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Die	(Gen)-Wüste lebt!	

Ø Bis zu 80%	unserer genetischen Information	wird in	Ribonukleinsäuren (RNA)	übersetzt
Ø Nur ca.	1.5%	der	Genkopien werden zum Aufbau von	Eiweissen (Proteine)	verwendet
Ø Der	Grossteil der	RNA	ist “nicht-kodierend”,	Funktion weitestgehend unbekannt



Ribonukleinsäure (RNA)-Vielfalt

>	“nicht-kodierende”	RNA

mRNA nt

Dystrophin 11.055

FoxP2 2.145

Survivin 426

mikoRNA 21-23

Grössenvergleich:

Dystrophin

mikroRNA



Die	Entdeckungsgeschichte der	mikroRNA

Lee	et	al.,	Cell	1993

Lin-4	Mutante (Entwicklungsdefekt)

Ø Mutation	nicht in	Protein-kodierendem Gen
Ø Kurze Gensequenz (<30	bp)	verantwortlich

Figures 

 

 

Figure 1: High consistency of conserved miRNA gene and family numbers in closely related groups in 
MirGeneDB2.0 can be observed for groups with more than two representatives. High variation in 
gene-numbers for Danio and Eisenia (double asterisks) are explainable by genome-duplication events 
within that particular monophyletic group (vertebrates and annelids, respectively), while high 
numbers of unique /novel genes and families in Homo, Mus, Canis, Drosophila, Tribolium and 
Caenorhabditis might be explainable by the significantly higher number of studies and/or the 
relatively higher number of absolute small RNA reads on these organisms (single asterisks). 
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Ø Mehrere hundert unterschiedliche mikroRNA werden
Im Gehirn von	Säugetieren hergestellt

Ø Funktionen sind weitestgehend unbekannt



Genetischer Informationsfluss
mit mikroRNA

mikroRNA unterdrücken die	Bildung von	Proteinen

Proteine

mRNA

DNA

mikroRNA

Genetischer Informationsfluss
ohne mikroRNA



Der	Hippokampus als zentrale Struktur für
kognitive und	emotionale Verarbeitung

Kognition
Ø Bildung neuer

Erinnerungen
Ø Räumliches

Gedächtnis

Emotionen
Ø Sozialverhalten
Ø Angstverhalten

Erkrankungen
Ø Amnesie
Ø Epilepsie
Ø Autismus
Ø Schizophrenie
Ø Depression



Nervenzellen kommunizieren über Synapsen

Erregende (“exzitatorische”)	Synapse:	

Dornfortsatz (“Spine)

Axonterminus

Neurotransmitter	(z.B.	Glutamat)

Rezeptoren

Ø Jedes Neuron	hat	mehrere tausend Synapsen
Ø Synapsen können sich verändern (“Plastizität”:	

Wachstum,	Schrumpfen,	Neubildung,	Elimination)
Ø Synaptische Plastizität ist wichtig für

Informationsspeicherung und	-löschung



Penzes et	al.,	Nat	Neurosci 2011ASD:	Autism-Spectrum	Disorders;	SZ:	Schizophrenia;	AD:	Alzheimer’s	Disease

Synapsenveränderungen in	Erkrankungen



Axon

Spine

Synaptische Plastizität erfordert die	Bildung
neuer Proteine

Stimulierte
SynapseKern

Zellkörper

mikroRNA?



Welche mikroRNA sind involviert?	

A RT I C L E S

(Supplementary Information, Fig. 2a). Introducing 2ʹO-Me AS oligonucle-
otides directed against the other nine candidate miRNAs or three control 
sequences (2ʹO-Me control, 2ʹO-Me let7c and 2ʹO-Me-126) did not signifi-
cantly affect spine volume (Fig. 3b), demonstrating that we can specifically 
interfere with dendritic spine morphogenesis.

