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Abstract. Hippocampal neural stem/progenitor cells (NSPCs) proliferate and differentiate to generate new neurons across the
life span of most mammals, including humans. This process takes place within a characteristic local microenvironment where
NSPCs interact with a variety of other cell types and encounter systemic regulatory factors. Within this microenvironment,
cell intrinsic gene expression programs are modulated by cell extrinsic signals through complex interactions, in many cases
involving short non-coding RNA molecules, such as miRNAs. Here we review the regulation of gene expression in NSPCs by
miRNAs and its possible implications for epilepsy, which has been linked to alterations in adult hippocampal neurogenesis.
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ADULT HIPPOCAMPAL NEUROGENESIS15

AND ITS LOCAL MICROENVIRONMENT16

Throughout life new neurons are generated from17

neural stem cells (NSCs) in select areas of the18

mammalian brain, such as the olfactory bulb, subven-19

tricular zone (SVZ), and the subgranular zone (SGZ)20

of the Dentate Gyrus (DG). The latter is named adult21

hippocampal neurogenesis (AHN), a process impor-22

tant for several aspects of hippocampus-dependent23

cognitive capacity [1–5], while it has also been24

hypothesized to have potential therapeutic functions,25

responding to local loss of neurons in events of26

disease or pharmacological treatment [6–12]. Most27

details about the physiological and functional regu-28

lation of AHN come from preclinical animal studies,29

but it has recently been elegantly shown that adult30

human hippocampi possess extensive neurogenic31
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capacity as well. In humans, about one third of all 32

granule cells in the DG are replaced by newborn 33

cells throughout life at a turnover rate of approxi- 34

mately 1.75% per year, which remarkably resembles 35

the neurogenic capacity of the mouse hippocampus 36

[13, 14]. 37

AHN can be divided into several distinct stages, 38

each of which is under specific control by 39

cell-intrinsic gene expression programs and envi- 40

ronmental factors, allowing tight temporal and 41

spatial regulation of the neurogenic process within 42

a restricted microenvironment and according to the 43

needs of the organism [15, 16] (Fig. 1). 44

Upon stimulation, quiescent neural stem cells 45

(NSCs) in the SGZ re-enter the cell cycle and become 46

proliferative NSCs. These activated NSCs have the 47

potential to both self-renew and give rise to early 48

amplifying neural progenitors (aNPCs) maintaining 49

the NSC pool while expanding the progenitor pool. 50

The final fate of activated NSCs is still debatable 51

as it has been shown that activated NSCs terminally 52

differentiate into astrocytes after multiple rounds of 53
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Fig. 1. Schematic overview of the hippocampal neurogenic niche, the different processes underlying AHN, and its regulation by microRNAs.
A) Overview of the different stages of AHN. Each cell type can be identified by a combination of presence and absence of markers, combined
with morphological cellular features. B) Overview of the neurogenic niche and the transition of a NSC into a mature neuron. The complexity
of the neurogenic niche, consisting of multiple cell types in close association with the vasculature, allows for both local and distant cell
communication. Distant cell communication occurs via factors released in the bloodstream, such as cell-extrinsic miRNAs, growth factors
(VEGF and bFGF), hormones, and trophic factors (BDNF). Other cell-intrinsic factors, such as miRNAsm TLX signaling, notch signaling,
and REST (purple boxes), and cell extrinsic factors such as HDACs, DNA methylation, and miRNAs (pink box), complete the coordinated
regulated of AHN. B) MiRNAs regulate various key pathways important in AHN. Depicted are miRNAs of which a clear link with
neurogenesis has been identified, together with their targets through which the miRNAs might exert their effect.

asymmetric division [17], while another study sug-54

gests that NSCs can re-enter quiescence after several55

rounds of asymmetric division and be later activated56

again [18], which is thought to act as an intrinsic 57

mechanism to maintain the NSC pool. The newly gen- 58

erated aNPCs undergo multiple rounds of symmetric 59
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division, expanding the neurogenic pool and giving60

