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Abstract
The cellular consequences of N-Methyl-D-Aspartate receptor (NMDAR) stimulation depend on the receptors’
subcellular localization. Synaptic NMDARs promote plasticity and survival whereas extrasynaptic NMDARs
mediate excitotoxicity and contribute to cell death in neurodegenerative diseases. The mechanisms that
couple activation of extrasynaptic NMDARs to cell death remain incompletely understood. We here show that
activation of extrasynaptic NMDARs by bath application of NMDA or L-glutamate leads to the upregulation of
a group of 19 microRNAs in cultured mouse hippocampal neurons. In contrast, none of these microRNAs is
induced upon stimulation of synaptic activity. Increased microRNA expression depends on the pri-miRNA
processing enzyme Drosha, but not on de novo gene transcription. These findings suggest that toxic NMDAR
signaling involves changes in the expression levels of particular microRNAs.
Keywords: MicroRNA, NMDA receptor, Neurotransmitter receptors, Cell death, Neurodegeneration, Kainate,
Seizures, Biomarkers

Introduction
MicroRNAs (miRNAs) are a class of small non-coding
RNAs that act as post-transcriptional regulators of gene
expression. They repress the expression of their target
genes by inhibiting mRNA translation and/or by mediating mRNA degradation [1, 2]. miRNAs predominantly
function in a dose-dependent manner to precisely adjust
the expression levels of their target genes [2, 3]. Accordingly, miRNA expression itself needs to be tightly controlled and maintained at levels that meet cellular needs.
In neurons, miRNA levels are subject to regulation by
external cues. For example, sensory experience, synaptic
activity, and glutamatergic signaling have been reported
to induce specific miRNAs [4–12] which enable structural and functional plasticity by fine tuning the levels of
plasticity-related genes [4, 13–15]. However, miRNAs
are also upregulated under pathological conditions like
ischemia, spinal cord injury, neurodegenerative diseases,
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and neuropsychiatric disorders [16–23]. Under these
conditions miRNAs promote neuronal dysfunction and
cell death. It remains unclear what distinguishes
plasticity-associated from pathological miRNA regulation at the molecular level; however, both physiological
and disease-associated miRNA regulation are thought to
involve glutamatergic signaling. A key determinant that
defines physiological vs. pathological outcomes of
glutamatergic signaling is the activation of synaptic vs.
extrasynaptic NMDA-receptors (NMDARs), respectively
[24–26]. Synaptic NMDARs promote synaptic plasticity,
learning, and neuronal survival while extrasynaptic
NMDARs link to cell death pathways and disease [24,
27–29]. Here we investigated the possibility that differential regulation of miRNAs by toxic versus survival promoting NMDARs could potentially explain the
differences in physiological vs. pathological miRNA expression. Using microArray and quantitative real-time
PCR (qRT-PCR) analyses we identified a set of miRNAs
that are specifically induced by toxic NMDAR signaling.
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Materials and methods

Induction of acute excitotoxic seizures

Animals and ethics statement

Six weeks old Sprague Dawley rats were administered
with kainic acid (KA, Biotrend, 10 mg/kg i.p., dissolved
in 0.9% saline, n = 14) or vehicle (phosphate-buffered saline, PBS, n = 14), to induce epileptic seizures. A trained
observer monitored the severity of epileptic seizures for
4 h to categorize according to following criteria: level 1,
immobility; level 2, forelimb and tail extension, rigid
posture; level 3, repetitive movements, head bobbing;
level 4, rearing and falling; level 5, continuous rearing
and falling; level 6, severe tonic-clonic seizure; level 7,
death [32]. Only animals that exhibited level 4 to 6 of
epileptic seizure behavior were included in the analysis.
4 h after administration of KA or vehicle animals were
killed by cervical dislocation. Brains were removed
quickly and hippocampi were dissected in ice-cold dissection medium [30] containing 1 mM kynurenic acid
(Sigma) and 10 mM MgCl2. Individual hippocampi were
homogenized in 700 μl of Qiazol reagent (Qiagen) and
total RNA was isolated as described below.