Because inhibition of miR-138 changed dendritic spine size very 
robustly, and the role of miR-138 in the nervous system and synaptic 
development was completely unknown, we decided to focus on miR-
138. To corroborate our findings, we employed another AS oligonucle-
otide inhibitor of different chemistry (LNA). Similarly to 2ʹO-Me-138, 
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Figure 3 Synaptically enriched miR-138 regulates dendritic spine size. (a) 
Flowchart of the functional screen for the identification of miRNAs controlling 
dendritic spine size. Rat hippocampal neurons (10 DIV) were transfected with 
GFP together with miRNA inhibitors (40 nM) or 134 duplex RNA (20 nM), 
and processed at 18 DIV for confocal microscopy. The fluorescence intensity 
of the freely diffusible GFP within three-dimensional projections was used 
to calculate the relative spine volume. (b) Quantitative analysis of relative 
spine volume of hippocampal neurons transfected with the indicated double-
stranded RNA (20 nM) or antisense 2ʹ-O-methyl (2ʹO-Me) oligonucleotides 
(40 nM). Values are shown as mean ± s.d. (n = 3; at least 750 spines from 15 
neurons). Asterisk, P < 0.05 (compared with 2ʹO-Me control conditions). (c) 
Representative hippocampal neurons (18 DIV) transfected with GFP together 
with either 2ʹO-Me control (left) or 2ʹO-Me-138 (40 nM). Boxed insets show 
spines at higher magnification. Scale bars, 20 µm (main panels); 8 µm 
(insets). (d) LNA-mediated inhibition of miR-138 increases spine volume. 
Average spine volume of neurons treated with the indicated LNA antisense 

oligonucleotides (100 nM). Values were normalized to the GFP-only condition 
and are shown as mean ± s.d. (n = 3; at least 1,200 spines from 15 neurons). 
P = 0.001 (ANOVA). The P value of a pairwise Student’s t-test is indicated. 
(e) Overexpression of miR-138 in hippocampal neurons decreases spine 
volume. Duplex RNAs representing the full-length version of miR-138, a 3ʹ 
truncated miR-138 (miR-138 sh) or miR-134 were transfected as in b and the 
relative spine volume was determined. Values were normalized to the GFP-only 
condition and are shown as mean ± s.d. (n = 3; at least 1,200 spines from 
15 neurons). P = 0.029 (ANOVA). P values of pairwise Student’s t-tests are 
indicated. (f) Restoring miR-138 function rescues increased spine size caused 
by miR-138 inhibition. Average spine volume was determined from neurons 
transfected with 2ʹO-Me-138 (40 nM) together with synthetic miR-138 duplex 
RNA (20 nM) or control duplex RNA (20 nM, let-7c). Values were normalized 
to the GFP-only condition and are shown as mean ± s.d. (n = 3; at least 1,200 
spines from 15 neurons). P = 0.0067 (ANOVA). P values of pairwise Student’s 
t-tests are indicated.
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(Supplementary Information, Fig. 2a). Introducing 2ʹO-Me AS oligonucle-
otides directed against the other nine candidate miRNAs or three control 
sequences (2ʹO-Me control, 2ʹO-Me let7c and 2ʹO-Me-126) did not signifi-
cantly affect spine volume (Fig. 3b), demonstrating that we can specifically 
interfere with dendritic spine morphogenesis.

Because inhibition of miR-138 changed dendritic spine size very 
robustly, and the role of miR-138 in the nervous system and synaptic 
development was completely unknown, we decided to focus on miR-
138. To corroborate our findings, we employed another AS oligonucle-
otide inhibitor of different chemistry (LNA). Similarly to 2ʹO-Me-138, 
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Figure 3 Synaptically enriched miR-138 regulates dendritic spine size. (a) 
Flowchart of the functional screen for the identification of miRNAs controlling 
dendritic spine size. Rat hippocampal neurons (10 DIV) were transfected with 
GFP together with miRNA inhibitors (40 nM) or 134 duplex RNA (20 nM), 
and processed at 18 DIV for confocal microscopy. The fluorescence intensity 
of the freely diffusible GFP within three-dimensional projections was used 
to calculate the relative spine volume. (b) Quantitative analysis of relative 
spine volume of hippocampal neurons transfected with the indicated double-
stranded RNA (20 nM) or antisense 2ʹ-O-methyl (2ʹO-Me) oligonucleotides 
(40 nM). Values are shown as mean ± s.d. (n = 3; at least 750 spines from 15 
neurons). Asterisk, P < 0.05 (compared with 2ʹO-Me control conditions). (c) 
Representative hippocampal neurons (18 DIV) transfected with GFP together 
with either 2ʹO-Me control (left) or 2ʹO-Me-138 (40 nM). Boxed insets show 
spines at higher magnification. Scale bars, 20 µm (main panels); 8 µm 
(insets). (d) LNA-mediated inhibition of miR-138 increases spine volume. 
Average spine volume of neurons treated with the indicated LNA antisense 