rise to mature neurons. Soon after their birth most61

aNPCs are selected out by apoptosis, which may pre-62

vent excess production of new and/or unfit neurons63

[19, 20]. The surviving aNPCs give rise to neurob-64

lasts, which after neuronal differentiation, migration,65

and maturation will integrate into the preexisting DG66

network, taking in total approximately 4 weeks [4, 21,67

22]. The neurogenic capacity of NSCs in the adult DG68

is not infinite and decreases throughout life, mainly69

due to decreased proliferation and loss of NSCs, pos-70

sibly through astrocytic conversion [17].71

The complex regulation of AHN by both cell-72

intrinsic and cell-extrinsic factors becomes clear73

when studying the fate of early hippocampal NSPCs74

transplanted into non-neurogenic areas of the brain,75

where they will generate astrocytes. On the con-76

trary, NSPCs derived from the SVZ will generate77

mature granule cells when transplanted into the SGZ78

of the DG [23, 24]. These transplant studies identi-79

fied an extra layer of neurogenic regulation by the80

local microenvironment, or neurogenic niche, which81

is crucial for proper neuronal development. The hip-82

pocampal neurogenic niche is made up out of a wide83

array of cell types, including the NSPCs, neuroblasts84

and their progeny, and mature granule cells, but also85

astrocytes, GABAergic interneurons, microglia, and86

endothelial cells that connect the neurogenic niche to87

the vasculature (Fig. 1B) [15, 25–32]. Furthermore88

the local vasculature and its associated extracellu-89

lar matrix allows for local cell-cell interaction, i.e.90

via �-Catenin regulating mitotic spindle orientation91

[33, 34]. Together, all these elements provide the92

hippocampus with a finely tuned microenvironment93

permissive for adult neurogenesis. Besides the cru-94

cial structural organization provided by the niche the95

local responsiveness of NSPCs and their progeny96

is tightly regulated at the molecular level, i.e. by97

epigenetic regulation of chromatin states allowing98

temporal and spatial regulation of gene transcrip-99

tion [35–37]. Chromatin modification is one the most100

studied forms of epigenetic regulation, as the chro-101

matin state provides the first layer of epigenetic102

control of gene expression regulation. Histone methy-103

lation by DNA methyltransferases (DNMTs) and104

(de)acetylation by histone acetyl transferases (HATs)105

and histone deacetylases (HDACs), two of the most106

common forms of chromatin modification provide a107

first layer of molecular control over gene expression,108

rendering the genome (in)accessible to the transcrip-109

tion machinery. Another classic epigenetic regulatory110

mechanism active in adult neurogenesis is DNA111

methylation, in which cellular DNA can be covalently 112

modified, usually but not exclusively at locations 113

reach in CpG dinucleotides, through methylation of 114

the carbon at the fifth position on the pyrimidine ring 115

of the cytosine residue [38]. These and other levels 116

of epigenetic control of neurogenesis have recently 117

been extensively reviewed [39]. 118

An extra level of epigenetic control in NSPCs 119

comes from non-coding RNAs, such as miR- 120

NAs, [40–43]. MiRNAs are small non-coding 121

RNA molecules composed of approximately 22 122

nucleotides that are transcribed from endogenous 123

hairpin-shaped transcripts by RNA polymerase II 124

or III. Their transcripts are called pri-miRNAs and 125

will be cleaved into pre-miRNAs in the nucleus 126

by the Drosha/DGCR8 complex. After exporting 127

the pre-miRNA from the nucleus it is once again 128

cleaved, this time by the Dicer/TRBP complex to 129

its mature functional miRNA length [44]. Recently 130

several other miRNA biogenesis pathways have 131

been identified, including Drosha and Dicer inde- 132

pendent pathways. A complete summary of miRNA 133

biogenesis pathways has recently been published 134

[45]. Interestingly, though outside the scope of this 135

review, components of these miRNA biogenesis path- 136

ways, such as Drosha, Dicer and DGCR8, also have 137

direct, miRNA-independent, effects on gene expres- 138

sion [46]. Furthermore, Drosha restricts the potency 139

of adult hippocampal NSPCs in vivo by target- 140

ing NFIB through a miRNA-independent pathway 141

[47]. miRNAs can regulate gene expression post- 142

transcriptionally via either mRNA degradation or 143

inhibition of mRNA translation by binding to the 144

3’UTR of their target mRNA. Hence, miRNAs can 145

only exert their function when the specific substrate 146

mRNA is available as well, introducing another layer 147

of spatial and temporal complexity to gene expres- 148

sion regulation [48]. Furthermore, numerous proteins 149

involved in the epigenetic machinery are targets of 150

specific miRNAs and vice versa, creating complex 151

multilayered control of gene transcription [49]. Due 152

to several biological characteristics of miRNAs, such 153

as their potent ability to (transiently) repress gene 154

expression, their relative high conservation between 155

species, and their rapid turnover, it has been hypoth- 156

esized that miRNAs might be key regulators of AHN 157

[50]. As mentioned before, local temporal control 158

of gene expression is key in regulating the switches 159

between different distinct stages of AHN. Down 160

regulating non-lineage specific genes and removal 161

of repressive marks on the chromatin of lineage- 162

specific genes are excessively abundant forms of 163
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AHN regulation, both of which are likely candidates164