C57BL/6NCrl mice (Charles River) and Crl:SD
Sprague-Dawley rats (Charles River), were used in this
study. Animals were maintained in pathogen-free and
light- (12 h light/ 12 h dark) and temperaturecontrolled (22 °C ± 2 °C) conditions and had ad libitum
access to water and food. Animals were group-housed
in conventional cages and were provided with environmental enrichment. All procedures were done in
accordance with German guidelines for the care and
use of laboratory animals and with the European
Community Council Directive 2010/63/EU. Experiments were approved by local authorities.
Cell culture

Hippocampal neurons from newborn C57BL/6 mice
were prepared and maintained as described previously
[30]. In brief, neurons were grown in Neurobasal-A
medium (Life Technologies) supplemented with B27
(Life Technologies), 0.5 mM glutamine, and 1% rat
serum. On day in vitro (DIV) 8 growth medium was exchanged with transfection medium [31] consisting of a
mixture of buffered salt-glucose-glycine (SGG) solution
[10 mM Hepes (pH 7.4), 114 mM NaCI, 26.1 mM
NaHCO3, 5.3 mM KCI, 1 mM MgCI2, 2 mM CaCI2, 30
mM glucose, 1 mM glycine, 0.5 mM sodium pyruvate,
and 0.001% phenol red] and phosphate free Eagle’s minimum essential medium (MEM) (9:1 vol:vol), supplemented with insulin (7.5 μg/ml), transferrin (7.5 μg/mI),
sodium selenite (7.5 ng/ml) (ITS supplement, SigmaAldrich). Experiments were performed after a culturing
period of 10–12 DIV during which hippocampal neurons
express functional glutamate receptors and develop an
extensive network of synaptic contacts.
Drug treatment

The following drugs were used in this study: N-Methyl-Daspartic acid (NMDA, Sigma-Aldrich, 20-30 μM), bicuculline
(Axxora, 50 μM), 4-aminopyridine (4-AP, Sigma-Aldrich, 2
mM), recombinant human BDNF (Peprotech, 100 ng/ml),
glutamate (Sigma-Aldrich, 30 μM), MK-801 (Tocris, 10 μM),
actinomycin D (Applichem, 10 μg/ml), α-Amanitin
(Merck, 10 μg/ml). NMDA was added to cells at a
final concentration of 20-30 μM. Cells were then
placed in the incubator for 10 min, washed three
times with fresh medium and returned to the incubator for the indicated times. Inhibitors were added 15–
30 min before NMDA treatment and were included in
all subsequent wash steps. KCl stimulation was performed by adding 0.41 volumes of depolarization solution containing 170 mM KCl, 2 mM CaCl2, 1 mM
MgCl2, 10 mM HEPES.

RNA isolation

Total RNA was isolated using the miRNeasy kit (Qiagen)
according to the manufacturer’s instructions.
MicroRNA microarrays

For each condition (control, NMDA-treated, bicucullinetreated) three replicate samples from independent cell
preparations were analyzed using mouse microRNA
Microarrays (Agilent Technologies, Release 12.0) that
profile 627 mouse miRNAs. Microarray analysis was
performed at the genomics core facility of the German
Cancer Research Center (DKFZ, Heidelberg, Germany).
P-values were determined by student’s t test and
Benjamini-Hochberg correction. To identify microRNAs
that are increased by NMDA or bicuculline we chose a
20% change in expression as lower cut-off. This threshold was chosen because, first, previously reported
stimulus-induced changes in neuronal miRNA expression are mostly rather low and, second, fold-changes are
usually compressed in microArray analyses as compared
to qRT-PCR.
Quantitative real-time PCR

For analysis of miRNA expression, 10 ng of total RNA
were reverse transcribed in a total volume of 15 μl
using the High Capacity cDNA Reverse Transcription
kit and miRNA-specific RT primers (Applied Biosystems). PCR reactions were performed using the TaqMan MicroRNA Assay kit (Applied Biosystems). Each
PCR reaction contained 1.33 μl of the RT reaction
product, 10 μl of TaqMan 2x Universal PCR Master
Mix, and 1 μl of 20x TaqMan MicroRNA Assay reagent in a total volume of 20 μl. Expression of
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miRNAs was normalized to endogenous snoRNA 202
(assay ID 001232) and/or rat snoRNA (assay ID
001718) expression for each sample using the ΔΔCt
method.
Molecular biology and preparation of recombinant
adeno-associated viruses (rAAV)

