rats (Figures 6B–C), in rats that received miR-124 agomirs, there was a dramatic 

and unexpected activation of microglia not only after KA-SE but also in control rats given 

miR-124 (Figures 6B–C). The same activation was not found in control rats given Scr 

miRNA. Astrocytes did not seem to be affected by miR-124 agomir infusion, though they 

were activated by KA-SE (Figure 6D).

These surprising results suggested that miR-124 and/or miR-124 agomirs activated rather 

than repressed microglia, promoting inflammation. MiR-124 was described in microglia 

where it was considered to have suppressive effects (Ponomarev et al., 2011), and the 

findings described above might arise from endogenous or synthetic microglial miR-124. 

Alternatively, microglial activation might derive from augmented levels of endogenous 
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and/or synthetic miR-124 in neurons. To resolve this question, we examined the cellular 

localization of both endogenous and synthetic miR-124 agomir in hippocampus (Figure 7). 

In naïve hippocampus, non-radioactive in situ hybridization (ISH) suggested a neuronal 

distribution of the miRNA (Figure 7A). A sense miR-124 probe did not detect any miRNA 

expression (Figure 7B). Dual ISH and ICC demonstrated an exclusive location of the 

miR-124 in cells expressing the neuronal marker NeuN, and lack of co-localization of 

miR-124 with cells with the typical features of microglia and expressing the microglial 

marker IBA1 (Figures 7C, 7D). We employed mouse hippocampus in these studies, to 

obviate potential species differences with published reports. Then, we examined the cellular 

distribution of endogenous and synthetic miR-124 in the same rats used in the current 

studies. Neuronal expression of miR-124 was found in controls administered synthetic 

miRNA (Figures 7E, 7G), as well as in rats infused with the miR-124 agomir following KA-

SE (Figure 7F, 7H). In both cases, the neuronal nature of cells expressing miR-124 was 

identified using NeuN. We did not detect endogenous or synthetic miR-124 in cells co-

expressing the microglial marker IBA1.

Taken together, the data demonstrate that rather than reducing brain inflammation, miR-124 

led to a profound activation of microglia with dramatic increase in the production of several 

inflammatory cytokines. These effects of miR-124 were robust enough to negate the 

mitigating actions of the miRNA against aberrant upregulation of NRSF. Thus, the 

combinatorial effect of administration of miR-124 after the epilepsy-inducing insult was a 

minimal change of the disease process. However, the mechanisms discovered by the series 

of experiments described here highlight important actions of miR-124 on neurons and on 

neuron-glia interactions (Figure S5).

Discussion

The studies described here uncover several aspects of the mechanisms by which the brain 

becomes epileptic following an insult. First, they provide direct molecular links between the 

cellular effects of the insult and the disruption of inflammatory and gene-expression 

regulatory programs. Second, they highlight the complex and opposing roles of miR-124 in 

this disease process, which likely apply to a number of brain disorders. Finally, the studies 

inform us about cell-specific actions of miR-124 on neuronal and microglia components of 

the normal brain.

It has become increasingly clear the acute epileptogenesis, the process by which an insult 

leads to the development of spontaneous seizures, is complex. Roles have been described for 

inflammation (Vezzani et al., 2011) as well to a variety of molecular and cellular changes 

(Brooks-Kayal et al., 2009; Cacheaux et al., 2009). However, interventions targeting one of 

these mechanisms have not been successful in preventing the disease (Maroso et al., 2011; 

Jiang et al., 2013; McClelland et al., 2011). Therefore, here we sought mechanisms that 

might regulate several epilepsy-mediating cellular pathways. We focused on inflammation 

as well as on the NRSF pathway. Inflammation accompanies and exacerbates 

epileptogenesis (Dube et al., 2010; Vezzani et al., 2011). For NRSF, the repressor’s levels 

and function are increase soon after epilepsy-provoking insults. In addition, a one-week 

blockade of NRSF actions reduced significantly the development of spontaneous seizures 
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for up to two weeks, suggesting that NRSF contributes to the acute epileptogenic phase. 

Here we identified microRNAs and specifically miR-124 as a ‘master-regulator’ of both 

inflammation and NRSF, and established a direct molecular link between the epileptogenic 

trigger (SE) and miR-124.