for miRNA regulation. Interestingly, several studies165

have demonstrated in other tissues that miRNAs are166

not only found intracellularly, but are also present167

in the extracellular compartment and mediate cell-168

to-cell communication, among others via exosomes169

[51–53]. In recent years, numerous miRNAs have170

been characterized that play crucial roles in stage171

transitions of AHN by regulating key epigenetic reg-172

ulators, such as HDACs, Polycombgroup proteins,173

and REST, but also play key roles in apoptotic selec-174

tion and functional maturation of immature neurons175

(Fig. 1C, Table 1).176

In order to discuss the complex role miRNAs177

play in regulating AHN, we first review neurogene-178

sis stage-specific regulation by miRNAs. Further, we179

discuss how miRNA deregulation could contribute to180

the development of neurological disorders, focusing181

on aberrant hippocampal neurogenesis and epilepsy.182

miRNA-dependent control of adult neurogenesis183

under physiological conditions184

Neural stem cell maintenance and quiescence185

To preserve the neurogenic capacity throughout186

life it is critical that NSCs retain both their prolif-187

erative and self-renewal capacities. A fine balance188

between the two is needed, since each NSC has189

a limited number of proliferation rounds before it190

terminally differentiates and loses its stem cell capac-191

ities [17]. Several miRNAs have been identified that192

play a crucial role in the regulation of NSC mainte-193

nance.194

A key pathway in maintaining neurogenic capacity195

is the Notch signaling pathway, which drives asym-196

metric division rendering both NSCs and aNPCs [54].197

Activation of the Notch signaling drives proliferation,198

and through asymmetric expression of its repressor199

protein Numbl, two distinct daughter cells are derived200

from one single NSC [55]. Absence of Numbl in201

NSCs results in increased proliferation and symmet-202

ric division, exhausting the NSC pool. Both miR-184203

and miR-34a regulate Numbl expression by bind-204

ing to its 3’UTR, driving symmetric division [56,205

57]. Similarly, high expression levels of miR-184206

are associated with long-term impaired neurogenesis.207

miR-34a also indirectly regulates Notch signaling as208

it targets two downstream proteins of Notch, Neu-209

roD1 and Mash1 [57].210

Another pathway implicated in stem cell mainte-211

nance throughout ageing is the Insulin/IGF pathway.212

FoxO3, a component of the Insulin/IGF pathway,213

directly regulates the expression of the miR106b-25 214

cluster. The main miRNA from this cluster studied 215

in relation to neurogenesis is miR-25. Expression of 216

miR-25 results in increased proliferation of NSPCs, 217

possibly depleting the NSPC pool [58]. 218

Besides maintaining the NSC pool through con- 219

trolling proliferation rates and cell division, miRNAs 220

might also be involved in maintaining NSC quies- 221

cence. Though this phenomenon has not yet been 222

shown in AHN and evidence from other stem cell 223

niches is scarce, there are several interesting findings 224

pointing towards roles for miRNAs in controlling 225

quiescence. One study using muscle stem cells in 226

which Dicer was conditionally knocked out showed 227

a significant increase in proliferation rate, indicating 228

a transition from quiescence to activation. Further 229

analysis of miRNA expression differences between 230

quiescent and activated stem cells yielded several 231

candidates, from which miRNA-489 turned out to be 232

a crucial mediator of stem cell quiescence [59]. 233

NSPCs Proliferation versus differentiation 234

As mentioned before both NSCs and aNPCs can 235

undergo several rounds of proliferation, thereby 236

amplifying the NSPC pool before giving rise to new 237

neurons or astrocytes. Several miRNAs and their tar- 238

gets tightly regulate this switch from the proliferative 239

state towards differentiation. 240

One key regulator of proliferation is the nuclear 241

receptor TLX. TLX activates the Wnt/B-catenin path- 242

way and is crucial for NSPCs to maintain their 243

self-renewal and proliferative capacities [60, 61]. 244

NSPCs expressing TLX can proliferate, self-renew, 245

and differentiate into all neuronal lineages, while 246

NSPCs devoid of TLX fail to proliferate at all. Rein- 247

troducing TLX into NSPCs rescues their proliferative 248

potential [62]. 249

Expression of TLX is controlled by several miR- 250

NAs, indicating its importance in this complex 251

regulatory system. TLX expression is regulated by 252

miR-9, which is highly abundant in the adult brain. 253

At the same time, TLX controls miR-9 expression 254

through a negative feedback loop, ensuring tight con- 255

trol over NSPC proliferation [63]. Overexpression 256

of miR-9 results in decreased levels of TLX and 257

increased (premature) neuronal differentiation, while 258

miR-9 knockdown increases NPC proliferation. 259

TLX forms a second regulatory loop with miR- 260

137, which stimulates proliferation by repressing 261

LSD1, a co-repressor of TLX, while repressing dif- 262

ferentiation by down regulating Ezh2, a histone 263

methyltransferase and part of the Polycombgroup 264
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Table 1
MicroRNAs involved in regulation of AHN

Target miRNA function Origin of Identification Reference

miR-184 Numbl Inhibits differentiation,
promotes proliferation,
maintenance of the
neurogenic stem cell pool

Mouse NSCs [56]

miR-34a Numbl Inhibits differentiation,
promotes proliferation,
maintenance of the
neurogenic stem cell pool

Mouse NPCs from embryonic
cortex

[57]

BCL2 Promotes apoptosis Mouse cortex/SH-SY5Y
cell line

[85]

Cdk-4 Inhibits cell cycle progression Primary keratinocytes [83]
Cyclin D2 Inhibits cell cycle progression Primary keratinocytes [83]
Synaptotagmin1 Inhibits synaptic development Mouse ES cells [161]
Syntaxin-1A Inhibits synaptic development Mouse ES cells [161]

miR-106b/miR-25 Cluster IGF-signaling Promotes NSPC proliferation,
neuronal differentiation

Mouse primary NSC culture [58]

miR-124 Sox9 Promotes neuronal
differentiation

Mouse NSCs [72]

STAT3 Promotes neuronal
differentiation

Mouse ESCs [74]

BCL2L13 Inhibits apoptosis Mouse DG [82]
Lhx2 Promotes neurite outgrowth Mouse hippocampus [93]
Rap2a Promotes dendritic branching Mouse NSCs [162]

miR-137 BCL2L13 Inhibits apoptosis Mouse DG [82]
Mib-1 Inhibits dendritic growth and

spine formation
Mouse hippocampus &

mouse primary neuronal
culture

[92]

LSD1 Promotes proliferation Embryonic NSCs [64]
Ezh2 Inhibits differentiation Adult NSCs [65]

miR-9 TLX Promotes differentiation,
inhibits differentiation

Mouse hippocampus [63]

REST Promotes neuronal
differentiation

NT2 cell line [79]

Rap2a Promotes dendritic branching Mouse NCSs [162]
Stathmin Inhibits migration Human embryonic NPCs [87]

Let-7b TLX Inhibits proliferation,
promotes differentiation

Mouse NSCs & embryonic
mouse brain

[66]

Cyclin D1 Inhibits cell cycle progression Embryonic mouse brain [66]
miR-125b Nestin Promotes neuronal

differentiation
Rat NSPCs [70]

miR-145 Sox2 Promotes neuronal
differentiation

Mouse NSC [69]

miR-26b Ctdsp2 Promotes neuronal
differentiation

Zebrafish & P19 cells [80]

miR-19 Rapgef2 Stimulates migration Mouse hippocampus &
mouse NPCs

[88]

miR-379/miR410 cluster N-Cadherin Induces migration Mouse embryonic cortex [86]
miR-134 Limk1 Inhibits spinogenesis Rat hippocampus [95]

Dcx Inhibits NPC migration Primary NPCs, primary
neurons, mouse embryonic
cortex

[163]

miR-138 APT1 Inhibits spinogenesis Mouse hippocampus [96]
miR-17/miR92 cluster PTEN Induces axonal outgrowth Rat primary cortical neurons [94]
miR-132 P250GAP Promotes spinogenesis Mouse hippocampus [98]

Overview of identified microRNAs that regulate (hippocampal) neurogenesis, their targets, their role in neurogenesis, and the origin of
identification.

proteins [64, 65]. Like miR-9, miR-137 expression265

levels are tightly regulated via closed regulatory loops266

involving TLX and its co-repressor LSD1.267

A third miRNA that regulates TLX expression is 268

Let-7b, which inhibits proliferation and drives differ- 269

entiation through direct targeting of the 3’UTR of the 270
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TLX receptor [66]. Let-7b knockdown increases pro-271