For the expression of shRNA, a rAAV vector was used
that contains the U6 promoter for shRNA expression and
a CaMKII promoter driving mCherry expression [33]. The
following shRNA sequences were used (5′-3′): drosha:
CAACAGTCATAGAATATGA
[34],
non-targeting
control-shRNA: GTGCCAAGACGGGTAGTCA [35]. All
rAAV vectors were generated by standard molecular
biology techniques and verified by sequencing. Viral
particles were produced and purified as described previously [36]. Neurons were infected with 2-5 × 109
particles/ml on DIV 4–6, yielding a typical infection
rate of 80–90% [33, 35, 36].
Antibodies

Rabbit monoclonal anti-Drosha (1:1000; Cell Signaling
#3364), mouse monoclonal anti-Tubulin (1:400,000;
Sigma #T9026).
Cell death assay

20 h after KCl treatment, cells were fixed with prewarmed 4% paraformaldehyde for 15 min, washed with
PBS and counterstained with Hoechst 33258 (1 μg/ml)
for 10 min. Cells were mounted in mowiol and examined
by fluorescence microscopy. Dead neurons were identified by amorphous or shrunken nuclei visualized with
Hoechst as described previously [24, 37].

Results
Toxic NMDA receptor signaling regulates a select group
of miRNAs

To identify miRNAs that are regulated by the survival
promoting versus death inducing activities of NMDARs
we compared the miRNA expression profiles of primary
mouse hippocampal neurons that had been treated with
either bicuculline (50 μM) or NMDA (30 μM) in the
presence of the NMDAR co-agonist glycine (900 μM).
Application of the GABA-A receptor antagonist, bicuculline, reduces tonic GABAergic inhibition of the neuronal network causing action potential (AP) bursting and
stimulation of synaptic α-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid (AMPA) and NMDA receptors
[24, 36, 38, 39]. In contrast to this synaptic stimulation
protocol, NMDA bath application leads to the activation
of both synaptic and extrasynaptic NMDARs. Signaling
through extrasynaptic NMDARs is dominant over synaptic signaling and is toxic to neurons in vitro and
in vivo [24, 25, 27, 28, 36, 40]. Using microRNA
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microArrays we screened for miRNAs that were induced
by bath application of NMDA but not by bicuculline
treatment. We detected an increased expression of two
miRNAs, miR-132 and miR-212, 4 h after exposing the
neurons to bicuculline (Table 1), which is in line with
the well documented activity-dependent regulation of
these miRNAs [8–12]. In contrast, 4 h after NMDA
treatment the levels of 19 miRNAs were increased more
than 20% (Table 1, Additional file 1: Table S1; complete
microarray data available at GEO GSE47601).
The two sets of miRNAs were non-overlapping, i.e.,
none of the NMDA-induced miRNAs were changed by
bicuculline application and vice versa. The highest fold
changes in induction were obtained for miR-689. However, it is currently under debate whether or not this
small RNA is a true microRNA [41–43]. Nevertheless,
due to its robust regulation by NMDA treatment, we selected this putative miRNA together with 3 additional
miRNAs that were highly induced by NMDA for further
analysis. We first verified the differential regulation of
these miRNAs using RT-qPCR for mature miRNAs
(Fig. 1a). We confirmed that NMDA treatment but also
bath application of L-glutamate (30 μM) increased the
levels of all 4 miRNAs (Fig. 1b). In the presence of the
NMDAR antagonist, MK-801, glutamate had no effect
on miRNA levels, demonstrating that NMDARs are necessary for miRNA induction. We next considered the
possibility that extended episodes (> 4 h) of AP bursting
could increase the levels of our group of miRNAs. However, RT-qPCR analysis revealed that also 16 h of bicuculline treatment did not induce changes in the levels of
any of the miRNAs analyzed, except for the positive control miR-132 (Fig. 1c). These results are consistent with
this set of miRNAs being specifically induced by the activation of extrasynaptic NMDARs. An alternative explanation for the different effects of NMDA vs.
bicuculline might be the differently shaped Ca2+-signals
(plateau vs. transients) evoked by these treatments. To
test this we used a combined stimulation with bicuculline and the potassium channel blocker, 4-AP, which induces a sustained Ca2+ plateau comparable to NMDA
bath application [24, 44]. Out of all miRNAs analyzed
only miR-1187 and the positive control miR-132 were
increased by this treatment (Fig. 1d). Thus for the majority of NMDA-induced miRNAs increased expression
seems to depend on the site of Ca2+-entry rather than
total Ca2+-load. To further rule out any regulation of
these miRNAs by synaptic signaling we used two additional stimulation paradigms. First, we used bath application of BDNF (100 ng/ml). Similar to previous reports
[4, 45, 46], 4 h BDNF application increased the levels of
miR-132, but not those of miR-689, miR-690, miR-709,
and miR-1187 (Fig. 2a). Second, we applied high extracellular concentrations of potassium (50 mM KCl),
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Table 1 List of differentially expressed miRNAs detected by miRNA microArray
miRBase
accession

miRNA name

MI0004654

NMDA

Bicuculline

fold change

p adj.