Epilepsy promoting insults activate metabolic sensors that can modify gene expression

Epilepsy-promoting insults including SE, TB and febrile-SE provoke cellular metabolic 

stress because they are either metabolically demanding or constrain nutrient and oxygen 

supplies (Duffy et al., 1975; Fujikawa et al., 1988; Kahles and Brandes, 2012; Sada et al., 

2015). Thus, common cellular pathways for these insults include metabolic derangements 

including altered NAD+/NADH ratio. Here we find the rapid activation of the NAD+ 

sensitive deacetylase SIRT1 following SE. The activation of this potent histone deacetylase 

(Imai et al., 2000) causes repression of the miR-124-1 gene expression via H4K16 

deacetylation. It is likely that SE-induced SIRT1 activity causes repression of other genes 

and thus represents a direct mechanism by which epilepsy-promoting insults rapidly induce 

large-scale changes in the gene networks. Notably, SIRT1 inhibition is currently in clinical 

trials as a treatment for Huntington disease (Smith et al., 2014; Sussmuth et al., 2015), 

where repressed levels of miR-124 and NRSF dysregulation have been reported (Johnson 

and Buckley, 2009). These observations support a commonality in the pathogenesis of brain 

disorders including Huntington disease and epilepsy, based on metabolic dysregulation, 

SIRT1 activation and miR-124 repression.

MiR-124: a prevalent miRNA with unexpected actions on microglia

Aberrant miRNA expression and function influences numerous and diverse molecular and 

cellular cascades (Lallet al., 2006;, Makeyev et al., 2007). Here, we provide the evidence for 

the role of rapid depletion of miR-124 in the aberrant upregulation of NRSF, reported for a 

number of brain insults (Calderone et al., 2003; Zuccato et al., 2007; Doeppner et al., 2013). 

This is mediated by the miR-124 target transcription factor C/EBPα. Whereas this 

transcription factor has yet to be studied in in the context of epilepsy, other members of the 

C/CAAT enhancer protein are activated by SE (Engel et al., 2013; Brennan et al., 2015).

MiR-124, in addition to modulating neuronal phenotype via protean changes in gene 

expression, is implicated in microglial function. Specifically, reduced miR-124 levels in 

microglia caused their activation (Ponomarev et al., 2011). Thus, in view of the crucial roles 

for CNS glial cells and their production of inflammatory molecules in insult-provoked 

epilepsy, we considered a second, microglial-mediated anti-epileptogenic function of 

miR-124. Surprisingly, prevention of miR-124 depletion in hippocampus provoked robust 

microglial activation and striking augmentation of pro-inflammatory cytokine expression 

including IL-1β (Maroso et al., 2011).

Basis of the surprising effects of miR-124 on microglia

These unexpected findings were not a result of non-specific or toxic actions of the synthetic 

miR-124. We employed a chemically-protected agomir to provide stability in vivo, so it was 

conceivable that the modification might induce an inflammatory response. However, the 

same modification was present in the random/ Scr control-RNA which did not induce 
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inflammation. The miR-124 dose used in this study did not lead to overt toxicity and no 

animals died or appeared ill for the 2 month duration of the study. Importantly, the effects of 

the miR-124 agomir were selective to microglia: NeuN-stained neurons appeared healthy, 

and astrocytes were unaffected. These data suggested that the synthetic miR-124 was not 

toxic but rather recapitulated the actions of endogenous microRNA.

Then how might endogenous and synthetic miR-124 promote the activation of microglia? 

The most straightforward mechanisms involve the intrinsic function of microRNAs in cells 

where they are produced. Therefore, we examined the cell types harboring endogenous 

miR-124 as well as the synthetic agomir. We detected miR-124 in NeuN-expressing neurons 

in adult mouse and rat hippocampi but failed to detect miR-124 in IBA1-expressing 

microglia. This was the case in both naïve hippocampus as well as following KA-SE. These 

findings strongly suggested that in rodent hippocampus, miR-124 was expressed exclusively 

in neurons. In addition, in hippocampi of rats given synthetic miR-124, we were unable to 

detect any miR-124 (endogenous or agomir) in microglia. It is conceivable that the DIG-

labelled in situ hybridization probes did not bind the modified miR-124 agomirs due to 

steric hindrance, and miR-124 agomirs were taken up by microglia. This possibility does not 

influence the conclusion that endogenous miR-124 is located in, and therefore acts within, 

neurons. Notably, our results, using in situ hybridization combined with ICC are in close 

accord with a recently published study (Akerblom et al., 2012), utilizing a transgenic 

approach. This study employed a mouse expressing GFP modified to contain miR-124 

binding sites in its mRNA. If miR-124 and GFP were expressed in the same cell, then 

miR-124 should inhibit GFP expression. Akerblom et al., failed to detect microglia lacking 