liferation, while overexpression of Let-7b in NSCs272

decreases proliferation and increases accelerated273

neuronal differentiation [67]. Let-7b also regulates274

Cyclin D1, an effector downstream of TLX, impor-275

tant for cell cycle progression. Down regulation of276

Cyclin D1 by Let-7b inhibits progression into the S-277

phase of the cell cycle, lengthening the G1 –phase and278

thereby stimulates the transition into differentiation279

[68].280

A fourth miRNA that indirectly also regulates TLX281

expression is miR-145. miR-145 regulates Sox2, a282

transcription factor crucial for stem cells to maintain283

pluripotency and self-renewal capacity, and Lin28,284

a well known suppressor of Let-7 biogenesis [69].285

Expression of miR-145 increases during differentia-286

tion of NPCs and thus drives differentiation indirectly287

via TLX regulation.288

These observations indicate that TLX may work289

as a hub in miRNA-mediated regulation of NSPC290

proliferation and transition into differentiation. Fur-291

thermore, the complex regulation of its expression292

by several miRNAs, which are themselves again reg-293

ulated by TLX expression through negative feedback294

loops, provides the perfect mechanism for the fast and295

transient switch in gene expression needed to drive296

NPCs out of their proliferative state and into differ-297

entiation, without losing proliferative capacity on the298

long term.299

Finally, miR-125b regulates the transition between300

proliferation and differentiation. miR-125b targets301

Nestin, an intermediate filament protein expressed302

in NSPCS, but not in neurons [70]. Overexpression303

of miR125-b results in decreased proliferation and304

increased differentiation of NSPCs. These effects305

can be rescued by introducing mutations in bind-306

ing sites for miR125-b present on the Nestin mRNA307

3’UTR. Besides this direct regulation of differentia-308

tion, miR-125b also targets numerous repressors of309

neuronal genes, mainly effectors of the ERK sig-310

naling pathway involved in the effect of retinoic311

acid, highlighting a role for miR-125b in neuronal312

differentiation [71].313

Cell fate specification314

Under normal physiological conditions most cells315

derived from adult hippocampal NSCs will differen-316

tiate into neurons, while only a small subset will give317

rise to astrocytes. This balance is tightly maintained,318

regulating the neurogenic capacity of the stem cell319

pool. DNA methylation is a main driving force behind320

the repression of the astrocytic fate [36], but recent321

studies also show methylation-independent pathways 322

regulated by miRNAs. Most work done on cell fate 323

specification comes from studies on miR-124, which 324

is a key player in neuronal versus astrocytic cell fate 325

determination. miR-124 is absent in NSPCs, while 326

expression levels increase in neuroblasts and remain 327

high in differentiated neurons. One of the targets of 328

miR-124 is SOX9, a transcription factor crucial for 329

gliogenesis present in both NSPCs and astrocytes, but 330

not in neuroblasts and neurons [72]. Overexpression 331

of a 3’UTR deficient SOX9 inhibits neuronal dif- 332

ferentiation, while a knockdown of miR-124 results 333

in increased ectopic SOX9 expression in neurob- 334

lasts. Importantly, in the subventricular zone stem 335

cell niche, miR-124-mediated repression of SOX-9 336

is important for neuronal fate determination [73]. A 337

second pathway regulated by miR-124 is the STAT3 338

pathway, which plays a role in terminal differentiation 339

[74]. Upon phosphorylation STAT3 inhibits termi- 340

nal neuronal differentiation, and drives cells towards 341

a glial lineage [75, 76]. Overexpression of miR- 342

124 reduces STAT3 phosphorylation, driving NSPCs 343

towards the neuronal lineage [74]. Furthermore, over- 344

expression of miR-124 in HeLa cells, a non-neuronal 345

cell line, results in the expression of pro-neuronal 346

genes, while silencing non-neuronal genes [77]. All 347

together, these data indicate miR-124 is a crucial 348

regulator of cell fate determination, stimulating neu- 349

ronal lineages by suppressing glial lineage-specific 350

genes. 351

MiR-9, which controls proliferation through the 352

TLX receptor, also targets several other genes that 353

play crucial roles in neuronal differentiation, such as 354

Foxg1 and Gsh2 [78]. Moreover, miR-9 also regu- 355

lates several members of the REST complex, which 356

acts as a transcriptional repressor of neuronal genes, 357

inhibiting neuronal differentiation [79]. 358

Another miRNA involved in cell fate determina- 359

tion is miR-26b, which is specifically expressed in 360

NSPCs. miR-26b targets ctdsp2, an important com- 361

ponent of the REST complex, which inhibits the 362

transcription of neuronal genes [80]. 363

Apoptotic selection of newborn neurons 364

A majority of the cells generated by adult 365

hippocampal NSPCs undergo extensive apoptotic 366

selection, thereby regulating neurogenesis levels. 367

Apoptotic selection of NPCs is thought to serve as 368

a quality control as well, selecting out unfit cells 369

[17, 18]. The first indications for a role for miRNAs 370

in controlling apoptosis comes from in vivo Dicer 371

knockout studies, though these studies focused on 372
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SVZ neurogenesis instead of AHN. Early embryonic373