fold change

p adj.

mmu-miR-689

5.24

0.07

0.91

1.00

MIMAT0004893

mmu-miR-574-5p

2.38

0.10

1.02

1.00

MIMAT0005837

mmu-miR-1187

2.21

0.09

1.03

1.00

MIMAT0003469

mmu-miR-690

2.12

0.10

1.00

1.00

MIMAT0003499

mmu-miR-709

1.99

0.23

0.90

1.00

MIMAT0007867

mmu-miR-1895

1.87

0.15

0.99

1.00

MIMAT0005846

mmu-miR-467f

1.79

0.14

0.98

1.00

MIMAT0003731

mmu-miR-671-5p

1.73

0.10

0.97

1.00

MIMAT0005834

mmu-miR-466i-3p

1.50

0.10

0.99

1.00

MIMAT0003182

mmu-miR-494-3p

1.35

0.15

1.00

1.00

MIMAT0003505

mmu-miR-714

1.34

0.22

1.01

1.00

MIMAT0007864

mmu-miR-1897-5p

1.30

0.36

1.01

1.00

MIMAT0007874

mmu-miR-1904

1.30

0.21

1.02

1.00

MIMAT0004882

mmu-miR-466f-3p

1.28

0.18

0.97

1.00

MIMAT0007878

mmu-miR-1894-3p

1.28

0.22

1.00

1.00

MIMAT0003495

mmu-miR-705

1.28

0.15

1.02

1.00

MIMAT0005839

mmu-miR-669f-3p

1.22

0.15

0.99

1.00

MIMAT0003502

mmu-miR-712-5p

1.22

0.15

1.02

1.00

MIMAT0004883

mmu-miR-466 g

1.21

0.23

0.99

1.00

MIMAT0017053

mmu-miR-212

1.02

0.95

1.86

0.72

MIMAT0016984

mmu-miR-132

1.06

0.85

1.38

1.00

Differential expression of miRNAs after activation of extrasynaptic vs. synaptic signaling. miRNA microarray data for the most strongly regulated miRNAs are
shown. Extrasynaptic signaling was induced by bath application of NMDA (20 μM). Synaptic signaling was induced by application of the GABA-A receptor
antagonist, bicuculline (50 μM) to reduce tonic network inhibition and thereby increase global synaptic activity. Fold-changes compared to untreated cells were
calculated from three independent experiments. P-values were determined by two-tailed t test and adjusted with Benjamini-Hochberg correction for
multiple testing

which results in sustained neuronal depolarization and
calcium influx and is thus generally considered a
model for electrical activation of neurons in vitro. We
observed increased expression of miR-689, miR-690,
miR-709, and miR-1187, but not of miR-132 after 4 h
of KCl stimulation (Fig. 2a). This finding was unexpected and seemingly contradictory to the observed
lack of regulation of expression of this group of miRNAs by synaptic activity (see Fig. 1). However, prolonged and strong depolarization of neurons might
not adequately mimic synaptic stimulation, and could
possibly impair cellular integrity. To investigate this,
we analyzed cell viability 20 h after KCl treatment and
found that both 10 min and 4 h of KCl stimulation resulted in severe cell death (Fig. 2b, c). KCl-induced
cell death was completely blocked by the NMDAR
antagonist, MK-801. These findings show that KCl
treatment can cause severe glutamate-toxicity and
warrant caution in the application and interpretation
of this widely used stimulation paradigm. Together
our results identify a set of miRNAs that are induced

by toxicity-associated NMDAR signaling (i.e. induced
by application of NMDA, glutamate, or KCl), but not
by plasticity-associated synaptic signaling (i.e., induced
by application of bicuculline or BDNF). We thus refer
to these miRNAs as toxicity-associated miRNAs, or
TAMs.
In vivo regulation of miRNAs