oligonucleotides (100 nM). Values were normalized to the GFP-only condition 
and are shown as mean ± s.d. (n = 3; at least 1,200 spines from 15 neurons). 
P = 0.001 (ANOVA). The P value of a pairwise Student’s t-test is indicated. 
(e) Overexpression of miR-138 in hippocampal neurons decreases spine 
volume. Duplex RNAs representing the full-length version of miR-138, a 3ʹ 
truncated miR-138 (miR-138 sh) or miR-134 were transfected as in b and the 
relative spine volume was determined. Values were normalized to the GFP-only 
condition and are shown as mean ± s.d. (n = 3; at least 1,200 spines from 
15 neurons). P = 0.029 (ANOVA). P values of pairwise Student’s t-tests are 
indicated. (f) Restoring miR-138 function rescues increased spine size caused 
by miR-138 inhibition. Average spine volume was determined from neurons 
transfected with 2ʹO-Me-138 (40 nM) together with synthetic miR-138 duplex 
RNA (20 nM) or control duplex RNA (20 nM, let-7c). Values were normalized 
to the GFP-only condition and are shown as mean ± s.d. (n = 3; at least 1,200 
spines from 15 neurons). P = 0.0067 (ANOVA). P values of pairwise Student’s 
t-tests are indicated.
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11	Kandidaten



miR-134	und	miR-138	hemmen Synapsen

A RT I C L E S

(Supplementary Information, Fig. 2a). Introducing 2ʹO-Me AS oligonucle-
otides directed against the other nine candidate miRNAs or three control 
sequences (2ʹO-Me control, 2ʹO-Me let7c and 2ʹO-Me-126) did not signifi-
cantly affect spine volume (Fig. 3b), demonstrating that we can specifically 
interfere with dendritic spine morphogenesis.

Because inhibition of miR-138 changed dendritic spine size very 
robustly, and the role of miR-138 in the nervous system and synaptic 
development was completely unknown, we decided to focus on miR-
138. To corroborate our findings, we employed another AS oligonucle-
otide inhibitor of different chemistry (LNA). Similarly to 2ʹO-Me-138, 
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Figure 3 Synaptically enriched miR-138 regulates dendritic spine size. (a) 
Flowchart of the functional screen for the identification of miRNAs controlling 
dendritic spine size. Rat hippocampal neurons (10 DIV) were transfected with 
GFP together with miRNA inhibitors (40 nM) or 134 duplex RNA (20 nM), 
and processed at 18 DIV for confocal microscopy. The fluorescence intensity 
of the freely diffusible GFP within three-dimensional projections was used 
to calculate the relative spine volume. (b) Quantitative analysis of relative 
spine volume of hippocampal neurons transfected with the indicated double-
stranded RNA (20 nM) or antisense 2ʹ-O-methyl (2ʹO-Me) oligonucleotides 
(40 nM). Values are shown as mean ± s.d. (n = 3; at least 750 spines from 15 
neurons). Asterisk, P < 0.05 (compared with 2ʹO-Me control conditions). (c) 
Representative hippocampal neurons (18 DIV) transfected with GFP together 
with either 2ʹO-Me control (left) or 2ʹO-Me-138 (40 nM). Boxed insets show 
spines at higher magnification. Scale bars, 20 µm (main panels); 8 µm 
(insets). (d) LNA-mediated inhibition of miR-138 increases spine volume. 
Average spine volume of neurons treated with the indicated LNA antisense 