Dicer knockout results in increased proliferation of374

neural progenitors, however due to failed cell cycle375

progression upon differentiation most of these cells376

undergo apoptosis [81].377

A recent study showed that miR-124 and miR-137378

act cooperatively to regulate apoptosis in NSPCs,379

through fine-tuning expression levels of the pro-380

apoptotic protein Bcl2L13, upstream of Caspase3381

[82]. Acting together on a common target, miR-124382

and miR-137 decrease Bcl2L13 expression levels383

resulting in concomitant decreases of cleaved Cas-384

pase3, indicating a decrease in apoptosis. A second385

miRNA linked to the regulation of apoptosis is miR-386

34a, which targets the anti-apoptotic Bcl-2 protein,387

as well as several cell cycle regulators involved in388

cell cycle progression, such as Cdk-4 and Cyclin389

D2 [83–85]. Caution must be applied in interpret-390

ing these results, as these data all originate from391

non-neuronal cell type studies; however, both miR-392

34a and some of its targets are expressed in NSPCs,393

thereby providing a possible new regulatory mecha-394

nism for apoptotic selection mediated by miRNAs in395

NSPCs.396

Migration397

Migration of newborn neurons in the DG is cru-398

cial for establishing correct new synaptic contacts399

with the preexisting network. This migration is con-400

trolled by several chemoattractants, such as Reelin,401

and adhesion proteins. Several miRNAs have been402

identified that play a role in neuronal migration in403

the DG.404

MiRNA cluster miR-379-410 regulates N-405

Cadherin, an adhesion protein found on cellular406

membranes, and is expressed in NSPCs and migrat-407

ing immature neurons. Overexpression of this408

miRNA cluster in NSCs results in increased neu-409

ronal migration, which can be rescued by exogenous410

miRNA-insensitive N-Cadherin overexpression411

[86]. The brain-specific miR-9 is expressed in NPCs412

derived from human embryonic stem cells and loss413

of miR-9 suppressed proliferation and promoted414

migration of NPCs independently of precocious415

differentiation, possible by regulating the expression416

of its target, stathmin [87]. Recently, miR-19 was417

identified to play a critical role in neuronal migration.418

miR-19 is abundantly in NSPCs, while its expression419

decreases upon differentiation. Overexpression of420

miR-19 in NSPCs in the adult DG results in an421

increase in migration of newborn neurons [88].422

Maturation and integration 423

After committing to their neuronal fate neuroblasts 424

will undergo further maturation over the course of 425

several weeks. Immature neurons migrate horizon- 426

tally, start to form axonal and dendritic processes, 427

and develop dendritic spines to allow for neuron- 428

to-neuron communication [21]. The development of 429

strong synaptic connections with afferent neurons is 430

crucial as an absence of synaptic input will result 431

in selective apoptosis [89–91] further guarding qual- 432

ity of newborn neurons in the DG. Several miRNAs 433

are known to regulate these processes, including den- 434

dritic outgrowth and spine formation, crucial for 435

maturation and integration of newborn neurons. 436

miR-34a and miR-137 negatively regulate neu- 437

rite outgrowth and dendritic branching, limiting 438

dendritic complexity of newborn neurons [83, 92]. 439

miR-34a targets both synaptotagmin1 and syntaxin- 440

1, 2 proteins crucial for functional maturation of 441

newborn neurons. Overexpression of miR-34a results 442

in a significant decrease of dendritic complexity, as 443

well as a reduction in synaptic function. Inhibit- 444

ing miR-34a rescues the functional deficits, while 445

overexpression of synaptotagmin1 was able to par- 446

tially rescue dendritic morphology [83]. miR-137 447

regulates Mib1, a protein known for its crucial role 448

in neurodevelopment that acts on Notch signaling 449

and induces apoptosis. Overexpression of miR-137 450

severely impacts dendritic outgrowth and spine for- 451

mation, which can be rescued by overexpression of 452

Mib1 [92]. 453

While miR34a and miR-137 negatively regulate 454

dendrite outgrowth, miR-124 positively regulated 455

axonal and dendritic branching [93]. Knocking out 456

Rcnr3, the primary source of miR-124, results in 457

severe neuronal malformation and aberrant axonal 458

sprouting. Lhx2, a primary target of miR-124, medi- 459

ates these effects. Like miR-124, the miR17-92 460

cluster drives axonal outgrowth [94]. This cluster is 461

specifically expressed in the distal axon of neurons, 462

where it regulates phosphatase and tensin homolog 463

(PTEN), a repressor of the MTOR pathway. Over- 464

expression of this miR cluster results in increased 465

axonal sprouting, which can be rescued by rapamycin 466

treatment, an inhibitor of MTOR. 467

miR-125b, miR-134, and miR-138 are known 468

to negatively regulate spine formation [95–97]. 469

miR-125b has been linked to regulation of Frag- 470

ile X Mental Retardation Protein (FRMP), and its 471

overexpression results in severely altered spine mor- 472

phology. Furthermore, miR-125b also regulates the 473

NR2A subunit of the NMDA receptor, affecting
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synaptic plasticity of hippocampal neurons [97]. Both474