To investigate if TAM levels also increase under excitotoxic conditions in vivo, we induced epileptic seizures in
young adult rats by intraperitoneal injection of kainic
acid (KA) [32]. By activating KA receptors in hippocampal area CA3, KA triggers reverberating activity within
the entire hippocampal formation which is propagated
through NMDARs and triggers NMDAR-mediated excitotoxic cell death [47]. KA-induced brain damage can be
attenuated by application of memantine [48], that at low
dose preferentially blocks extrasynaptic NMDARs [49].
Four hours after KA injection the levels of two of the
tested miRNAs, miR-689 and miR-709, were increased
in the hippocampus (Fig. 2d). For two other miRNAs,
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Fig. 1 NMDA bath application increases the expression of several miRNAs. a QRT-PCR analysis of miRNA expression 4 h after stimulation with
NMDA (30 μM) or bicuculline (Bic, 50 μM). All tested miRNAs except miR-132 are upregulated by NMDA but not by bicuculline. Conversely, miR132 is upregulated by bicuculline but not by NMDA. Mean values (relative to untreated control) + SEM from five independent experiments are
shown. b QRT-PCR analysis of miRNA expression 4 h after stimulation with NMDA (30 μM) or L-glutamate (Glu, 30 μM) in the presence or absence
of MK-801 (10 μM). Mean values + SEM from three independent experiments are shown. c QRT-PCR analysis of miRNA expression 16 h after
stimulation with bicuculline (Bic, 50 μM). None of the tested miRNAs, except miR-132, are upregulated by over-night treatment with bicuculline.
Mean values + SEM from three independent experiments are shown. d QRT-PCR analysis of miRNA expression 4 h after stimulation with
bicuculline (Bic, 50 μM) plus 4-aminopyridine (4-AP, 2 mM). Mean values + SEM from three independent experiments are shown. P-values were
determined with two-tailed t test. P-values in B are NMDA vs NMDA + MK801: a = 0.002, c = 0.012, e < 0.0001, g = 0.055; Glu vs Glu + MK801: b =
0.004, d = 0.017, f = 0.018, h = 0.024

miR-690 and miR-1187, we detected only a small increase in expression that was not statistically significant
(miR-690, p = 0.36; miR-1187, p = 0.57). This may be due
to a lack of sensitivity of the assay since in contrast to
our pyramidal neuron-enriched primary cultures the
hippocampal tissue in the in vivo experiment contains a
mixed population of cell types and only in a subset of
neurons expression of miRNAs may increase.
NMDA-mediated increases in TAM levels are independent
of transcription

Several studies on regulated expression of miRNAs have
reported transcription-dependent mechanisms [4, 6, 12,
50, 51]. To investigate if, similarly, changes in TAM
levels are mediated by increased transcription, we used
two inhibitors of transcription, alpha-Amanitin and actinomycin D. In a control experiment alpha-Amanitin
blocked the bicuculline-induced increase in miR-132
levels, demonstrating that we can detect transcriptiondependent miRNA regulation with our assay (Fig. 3c).
However, neither inhibitor blocked the NMDA-induced
increase in TAM levels (Fig. 3a, b), indicating that under

conditions of excitotoxicity TAMs are regulated at the
post-transcriptional level.
Drosha is required for NMDA-mediated TAM expression