GFP expression whereas all neurons lacked GFP-expression, indicating that miR-124 was 

confined to neurons. Whereas both our study and Akerblom et al., employed rigorous single-

cell resolution in situ approaches, microglial miR-124 was previously reported based on 

FACS sorting, using cellular profiles (Ponomarev et al., 2011). Potentially, technical 

challenges in obtaining pure microglial cell populations might account for the apparent 

miR-124 expression in microglia using FACS.

Its neuronal localization suggests that both endogenous and synthetic miR-124 activate 

microglia via neuronal-microglia signalling. A plausible mechanism involves repressing 

target mRNAs such as Co-REST (Baudet et al., 2011), important for the regulation of NF-

kB (Saijo et al., 2009). Whereas both neuronal and glial mechanisms will require future 

study, the fundamental discoveries here are that miR-124 is neuronally expressed and exerts 

proinflammatory functions in epileptogenesis. Indeed, reduced miR-124 expression 

following SE may be an adaptive response, aiming to curb excessive inflammation in the 

brain and limit its potential adverse effects on neuronal survival (Maroso et al., 2011; 

Vezzani et al., 2011). In the context of the generation of neurological diseases such as 

epilepsy (and potentially others), the activation of microglia and inflammation by miR-124 

counterbalanced disease-preventing effects through NRSF inhibition. Thus, miR-124 plays a 

pivotal role in epileptogenesis albeit via dual and opposing mechanisms.

Brennan et al. Page 9

Cell Rep. Author manuscript; available in PMC 2016 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Experimental Procedures

For more details regarding the materials and methods used in this study please see the 

supplemental experimental procedures.

All experiments were approved by the University of California-Irvine Institutional Animal 

Care and Use Committee and conformed to NIH guidelines.

Animals

Adult male Sprague-Dawley rats were housed under a 12h light-dark cycle, with ad libitum 

access to food and water.

Surgery, induction of status epilepticus and miR-124 agomir treatment in vivo

Rats (Ctrl+Scr n=5; Ctrl+miR124 agomir n=5, KA+Scr n=12; KA+miR124 agomir n=12) 

were implanted with cannula and bilateral hippocampal electrodes as reported (Dube et al., 

2010), and as described in the supplemental methods.

Chromatin Immunoprecipitation

ChIP was performed as previously described (McClelland et al., 2011) and delineated in the 

supplemental methods.

Argonaute2 (Ago2) Immunoprecipitation (IP)

Ago2 IP was performed as described by Schratt et al., 2006. Briefly, hippocampi were 

solubilized in immunoprecipitation buffer (300mM NaCl, 5mM MgCl2, 0.1% NP-40, 50mM 

Tris-HCl) and centrifuged. 400µl supernatant was incubated overnight with 5µg of either 

Argonaute2 antibody (C34C6) or rabbit IgG. Protein A agarose beads were added at 4°C on 

a rotator, samples were then centrifuged and the supernatant was removed. Beads were 

washed and processed for miRNA analysis using reverse transcription and qPCR. Ago 

bound miRNAs were normalized to RNU6B.

In situ hybridization (ISH) and combined ISH and immunocytochemistry (ICC)

ISH and combined ISH/ICC were performed as reported (Noam et al., 2012), and detailed in 

the supplemental methods. To detect miR-124, Digoxigenin (DIG)-3’-conjugated miR124 

sense and antisense oligonucleotide probes were generated. Specificity of hybridization was 

verified by substituting labelled sense for the antisense probe and by omitting the antisense 

probe or alkaline phosphatase-conjugated antibody. For combined ISH/ICC, free-floating 

sections were first processed for ISH then processed for ICC.