miR-134 and miR-138 are specifically enriched in475

dendritic spines, where they exert crucial roles for476

synaptic functioning. miR-134 regulates Limk-1, a477

transcription factor crucial for spinogenesis [95],478

while miR-138 regulates APT1, an enzyme respon-479

sible for the palmitoylation state of many synaptic480

proteins [96].481

On the contrary, miR-132 is thought to positively482

regulate spine formation, in an activity-dependent483

manner by regulating p250GAP expression [98]. Its484

expression is regulated by CREB and is necessary and485

crucial for spine formation. miR-132 expression pro-486

motes neurite outgrowth [99] and inhibiting miR-132487

results in decreased EPSC frequency and numbers of488

GluR1-positive spines, indicating miR-132 to play a489

key role in both structural and functional spinogenesis490

[98, 100].491

Pathological alterations in AHN in the context492

of epilepsy493

Even though AHN is tightly regulated, numer-494

ous internal and external factors can compromise495

the process. This becomes particularly clear when496

studying the neurogenic process under pathological497

conditions, such as epilepsy. Epileptic seizures have a498

strong effect on AHN, all of which have been pooled499

under the umbrella term “aberrant AHN” [101].500

Whether these alterations causally underlie disease501

formation is still a matter of debate, but it has become502

clear that the alterations in AHN under epilep-503

tic conditions strongly affect hippocampal network504

excitability, thereby creating a hyperexcitable pro-505

epileptic environment, which possibly also underlies506

comorbid cognitive deficits observed in epilepsy507

patients [102].508

Aberrant AHN and epilepsy509

Epilepsy is a neurological disorder characterized510

by the occurrence of chronic spontaneous recur-511

rent epileptic seizures [103]. Numerous subtypes of512

epilepsy exist, which can be divided by their cause513

(e.g. genetic versus idiopathic epilepsies) and loca-514

tion of origin of the epileptic insult. The largest515

group of patients suffers from temporal lobe epilepsy516

(TLE), characterized by seizures originating in many517

cases from the hippocampal region. Since most TLE518

patients also suffer from associated cognitive deficits,519

hippocampal functioning seems to be a key compo-520

nent of TLE pathology [104, 105].521

Most idiopathic epilepsies share a common devel- 522

opmental window characterized by a primary insult 523

(known or unknown), followed by a silent latent 524

phase and culminating in chronic recurrent sponta- 525

neous seizures. The common conception is that the 526

initial insult triggers multiple reactive processes in the 527

brain tissue during the latent phase, thereby initiating 528

epileptogenesis and finally resulting in the generation 529

of pro-epileptic neuronal networks. These network 530

changes eventually culminate in the occurrence of 531

spontaneous seizures [106, 107]. 532

AHN is particularly vulnerable to seizures. Pio- 533

neer studies showed that epileptic seizures cause a 534

significant increase in the short-term proliferation 535

rate of NSCs, while diminishing long-term prolifer- 536

ation [108]. Besides changes in proliferation rates, 537

newborn neurons also display morphological and 538

functional alterations, including somatic hypertro- 539

phy, presence of hilar basal dendrites [109], ectopic 540

location of newborn neurons in the molecular layer 541

or Hilus of the hippocampus [108], axonal sprouting 542

towards the molecular layer forming recurrent exci- 543

tatory circuits [110], and changes in dendritic spine 544

density with concomitant alterations in neuronal 545

excitability [111–113]. Together all these changes 546

underlie the formation of recurrent excitatory net- 547

works within the DG, indicating a possible role for 548

aberrant AHN in epilepsy development and the rise 549

of chronic seizures [102]. Furthermore, long-term 550

loss of proliferation has recently been shown to be 551

a possible direct result of seizure activity, due to 552

direct conversion of NSCs into astrocytes shortly 553

after seizure onset [114]. This loss of prolifera- 554

tion is hypothesized to be one of the underlying 555

causes of comorbid cognitive decline in epilepsy 556

patients [115]. 557

It is not yet agreed upon whether aberrant AHN 558

plays a crucial role in epilepsy development, but mul- 559

tiple studies have shown that AHN is at least partially 560

responsible for the generation of chronic epilep- 561

tic seizures. Genetic induction of newborn ectopic 562

granule cells with altered dendritic complexity using 563

a Pten knockout mouse model results in sponta- 564

neous interictal activity and significantly increase 565

seizure-susceptibility [116]. On the contrary, prevent- 566

ing aberrant AHN by completely removing AHN 567

by either pharmacological or genetic approaches is 568

sufficient to prevent, or at least slow down, the 569

development of chronic epilepsy and decreases the 570

severity of remaining chronic seizures after a primary 571

insult known as Status Epilepticus (SE) [117, 118]. 572

Besides its possible role in epilepsy development, 573
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Fig. 2. AHN-regulating miRNAs are severely deregulated in
epilepsy. We have identified 44 miRNAs that are established regu-
lators of AHN (dark green). Using the EpimiRbase, which lists
a total of 1207 deregulated miRNAs in epilepsy (yellow), we
identified a total of 42 out of 44 AHN-regulating miRNAs to be
deregulated in epilepsy (light green).

aberrant AHN has already been shown to under-574

lie comorbid cognitive deficits observed in epilepsy575

mouse models. Cognitive deficits that arise after576

SE induction can be rescued by ablating AHN,577

thereby preventing the occurrence of aberrant AHN578

[117, 119].579

How epileptic seizures can deregulate AHN is580

topic of intense research, and a plethora of hypothe-581

ses have been raised. Over the recent years miRNAs582

have gained serious interest as it became clear that583

most miRNAs known to regulate AHN are also584

deregulated in case of seizure events or chronic585

epilepsy (Fig. 2). Here, we provide an overview of586

AHN-regulating miRNAs linked to epilepsy, based587

on analyses done suing the EpimiRBase developed588

by Mooney et al. [120]. EpimiRBase is a compre-589

hensive manually curated database of over 2,000590

miRNA-epilepsy associations, which was developed591

to address the need for a database to keep track of the592

rapidly expanding published literature on miRNAs593

in epilepsy. The June 2016 release of EpimiR-594

Base lists miRNAs from 41 publications including595

1207 unique miRNA (1,198 up and 870 down regu-596

lated) from three species: human [161], mouse (854)597

and rat (1,053). The miRNAs are categorized into598

four study types: expression analysis [41], func-599

tional [19], profiling-biofluid [32] and profiling-brain600

(1,976).601

Using EpimiRBase against a list of all miR-602

NAs known to regulate AHN provided numerous603

matches, again indicating a crucial role for miRNAs604

in the deregulation of AHN under seizure pathology 605

(Table 2 and Fig. 2). Here we summarize all AHN- 606

regulating miRNAs whose altered expression levels 607

have been found in both rodent and human epilepsy 608

studies. 609

Stem Cell maintenance and quiescence 610

miR-184 and miR-34a, which play a role in stem 611

cell maintenance through regulation of the Notch sig- 612

naling pathway, as discussed before, are differentially 613

expressed in both rodent or human profiling studies 614

related to epilepsy. Increased miR-184 expression has 615

been found both in chronic human epilepsy patients, 616

as well as in the early stages of epileptogenesis in 617

a rodent model [121, 122]. miR-34a is commonly 618

found up regulated at different stages of disease 619

development in rodents [123, 124]. Chronic up reg- 620

ulation of these miRNAs leads to depletion of the 621

stem cell pool, one characteristic feature of epilepsy 622

models and a potential cause of comorbid cognitive 623

deficits observed in both rodent and human epilepsy 624

subjects [17, 125–128]. 625

NSPC Proliferation and differentiation 626

As mentioned before, TLX is involved in sev- 627

eral negative feedback loops with different miRNAs, 628

including miR-9, miR-137, miR-145, and Let-7b. 629

All 3 miRNAs have also been identified in profil- 630

ing studies, though the directionality of its expression 631

differs temporally. Expression of the Let-7 family 632

is severely altered by the initial insult. Shortly after 633

SE-induction Let-7 expression decreases, followed 634

by a severe increase at 24 hours post SE. Following 635

this peak expression Let-7 is again down regulated 636

lasting up till 50 days post SE [129]. Unlike Let-7, 637

miR-9 is found up regulated during the chronic stage 638

of the disease [129], while its expression decreases 639

two hours after SE induction [130]. Finally, expres- 640

sion of miR-137 increases both in acute [82] and 641

chronic [129] stages of animal SE models, while 642

expression of miR-145 is yet inconclusive as both 643

up and down regulation have been shown. Decreased 644

expression of these miRNAs will result in increased 645

expression of the TLX receptor, thereby driving pro- 646

liferation over differentiation, partially explaining 647

the increased proliferation rates found in the early 648

stages of epileptogenesis, while chronic up regula- 649

tion of these miRNAs could potentially underlie the 650

diminished proliferation observed in chronic epilep- 651

tic hippocampi. 652
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Table 2
Differentially expressed AHN-related MicroRNAs in epilepsy

Expression during Expression during Predicted Biological References
acute stage chronic stage consequence

miR-184 Up Up Increased proliferation [121, 122]
miR-106b/25 cluster Up Up Increased proliferation and neuronal differentiation [123, 132, 157]
miR-34a Up Up Increased proliferation, [123, 124, 133]

Increased apoptosis
miR-124 Up Up Increased neuronal differentiation, [82, 131]

Decreased apoptosis
miR-137 Up Up Increased proliferation, [82, 129]

Decreased apoptosis
miR-9 Down Up Dynamic changes in proliferation and differentiation [129, 130]
Let-7b Down Down Increased proliferation, Decreased differentiation [129]
miR-26b Up Up Increased neuronal differentiation [82, 164]
miR-145 Up/Down Up/Down Changes in neuronal differentiation [123, 130, 165]
miR-125b Up Up Increased neuronal differentiation [132, 166]
miR-19 Up Up Increased migration [123]
miR-379/410 cluster Up Up Increased migration [82, 122, 132]
miR-138 Down Down Increased spinogenesis [82, 132]
miR-134 Up Up Decreased spinogenesis [131]
miR-132 Up Up Increased spinogenesis [123, 132, 167]

Overview of differentially expressed microRNAs in epilepsy known to be involved in neurogenesis, and their (predicted) biological
consequence.