Given the results from our transcription inhibition experiments we reasoned that NMDA-treatment might
lead to elevated TAM levels via enhanced processing of
pre-existing primary miRNA transcripts. To test this we
knocked-down Drosha, a key enzyme of the miRNA biogenesis machinery [1], and measured basal and NMDAinduced expression levels of TAMs and a set of NMDAindependent control miRNAs (let-7b, miR-9, miR-124a).
Infection of hippocampal neurons with rAAVs harboring
a short-hairpin RNA that targets Drosha resulted in a ~
60% reduction of DROSHA protein levels (Fig. 4a-b).
This partial knock-down had no major effect on TAM
or control miRNA levels under basal conditions (Fig. 4c,
all changes less than 20%, statistically not significant),
but it partially attenuated the NMDA-mediated increase
in TAM expression (Fig. 4d, relative changes miR689:
57.2%, miR690: 34.5%, miR709: 17.6%, miR1187: 36.3%;
miR690 and miR1187 statistically significant).
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Fig. 2 Differential expression of miRNAs by toxicity-associated vs.
synaptic stimulation. a QRT-PCR analysis of miRNA expression 4 h
after stimulation with indicated drugs. BDNF (brain derived
neurotrophic factor, 100 ng/ml), KCl (50 mM potassium chloride).
Mean values (relative to untreated control) + SEM from ≥3
independent experiments are shown. P-values were determined
with two-tailed t test. b, c Analysis of cell death induced by 4 h (B)
or 10 min (C) treatment of neurons with KCl (50 mM) in the
presence or absence of the NMDAR antagonist, MK-801 (10 μM).
Mean values + SEM from three independent experiments are shown.
P-values were determined with two-tailed paired t test (b) and
repeated-measures ANOVA with Tukey’s post test (c). d QRT-PCR
analysis of miRNA expression in 6 week old rats 4 h after
intraperitoneal injection of kainate (10 mg/kg) or vehicle (PBS). Mean
values + SEM are shown. N = 14 animals per group from four
independent experiments. P-values were determined with two-tailed
t test
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Fig. 3 Transcription is not required for upregulation of toxicityassociated miRNAs. a, b QRT-PCR analysis of miRNA expression 4 h
after stimulation with NMDA (30 μM) in the presence or absence of
the transcription inhibitors alpha-Amanitin (a) or actinomycin D (b).
Mean values + SEM from ≥3 independent experiments are shown.
P-values were determined by repeated-measures ANOVA with
Tukey’s post test (a) and two-tailed paired t test (b). c QRT-PCR
analysis of miR-132 expression 4 h after stimulation with bicuculline
(Bic, 50 μM) in the presence or absence of the transcription inhibitor
alpha-Amanitin. Mean values + SEM from 4 independent
experiments are shown. P-value was determined by two-tailed t test
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While each of these studies identified up to several
dozens of differentially regulated miRNAs, the overlap
between individual studies (including our study) is very
low. This is likely due to differences in animal models,
experimental conditions and miRNA profiling methods
used. Nevertheless, together these studies support a role
for miRNAs in mediating diverse downstream effects of
neuropathological insults.
miRNAs and excitotoxicity

Fig. 4 Drosha is required for NMDA-induced increases in TAM levels.
a Representative Western Blot of hippocampal neurons that were
left uninfected or that were infected with rAAV expressing
scrambled or anti-Drosha shRNA. b Quantification of Western Blot
experiments. DROSHA protein levels were calculated relative to
uninfected controls. Mean + SEM from two independent
experiments are shown. P-value was determined with two-tailed t
test. Compared to uninfected and scrambled shRNA controls,
targeting shRNA reduces DROSHA protein levels by approximately
60%. c, d QRT-PCR analysis of TAM and control miRNA expression in
cells infected with rAAV expressing scrambled or anti-Drosha shRNA,
without (basal, c) and with (induced, d) NMDA stimulation. Mean
values (relative to uninfected control) + SEM from five independent
experiments are shown. P-values were determined with two-tailed
paired t test

Discussion
In this study we identified a group of miRNAs that increase in expression upon stimulation of the toxic but
not of the survival promoting activity of NMDARs. This
identifies the regulated expression of a subset of miRNAs as a novel component of cell death associated
NMDAR signaling.
miRNAs and neuropathology

In line with our findings, several previous studies have
reported changes in miRNA expression under neuropathological conditions such as ischemic stroke, intracerebral hemorrhage, and epileptic seizures [20, 52–56].

In this study, we focused on the divergent roles of synaptic versus extrasynaptic NMDAR signaling in the
regulation of miRNA expression. Several lines of evidence support our conclusion that particular miRNAs
are specifically regulated by toxicity-associated signaling
events. First, according to published quantitative data of
the mouse hippocampal microRNAome [22] TAMs are
expressed at low levels in naive hippocampus in vivo.
Second, using several stimulation paradigms that are
supposed to enhance or mimic synaptic activity, neither
we nor others [9, 10, 45] found increased TAM levels. In
contrast, several forms of toxicity- or stress-associated
signaling like induction of insulin resistance [57], response to diabetic renal injury [58], DNA-damage response [59], and NMDAR induced death signaling (this
study) increase the levels of all or a subset of TAMs.
The fact that TAMs appear to be exclusively induced by
toxicity-associated stimuli raises questions about their
biological function. It is conceivable that TAMs are part
of an adaptive response to stress and injury. By fine tuning components of stress signaling pathways, TAMs
might help to maintain cellular homeostasis under conditions of mild stress. Such a physiological function of
TAMs remains to be investigated in future studies, especially given the relatively low expression levels of TAMs
compared to other neuronal miRNAs [22]. It would,
however, be in line with the emerging view of miRNAs
acting as mediators and/or modulators of diverse forms
of stress signaling in a variety of cells and tissues [60–
63]. Regardless of their biological function, TAMs might
be candidate molecules for biomarkers of neurodegeneration [52, 64].
Implications of TAM co-regulation