oligonucleotides (100 nM). Values were normalized to the GFP-only condition 
and are shown as mean ± s.d. (n = 3; at least 1,200 spines from 15 neurons). 
P = 0.001 (ANOVA). The P value of a pairwise Student’s t-test is indicated. 
(e) Overexpression of miR-138 in hippocampal neurons decreases spine 
volume. Duplex RNAs representing the full-length version of miR-138, a 3ʹ 
truncated miR-138 (miR-138 sh) or miR-134 were transfected as in b and the 
relative spine volume was determined. Values were normalized to the GFP-only 
condition and are shown as mean ± s.d. (n = 3; at least 1,200 spines from 
15 neurons). P = 0.029 (ANOVA). P values of pairwise Student’s t-tests are 
indicated. (f) Restoring miR-138 function rescues increased spine size caused 
by miR-138 inhibition. Average spine volume was determined from neurons 
transfected with 2ʹO-Me-138 (40 nM) together with synthetic miR-138 duplex 
RNA (20 nM) or control duplex RNA (20 nM, let-7c). Values were normalized 
to the GFP-only condition and are shown as mean ± s.d. (n = 3; at least 1,200 
spines from 15 neurons). P = 0.0067 (ANOVA). P values of pairwise Student’s 
t-tests are indicated.
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transfection of LNA-138 specifically increased the average spine volume 
of hippocampal neurons (Fig. 3d). Conversely, transfection of miR-138 
duplex RNA significantly decreased average spine volume, supporting 
an inhibitory role for miR-138 in spine growth (Fig. 3e). miR-138 duplex 
RNA, but not a control RNA (let-7c), was able to completely revert 
the spine-growth-promoting effect observed on inhibition of miR-
138, demonstrating the specificity of the effect on spine size (Fig. 3f). 
Overexpression of either duplex RNA had no significant effect on den-
dritic spine density or the dendritic branching index (Supplementary 
Information, Fig. 2b, c), indicating that overall dendritic morphology 
was not compromised by the introduction of synthetic small RNAs.

We therefore identified miR-138 as a critical component of a regu-
latory pathway that orchestrates dendritic spine growth. Calcium 
influx into cortical neurons as induced by membrane depolariza-
tion led to a rapid and progressive decline of pre-miR-138 expression 
(Supplementary Information, Fig. 2d) and miR-138 cleavage activity 
(Supplementary Information, Fig. 2e), indicating that miR-138 could 
be regulated during activity-dependent spine development.

miR-138 regulates synaptic transmission and α-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid receptor (AMPAR) 
surface staining
We next examined whether the observed changes in spine morphology 
on perturbation of miR-138 are associated with corresponding altera-
tions in excitatory synaptic function. We recorded miniature excitatory 
postsynaptic currents (mEPSCs; Fig. 4a) from cultured hippocampal 
neurons that had been transfected with miR-138, with control duplex 
RNA or with a vector expressing green fluorescent protein (GFP) only. 
In miR-138-expressing neurons, the median amplitude of mEPSCs 
was significantly decreased in comparison with both control transfec-
tions (Fig. 4b, c). The frequency of events was not different between 
all three types of cell. This result is consistent with our previous obser-
vations that miR-138 expression leads to a 25% decrease in spine 
volume (Fig. 3d) but has no effect on spine density (Supplementary 
Information, Fig. 2b). mEPSCs were sensitive to 6-cyano-7-nitroqui-
noxaline (CNQX) and were therefore largely mediated by AMPARs 
(data not shown). Accordingly, we found a decrease in the median 
size, but not in the density, of GluR2-containing AMPAR clusters in 
dendrites of miR-138-expressing neurons (Fig. 4d and data not shown; 
P < 0.001 (Kolmogorov–Smirnov test). Thus, miR-138-mediated spine 
shrinkage correlates with a decrease in the amplitude of postsynaptic 
currents and AMPAR cluster size.

mRNA encoding acyl-protein thioesterase 1 (APT1) is a miR-
138 target in neurons
Using the RNAhybrid program we predicted miR-138 target mRNAs 
that might mediate the miR-138 effect on spine morphogenesis33,34. We 
selected four putative miR-138 target mRNAs that seemed to be par-
ticularly interesting in terms of synaptic function: EphrinB3 (ref. 35), 
PLEKHB1 (ref. 36), RIMS2 (ref. 37) and APT1 (ref. 38).