Statistical Analyses

All analyses were performed without knowledge of treatment group. Standard t-test was 

used to compare two groups; for analyses involving >two groups, one way or two way 

ANOVA were used. Statistical significance was set at p<0.05. Experiments were repeated at 

least twice.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. Epilepsy-provoking insults (SE) repress miR-124 via SIRT1 activation

2. miR-124 repression controls both inflammation and NRSF

3. miR-124 replenishment does not prevent epileptogenesis

4. miR-124 activates microglia in control and SE hippocampus
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Figure 1. Concurrent induction of inflammatory mediators and NRSF expression by epilepsy-
provoking status epilepticus
Microglia activation in KA-SE rat hippocampus (A). Compared with control hippocampus, 

where the microglial marker IBA1 is found in wispy ramified cells, (inset) microglia in KA-

SE hippocampus appear globular (arrowheads). Sp, sr, strata pyramidale and radiatum. Bar= 

100µm. (B). KA-SE induced mRNA expression of inflammatory markers CD11b, and pro-

inflammatory cytokines in hippocampus as detected by qPCR n=4/group. *= p<0.05, 

#p=0.07. (C) Representative W. blot showing NRSF protein levels from hippocampal 

nuclear fractions. NRSF levels increased at 4h following SE and remained elevated at 48h. 

One hippocampus per lane, n=5 animals/time-point. (D) Densitometric analysis of NRSF 

protein levels after KA-SE, normalized and compared to control. (E) qPCR analysis of 

NRSF mRNA expression in control hippocampus and following KA-SE shows upregulation 
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of NRSF compared to control, n=9/group. (F) Repression of NRSF target genes including 

HCN1, GRIN2A and KCC2 at 48h post SE, n=4/group.

Brennan et al. Page 17

Cell Rep. Author manuscript; available in PMC 2016 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Reduction of levels and function of miR-124 in hippocampus following KA-SE
(A) qPCR analysis of mature miR-124 levels in control hippocampus and after KA-SE. 

miR-124 levels declined as soon as 90min post SE and this persisted at 48h, n=9/time-point. 

(B) Ago2-bound (active) miR-124 levels significantly reduced following KA-SE compared 

with controls, whereas 134 levels were elevated. n=5/group. (C) qPCR analysis of miR-124 

target genes CoREST and AXIN1. Both miR-124 targets were de-repressed following KA-

SE compared to controls; n=6/group. (D) Pri-mir-124-1 expression in hippocampus was 

significantly reduced following KA-SE as compared to controls, n=6/timepoint.
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Figure 3. SIRT1 mediated repression of miR-124 following KA-SE
(A) SIRT1 mRNA expression in hippocampus remains stable after KA-SE, n=8/time-point. 

(B) SIRT1 protein levels, analysed using W. blot, did not change significantly in whole cell 

extracts obtained from hippocampus from control and KA-SE rats over a 48h time-course. 

n=3 per/time-point. (C) In contrast, analysis of nuclear fractions from control and KA-SE 

hippocampal tissue revealed significant increase of SIRT1 by 1h following SE n=4/group. 

(D) SIRT1 binding to the miR-124-1 gene, analysed using ChIP-qPCR, was enhanced 

significantly 60min following SE. n=6/group. (E) Acetylation levels of H4K16ac, an 

established SIRT1 target, were determined by ChIP-qPCR surrounding the miR-124-1 gene 

promoter. H4K16ac levels were reduced in hippocampus of KA-SE rats compared to 

controls. n=4/group. (F) Enhanced SIRT1 binding to miR-124-1 gene promoter after SE was 

attenuated by SIRT1 inhibition. n=4/group. (G) The SIRT1 inhibitor also abolished SE-

induced H4K16 deacetylation at the miR-124-1 promoter. ChIP-qPCR quantification of 

H4K16ac levels in control and KA-SE groups with vehicle or SIRT1 inhibitor treatment. 

n=4/group. (H) And (I) qPCR analysis of pri-mir-124-1 (H) and mature miR-124 (I) 
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expression in control or KA-SE hippocampal slices, after vehicle or SIRT1 inhibition. 

SIRT1 inhibition prevented repression of pri-mir-124-1 and restored levels of mature 

miR-124, #p=0.06, n=4/group.
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Figure 4. MiR-124 repression is required for increased NRSF expression and this regulation is 
mediated by miR-124 target C/EBPα

(A) Hippocampal NRSF mRNA levels in controls vs KA-SE rats given either miR-124 

agomir or Scr infusion. Hippocampal NRSF mRNA levels increased 48h following KA-SE

+Scr and this increase was blocked in rats given miR-124 agomirs immediately following 