Altered miRNA expression has been linked to neural
dysfunction before. In some studies, inhibition of a single dysregulated miRNA provided marked effects, like a
reduction of neurotoxicity [20], a rescue of ageassociated cognitive impairment [22], and protection
from seizures [54]. While these studies focused on individual miRNAs with distinct regulatory roles, we here
describe an entire set of co-regulated miRNAs. The coordinate change in the levels of multiple TAMs might be
required for two reasons. First, individual miRNAs
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usually have only a modest effect on the expression of
their target genes, but different miRNAs can act cooperatively to more strongly regulate their targets [65,
66]. Second, although subtle changes in the expression
of individual genes may not have an effect on the phenotype, simultaneously occurring small changes in the
levels of several genes can produce biologically meaningful effects [67]. Thus, TAMs could affect excitotoxicity
via two mechanisms, i.e., pronounced regulation of a few
shared target genes and/or subtle changes in the levels
of multiple functionally related targets. In either case,
the need for coordinated changes in the expression of
several TAMs might serve as a safeguard against spurious activation of a potentially detrimental signaling
pathway.
How does toxic NMDAR-signaling increase TAM levels?

The most obvious mechanism to couple NMDAR activation to increased TAM levels would be the activation of
specific transcription factors resulting in increased transcription of specific pri-miRNAs. However, we found the
increase in TAM levels to be transcription-independent.
By knocking-down Drosha, we found that pri-miRNA
processing appears to be required for increases in TAM
levels. Technical limitations of these experiments include
the incomplete and variable loss of DROSHA protein
upon viral expression of an anti-Drosha shRNA. This
could perhaps be improved by the use of a different
shRNA sequence or by extended duration of shRNA expression to allow for more complete protein turnover.
Nevertheless, results from the Drosha knock-down experiments suggest, that changes in TAM levels could be
due to a signal-induced change in the expression and/or
activity of the miRNA biogenesis machinery. One possible mechanism may involve a Ca2+ /calpain-dependent,
NMDA-induced cleavage of DICER resulting in the liberation of a DICER fragment with increased processivity
[68]. Alternatively, changes in the expression of the primiRNA processing enzymes, Drosha and Dgcr8, as have
been described in the brains of Huntington’s Disease
model mice and after NMDAR stimulation in vitro,
could account for increased miRNA levels [10, 69], although such a mode of regulation would not explain
why TAMs but not other miRNAs are increased by
extrasynaptic NMDAR stimulation. If it is not the regulation by a shared transcription factor, it is conceivable
that information encoded in the structure of the pri- or
pre-miRNA determines whether or not a miRNA is a
TAM. Such a mechanism would be in line with the wellestablished structure-dependent selective interaction of
RNAs with their cognate RNA-binding proteins [70]. In
the case of miRNAs, RNA binding proteins such as
SRSF1, TRBP and TDP-43 were shown to selectively
bind to specific pre-miRNAs via recognition of their
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terminal loop or stem region to alter their processing
rate [71–73].
In summary, our results define a new death signalingassociated pathway that is triggered by the activation of
extrasynaptic NMDARs. The regulation of a subset of
miRNAs adds to the growing list of processes that are
differentially controlled by the survival promoting versus
death inducing activities of NMDARs [25, 26].

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s13041-020-0546-0.
Additional file 1. miRNA microArray results.