To validate the functionality of the identified binding sites within 
these mRNAs, full-length 3ʹ UTRs of the candidate miR-138 targets 
were cloned downstream of the luciferase coding region and these 
constructs were transfected into cortical neurons along with miR-138 
duplex RNA. The APT1 3ʹ UTR conferred the most robust decrease 
in luciferase activity upon miR-138 co-transfection in both HeLa 
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Figure 4 miR-138 negatively regulates miniature synaptic transmission at 
excitatory synapses. (a) Original recordings of mEPSCs in cultured hippocampal 
neurons in the presence of tetrodotoxin and gabazine. Cells were voltage 
clamped at −70 mV. Traces show representative data from cells expressing GFP 
only, GFP + miR-138 duplex RNA, and GFP + control duplex RNA. (b) Decrease 
in median mEPSC amplitudes in miR-138-expressing neurons. Results are 
shown as medians and s.d. for each group (GFP, n = 14; miR-138 n = 16; 
control duplex RNA n = 12). P values (pairwise Student’s t-test) are indicated 
above the bar graph. (c) Cumulative amplitude distributions of mEPSCs 
recorded from neurons transfected as in a. Data were pooled from 14 cells 
(GFP), 16 cells (mir-138) and 12 cells (control duplex RNA). Note the leftward 
shift of the cumulative curve for miR-138 (P < 0.001, Kolmogorov–Smirnov 
test). (d) GluR2 surface staining of cells transfected as in a. Top panels: 
representative dendrites of neurons transfected with either miR-138 or control 
duplex RNA and stained for GluR2 (red) and synapsin (blue). Arrowheads 
depict large GluR2 clusters in spine heads of control neurons and small or 
absent GluR2 clusters in protrusions of miR-138-expressing neurons. Scale 
bar, 10 µm. Bottom panel: cumulative distribution of GluR2 surface cluster 
sizes plotted for the indicated conditions. Kolmogorov–Smirnov test: P = 0.001; 
D = 0.0927 (miR-138 versus control transfected cells).
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Auf	der	Suche nach mikroRNA Zielgenen

A RT I C L E S

gradually increased over three weeks of cortical neuron development 
in vitro (Fig. 5e). At the subcellular level, APT1 protein was present in 
both the cytosolic fractions (low-speed and high-speed centrifugation 
supernatants) and membrane fractions (high-speed centrifugation pel-
let and synaptosomes) of P15 rat brain (Fig. 5f). However, in contrast 
with PSD-95, most of the APT1 protein accumulated in the soluble 
cytosolic fractions. These results are consistent with the idea that at 
least part of the negative regulatory interaction between miR-138 and 
APT1 mRNA occurs locally in the synaptodendritic compartment.

We next tested whether the predicted miR-138-binding site within the 
APT1 3ʹ UTR is sufficient for miR-138-mediated translational inhibition. 
The duplex between the target site of the APT1 3ʹ UTR and miR-138 features 
extensive complementarity, especially within a highly conserved region at 
the 5ʹ end of the miRNA known as the ‘seed’ region (Fig. 6a). Accordingly, 
point mutations within this seed region (APT1 mutant) rendered the APT1–
luciferase construct insensitive to miR-138-mediated inhibition (Fig. 6b). 
Therefore, inhibition of APT1 expression by miR-138 is mediated through 
a single conserved miR-138-binding site within the APT1 3ʹ UTR.
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Figure 6 APT1 mRNA is a miR-138 target in neurons. (a) Top: schematic 
representation of the mouse miR-138–APT1 3ʹ UTR duplex as determined 

conservation of the miR-138 target site within the APT1 3ʹ UTR across the 
indicated vertebrate species. Note the extensive conservation of nucleotides 
at both ends of the duplex that are engaged in base-pairing, and the less 
extensive conservation in the internal bulge structure (adopted from the 
University of California Santa Cruz genome browser at http://genome.ucsc.
edu/). Nucleotide substitutions in the APT1 mut construct are indicated. X. 
tropicalis, Xenopus tropicalis. (b) Importance of the ‘seed’ region within the 
APT1 3ʹ UTR for miR-138-mediated downregulation in primary rat cortical 
neurons (5 DIV). Luciferase assay was performed with wild-type APT1 
(APT1wt) and mutated 3ʹ UTR constructs (APT1mut) in the presence of 
the indicated concentrations of miR-138 duplex RNA. Values are expressed 
relative to the internal Renilla luciferase activity and normalized to the 
activity of the wild-type APT1 reporter under basal conditions. Results are 