SE (KA+miR-124); n=6/group. (B) NRSF protein levels in nuclear fraction of hippocampus 

extracts in control and KA animals receiving either Scr or miR-124 infusion. NRSF protein 

levels were higher in SE+Scr hippocampus 48h following insult compared to SE+miR-124, 

where levels were comparable to controls. n=6/group, 1 hippocampus/lane. (C) MiR-124 

agomir, but not Scr, treatment prevented seizure-induced NRSF-mediated repression of 

GRIN2A; n=6/group. (D) Hippocampal C/EBPα mRNA levels were enhanced significantly 

4h following KA-SE and remained elevated up to 48h, n=8/time-point; qPCR. (E) C/EBPα 

protein levels increased 4h post SE and remain elevated for at least 48h. Representative W. 

blot and quantification. n=5/group. (F) MiR-124 agomir treatment following KA-SE 
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prevented seizure-induced increase of C/EBPα expression compared to KA-SE which 

received Scr agomirs; n=6/group. (G) C/EBPα occupancy at NRSF gene increased 

significantly following KA-SE as compared to controls, n = 6/group. See Figure S4 for 

examined binding sites using ChIP-qPCR. (H) C/EBPα binding to the NRSF gene after KA-

seizures was attenuated in hippocampi treated with ordered ODNs, compared to Scr ODN, 

n=3/group. (I) Inhibition of C/EBPα binding prevented seizure-induced NRSF upregulation. 

n=3/group.
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Figure 5. MiR-124 restitution following KA-SE in rats does not prevent the development of 
epilepsy
(A) The vast majority (21/24) of KA-SE rats developed epilepsy regardless of treatment. 

Blue circles represent individual KA-SE sustaining rats given ICV miR-124 after the SE, 

Fuchsia circles represent the Scr agomirs. Total seizure numbers were similar in both 

groups. (B) Average number of seizures per day was not different between rats who received 

Scr agomirs and rats who received miR-124 agomirs. (C) EEG seizure duration was not 

significantly different between the two groups. (D) Seizure severity did not differ 

significantly between epileptic rats who received Scr agomir and those who received 
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miR-124 agomirs. (E) The latency to onset of the 1st seizure, shown as days from the 

beginning of recording (day 2 post SE) was comparable in both groups. (F) Hippocampal 

miR-124 levels in animals who received miR-124 agomirs following KA-SE, measured 

using qPCR were similar to those in naïve controls.
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Figure 6. MiR-124-induced inflammatory cascades and microglia activation
(A) Hippocampal cytokine mRNA levels, including IL-1β, TNF-α, IL-6 and IL-1 receptor 

and CD11b, were dramatically increased by miR-124 but not scr treatment in control brain. 

KA-SE increased inflammatory markers (including the astrocytic marker GFAP). (B,C) ICC 

and quantification of total and activated microglia. Insets denote the regions assessed in C. 

In control hippocampus, miR124 increased the activation of microglia, assessed as a 

transformation of IBA1-cells from thin and ramified into globular. (Ctrl-miR124; inset). No 

change in total IBA1-expressing cells was noted in areas CA1, CA3 and the DG hilus. 

Microglia activation was not found in control rats given a scr agomir (Ctrl+Scr, inset). 

Moderate microglia activation was observed in KA-SE rats. (D) In contrast to microglia, 

astrocytes did not seem to be affected by miR-124 agomir infusion. As expected, astrocytes 

were activated by KA-SE. n=5/group.
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Figure 7. MiR-124 resides exclusively in neurons in mature mouse and rat hippocampus
(A) Typical neuronal distribution of miR-124 in naïve adult mouse hippocampus visualized 

using ISH. (B). A sense miR-124 probe did not detect any miRNA expression. (C) Dual ISH 

and ICC for IBA1 demonstrated no cellular co-expression of miR-124 signal (thin arrows) 

and microglia (thick arrows). (D) ISH/ICC miR-124/NeuN demonstrated dually-labelled 

neurons (arrowheads) as well as neurons lacking miR-124 (arrow). (E–H) Distribution of 

miR-124 in the same rats used in the current studies. Neuronal (E) but no microglia (G) 

expression of miR-124 was found in controls administered synthetic miRNA, as well as in 
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rats infused with the miR-124 agomir following KA-SE (F, H). Arrowheads indicate co-

expression of miR-124 and NeuN. Thick arrows delineate delicate ramified microglia in 

controls (G), and globular/amoeboid microglia in KA-SE hippocampus. n=3/group.
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