Astrocytic conversion of NSCs653

As mentioned before, it has been recently shown654

that hippocampal NSCs can directly convert into655

astrocytes under seizure conditions. Though this phe-656

nomenon has not been linked directly to miRNAs yet,657

it could be argued that miRNA deregulation prob-658

ably plays a role. In this respect, one possible key659

player could be miR-124, which is a crucial regu-660

lator of NSPC fate determination, through targeting661

SOX9, a transcription factor critical for glionesis that662

is normally absent in neuroblasts and immature neu-663

rons [72]. miR-124 has been found upregulated under664

epileptic conditions [82, 131], providing a possible665

mechanistic explanation for astrocytic conversion of666

NSCs.667

Apoptotic selection668

miR-124 and miR-137, which cooperatively reg-669

ulate NPC apoptosis after SE„ are both significantly670

up regulated during the initial stages of epileptogen-671

esis [82]. Furthermore, both miR-124 and miR-137672

are also up regulated during the chronic stage of the673

disease [131]. Up regulation of both miR-124 and674

miR-137 inhibits apoptosis of NPCs through down675

regulation of Bcl2L13, providing a possible expla-676

nation for the survival of unfit immature neurons677

commonly found in the epileptic hippocampus. On678

the contrary miR-34a, which down regulates anti-679

apoptotic Bcl2 levels, is significantly up regulated at680

different stages of the disease. Increased expression681

of miR-34a should increase apoptotic selection under 682

epileptic conditions. 683

Migration of newborn neurons 684

The miR-379-410 cluster is also deregulated under 685

epileptic conditions [82, 123, 132]. Interestingly, 686

at acute stages expression of this cluster increases, 687

down regulating N-Cadherin and making immature 688

neurons more prone to migrate. During the latent 689

phase expression levels decrease, indicating a clear 690

link between the presence of epileptic seizures and 691

aberrant migration of newborn neurons commonly 692

observed in epileptic hippocampi. 693

miR-9, which promotes migration of immature 694

neurons, is also upregulated under epileptic condi- 695

tions [123]. Together, this points toward a strong 696

effect of seizures on migration of immature neurons, 697

providing a possible explanation of the characteris- 698

tic ectopic granule cells commonly found in epileptic 699

hippocampi. 700

Maturation and integration 701

Mir-34a and miR-134, which inhibit dendritic 702

branching, are both up regulated in all stages of 703

the disease [82, 123, 129, 131, 133, 134]. On the 704

contrary miR-124, which is known to stimulate neu- 705

rite outgrowth is down regulated at acute stages of 706

epileptogenesis, but up regulated a few days after 707

SE induction all until the chronic epileptic stage [82, 708

123, 131, 133]. The miR-17-92 cluster, which also 709
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promotes dendritic outgrowth, is up regulated at all710