shown as means ± s.d. (10 nM, n = 6; 20 nM, n = 18, APT1mut, n = 8). 
Asterisk, P < 0.00001 (pairwise Student’s t-test between corresponding 
values of wild-type and mutated reporter). (c) Endogenous miR-138 inhibits 
APT1 luciferase reporter gene expression. Wild-type or mutated APT1 
luciferase reporter genes were co-transfected together with increasing 
amounts of 2ʹO-Me-138 AS oligonucleotide (50–200 nM) into hippocampal 
neurons (16 DIV) and luciferase activity was measured two days later. Results 
are shown as mean ± s.d. (n = 5). Activity of the wild-type APT1 and mutated 
reporters under basal conditions was arbitrarily set to 1. Asterisk, P < 0.01 
(pairwise Student’s t-test between corresponding values of wild-type and 
mutated reporter; P values are shown above bar graphs). (d) Endogenous 
miR-138 inhibits the accumulation of APT1 protein. Cholesterol-modified 
2ʹO-Me antisense oligonucleotides directed against miR-138 or an unrelated 
sequence were introduced into hippocampal neurons at 13 DIV at a 
concentration of 1 µM, and protein extracts were prepared for western blotting 
at 18 DIV. The average fold increase in the APT1 signal is indicated (n = 3; 
2ʹO-Me control set to 1).
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APT1	CDS

miR138

- mikroRNAs binden mRNAs	
nach einem
“Schlüssel-Schloss-Prinzip”

- Die	Bindung ist allerdings nicht
perfekt >	viele mögliche
Kombinationen

- Bindungen können
bioinformatisch vorhergesagt
werden,	die	Ergebnisse sind
jedoch nicht immer verlässlich

- Experimentelle Validierung
erforderlich



Synapsen-”Tuning”	durch mikroRNA-Netzwerke

Modified	from	Schratt,	Curr.	Op.	Neurobiol.	2009

Siegel	et	al.,	Nat	Cell	Biol 2009

Schratt	et	al.,	Nature	2006;Fiore	et	al.,	EMBO	J.	
2009,	2014;	Valluy et	al.,	Nat.	Neurosci 2015

Edbauer	et	al.,	Neuron	2010 Siegel	et	al.,	Nat	Cell	Biol	2009;	
Edbauer	et	al.,	Neuron	2010

AMPAR
miR-181a
Saba	et	al.,	MCB	2012

Arpc3

miR-29
Lippi	et	al.,	JCB	2011



Physiologische Bedeutung von	mikroRNA

- Kognition
- Lernen und	Gedächtnis
- Sprache
- Sensorik
- Motorik
- Emotionen (z.B.	Angst)
- Sozialverhalten



Die	mikroRNA “knockout”	Maus als Modellsystem



Das	miR379-410	cluster:	miR-134	und	Kollegen



WT	n=51	,	KO	n=53	.	Mean	±sem,	*p<0.05

*

miR379-410	und	Ängstlichkeit



mikroRNA und	Erkrankungen

- Demenz
- Parkinson
- Epilepsie
- Multiple	Sklerose
- Autismus
- Schizophrenie
- Stress/Depression
- …



Regulation	der	miR-129	in	der	Epilepsie

Rattenmodel (Perforant Pathway	Stimulation) Humane	Temporallappen-
Epilepsie Patienten



EEG	Messungen Anfälle Zelltod

Anti-miR-129/control
Injektion

Intra-Amygdala
Kainat-Injektion

24	h 40	min
EEG	Messungen

Rajman et	al.,	2017

Hemmung von	miR-129	unterdrückt
epileptische Anfälle



• mikroRNA sind kleine Erbgutschnipsel,	die	die	Übersetzung von	mRNA	in	
Proteine hemmen
• Hunderte von	unterschiedlichen mikroRNAs werden in	Nervenzellen
gebildet
• Spezifische mikroRNA kontrollieren die	Bildung und	Funktion von	
exzitatorischen Synapsen im Hippokampus
• Hemmung von	mikroRNAs im Tiermodell führt zu veränderten kognitiven
Leistungen und	Verhaltensmustern
• mikroRNAs sind bei neurologischen Erkrankungen verändert und	stellen
neue Zielstrukturen bei der	Therapie und	als Biomarker dar

Zusammenfassung
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