stages of the disease [123, 133]. All together this711

points towards a complex regulation of dendritic out-712

growth under seizure conditions.713

A similar picture arises when looking at the714

expression levels of miRNAs known to regulate715

spinogenesis and functional integration. miR-132,716

which stimulates spinogenesis, has been found up717

regulated in all stages of the disease, indicating the718

occurrence of increased synaptic connectivity [123,719

132, 133]. In line with these findings expression lev-720

els of miR-138, which inhibits spinogenesis, is down721

regulated during all stages of the disease [123, 133].722

On the contrary miR-134, which also inhibits spino-723

genesis, is up regulated during all stages of the disease724

[124, 131].725

miRNA-based therapeutic approaches726

for epilepsy727

The complexity by which miRNAs regulate bio-728

logical processes makes it a daunting challenge to729

summarize their role in the regulation of AHN. The730

list of miRNAs that regulate AHN keeps on grow-731

ing, and more and more complex levels of miRNA732

regulation are being identified. Here we have sum-733

marized some examples of miRNAs and their targets734

that may function as hubs for the regulation of AHN.735

This concept is in line with recent observations that736

indicate functional convergence of multiple miRNAs737

on the same biological processes, or even on the same738

mRNA targets [82, 135]. By doing so, miRNAs have739

the potential to achieve precise temporal and spatial740

regulation of biological processes. Specifically, the741

convergence of two or more miRNAs on common742

targets will significantly reduce the number of poten-743

tial targets because the number of common targets is744

lower than the list of potential individual targets in745

most cases. However, the converging actions of miR-746

NAs remain a poorly understood layer of complexity747

in miRNA regulation, but some examples involving748

NSPCs have recently been described [82].749

Besides the biological complexity of miRNA func-750

tioning, applied clinical RNA therapy poses multiple751

hurdles that still need to be overcome. First, RNA752

molecules are generally unstable due to the pres-753

ence of hydroxyl groups. Since the discovery of754

siRNAs and their promised therapeutic value sev-755

eral strategies have been developed to stabilize756

small RNA molecules, which can also be applied757

to miRNAs. Most of these strategies involve chem-758

ical modification of the RNA, such as ribose 2’OH759

modification [136] and LNA modification [137, 138] 760

that significantly stabilize ssRNAs through mul- 761

tiple mechanisms. Interesting, naked small RNA 762

molecules administered using osmotic minipumps or 763

directly by stereotaxic injection into the brain specif- 764

ically regulate intended targets in vivo, shortly after 765

injection in some cases [139–141]. 766

A second issue that arises in view of clinical usabil- 767

ity is the miRNA delivery method, especially in 768

the case of neurological disorders, since the blood- 769

brain barrier normally excludes large polar molecules 770

such as oligonucleotides from entering. miRNA- 771

based treatments could be administered in several 772

non-invasive ways, bypassing the need for intracra- 773

nial administration. First, it has recently been shown 774

that miRNAs can be successfully delivered to the 775

brain via intranasal administration [142], though 776

the mechanisms through which miRNAs reach their 777

target is still unclear. Secondly, the recent discov- 778

ery of exosomal trafficking of miRNAs [53] holds 779

great therapeutic value, since exosomes can cross 780

the blood-brain barrier and thus be administered 781

intravenously [143]. Another possibility is to time 782

a systemic delivery of the molecules with breaches 783

in the integrity of the blood-brain barrier, such as 784

may occur following brain injury or after prolonged 785

seizures. 786

With all current modifications of ssRNAs and new 787

delivery methods that will allow non-invasive miRNA 788

administration to the brain, miRNA-based treatments 789

for neurological disorders seem within reach, at least 790

from a technical point of view. Though mainly in 791

cancer research, several clinical trials are already in 792

progress trying to establish miRNA-based therapy. 793

MiRNA-based therapy in epilepsy 794

AHN-focused miRNA-based therapy for epilepsy 795

seem rather challenging considering the existence 796

of multiple miRNAs targeting the same biological 797

processes or pathways, complex regulatory feed- 798

back loops within these pathways, and bidirectional 799

expression control in the form of feedback loops. 800

However, several attempts to identify miRNA-based 801

anti-epileptic therapies have been performed, though 802

not primarily focusing on AHN. miR-34a has been 803

the focus in two different rodent epilepsy stud- 804

ies. Silencing miR-34a using antagomirs during SE 805

induction successfully reduced neuronal apoptosis 806

in CA1 and CA3, but this was not assessed in the 807

DG [133]. Therefore extrapolating these findings to 808

AHN requires caution. A second study administer- 809

ing antagomirs against miR-34a, but now 24 hours 810
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post SE induction, did not find any neuroprotec-811

tive effects, indicating a potential time-dependent812

treatment window [134]. More importantly, both813

studies also failed to show any beneficial effects of814

antagomir-34a administration of seizure duration and815

severity.816

Probably the most compelling evidence for817

miRNA-based epilepsy therapy comes from two818

studies targeting miR-134 expression. As mentioned819

before, miR-134 is involved in the regulation of820

spinogenesis, and therefore is an important regulator821

of excitability and network formation. Administra-822

tion of antagomir-134 one day before SE induction823

significantly decreased the proportion of animals824

developing pilocarpine-induced SE. Furthermore,825

animals that did develop SE showed a significant826

delay in seizure onset and a decrease in total seizure827

power [144]. In a second study, antagomir-134828

administration one hour post SE induction reduced829

the occurrence of chronic spontaneous seizures by830

90% [145]. Furthermore, antagomir-134 administra-831

tion reduced CA3 pyramidal spine density, neuronal832

cell loss, and astrogliosis, which are all hallmarks833

of the epileptic hippocampus. Like the studies per-834

formed on miR-34a, these studies on miR-134 did835

not assess any AHN-related pathology.836

Future perspectives837

The regulation of AHN by miRNAs has been inten-838

sively studied but still needs to be further elucidated.839

However, possible miRNA-based therapeutic appli-840

cations are already in sight, as discussed in previous841

sections. In order to develop strong therapeutic strate-842

gies we will first need to optimize the preclinical843

models used so far. For example, in the case of844

miRNA profiling of the epileptic brain there is no845

standardized procedure for tissue selection, resulting846

in “epilepsy” miRNA profiles from numerous dif-847

ferent sources and timepoints. Since we here try to848

understand the role of miRNAs in AHN, once would849

prefer to have miRNA profiles from the DG specifi-850

cally [82, 146]. An even more sophisticated approach851

that holds great promise is the recent technologi-852

cal advancements in single cell ‘-omics’ [147, 148].853

If we could identify miRNA profiles in individual854

cells from all different cell types in the AHN cas-855

cade we could systematically elucidate their roles and856

we could be one step closer to identifying pathologi-857

cal miRNA expression and a potential miRNA-based858

therapy. Additionally, long non-coding RNAs (lnR-859

NAs) and circular RNAs (circRNAs), which have860

been recently discovered as potent regulators of gene 861

expression [149, 150], can also be profiled using sin- 862

gle cell sequencing strategies. 863

Besides being a potential therapeutic target, miR- 864

NAs also hold great promise as potential biomarkers 865

[151]. With the recent discovery that miRNAs are 866

excreted in exosomal vesicles and can be detected 867

in blood [53, 152–154], it has now become possible 868

to non-invasively identify altered miRNA expression 869

levels from pathological brain tissue [155]. Sev- 870

eral studies have already obtained miRNA profiles 871

from epileptic patients using blood samples [153, 872

156], allowing comparisons with preclinical epilepsy 873

models [157]. 874

Given the current limited evidence for miRNA- 875

based anti-epileptic treatment, the future for 876

miRNA-based therapies remains still uncertain but 877

it is heavily investigated. Though some preclinical 878

evidence points towards successful application of 879

single miRNA-based anti-epileptic approaches, one 880

might argue that the future of miRNA-based therapy 881

comprises multi-miRNA approaches instead, based 882

on the robust regulation of common targets or bio- 883

logical pathways. Fundamental research is providing 884

more and more evidence regarding complex interplay 885

between different miRNAs, raising questions about 886

single-miRNA therapies. 887

Interestingly, recent challenging experiments have 888

demonstrated that AHN may be associated with 889

cognitive impairments observed in epilepsy [117]. 890

Cognitive impairment comorbidity among epilepsy 891

patients is high and in many cases it still progresses 892

even when seizures have been controlled [158–160]. 893

If these cognitive deficits indeed severely rely on 894

the presence of aberrant AHN, and miR-based treat- 895

ments can rescue cellular alterations observed under 896

pathological conditions, one might argue that miR- 897

based therapy against cognitive deficits associated 898

with epilepsy, may be another promising direction 899

for future miR-based therapeutic studies. Thus, most 900

likely, multi-miRNA-based approaches targeting sev- 901

eral aspects of AHN will provide promising avenues 902

to successfully rescue disease-associated aberrant 903

AHN, and they could pave the way towards future 904

clinical applications of miRNA-based therapies. 905
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