Abbreviations
4-AP: 4-aminopyridine; AMPA: α-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid; AP: action potential; BDNF: brain-derived
neurotrophic factor; CaMKII: calcium/calmodulin-dependent protein kinase II;
GABA: γ-aminobutyric acid; NMDA: N-methyl-D-aspartate; qRTPCR: quantitative real-time polymerase chain reaction; rAAV: recombinant
adeno-associated virus; shRNA: short hairpin RNA; TAM: toxicity-associated
microRNA
Acknowledgements
We thank Iris Bünzli-Ehret for preparation of hippocampal neurons, Ursula
Weiss for support with Western Blot experiments, Daniela Mauceri for
providing the AAV expression vector containing scrambled shRNA, and
Maren Scharfenberger-Schmeer, Melanie Bewerunge-Hudler and Sabine
Henze (DKFZ, Heidelberg) for microarray analysis.
Authors’ contributions
CBO and HB initiated and designed the study. CBO, MK, DL and BB designed
and performed experiments, and collected and analyzed data. CBO and HB
wrote the manuscript with input from all coauthors. All authors read and
approved the final manuscript.
Funding
This work has been supported by the Deutsche Forschungsgemeinschaft
(SFB 636, FOR 2289), an ERC Advanced Grant (to HB), the Excellence Cluster
CellNetworks at Heidelberg University, and the Graduate Academy
(Excellence Initiative) of Heidelberg University. HB is a member of the
Excellence Cluster CellNetworks at Heidelberg University.
Availability of data and materials
Complete microarray data have been deposited in NCBI’s Gene Expression
Omnibus and are accessible through GEO Series accession number
GSE47601. Other datasets used during the current study are available from
the corresponding author on reasonable request.
Ethics approval
All animal experiments were done in accordance with German guidelines for
the care and use of laboratory animals and with the European Community
Council Directive 2010/63/EU. Experiments were approved by local
authorities (Regierungspraesidium Karlsruhe, Germany).
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.

Bas-Orth et al. Molecular Brain

(2020) 13:3

Received: 15 October 2019 Accepted: 5 January 2020

References
1. Filipowicz W, Bhattacharyya SN, Sonenberg N. Mechanisms of posttranscriptional regulation by microRNAs: are the answers in sight? Nat Rev
Genet. 2008;9(2):102–14.
2. Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell.
2009;136(2):215–33.
3. Berezikov E. Evolution of microRNA diversity and regulation in animals. Nat
Rev Genet. 2011;12(12):846–60.
4. Vo N, Klein ME, Varlamova O, Keller DM, Yamamoto T, Goodman RH, et al. A
cAMP-response element binding protein-induced microRNA regulates
neuronal morphogenesis. Proc Natl Acad Sci U S A. 2005;102(45):16426–31.
5. Nomura T, Kimura M, Horii T, Morita S, Soejima H, Kudo S, et al. MeCP2dependent repression of an imprinted miR-184 released by depolarization.
Hum Mol Genet. 2008;17(8):1192–9.
6. Fiore R, Khudayberdiev S, Christensen M, Siegel G, Flavell SW, Kim TK, et al.
Mef2-mediated transcription of the miR379-410 cluster regulates activitydependent dendritogenesis by fine-tuning Pumilio2 protein levels. EMBO J.
2009;28(6):697–710.
7. Park CS, Tang SJ. Regulation of microRNA expression by induction of
bidirectional synaptic plasticity. J Mol Neurosci. 2009;38(1):50–6.
8. Impey S, Davare M, Lasiek A, Fortin D, Ando H, Varlamova O, et al. An
activity-induced microRNA controls dendritic spine formation by regulating
Rac1-PAK signaling. Mol Cell Neurosci. 2010;43(1):146–56.
9. Wibrand K, Panja D, Tiron A, Ofte ML, Skaftnesmo KO, Lee CS, et al.
Differential regulation of mature and precursor microRNA expression by
NMDA and metabotropic glutamate receptor activation during LTP in the
adult dentate gyrus in vivo. Eur J Neurosci. 2010;31(4):636–45.
10. Kye MJ, Neveu P, Lee YS, Zhou M, Steen JA, Sahin M, et al. NMDA mediated
contextual conditioning changes miRNA expression. PLoS One. 2011;6(9):
e24682.
11. Mellios N, Sugihara H, Castro J, Banerjee A, Le C, Kumar A, et al. miR-132, an
experience-dependent microRNA, is essential for visual cortex plasticity. Nat
Neurosci. 2011;14(10):1240–2.
12. Tognini P, Putignano E, Coatti A, Pizzorusso T. Experience-dependent
expression of miR-132 regulates ocular dominance plasticity. Nat Neurosci.
2011;14(10):1237–9.
13. Schratt GM, Tuebing F, Nigh EA, Kane CG, Sabatini ME, Kiebler M, et al. A
brain-specific microRNA regulates dendritic spine development. Nature.
2006;439(7074):283–9.
14. Gao J, Wang WY, Mao YW, Graff J, Guan JS, Pan L, et al. A novel pathway
regulates memory and plasticity via SIRT1 and miR-134. Nature. 2010;
466(7310):1105–9.
15. Thomas KT, Gross C, Bassell GJ. microRNAs Sculpt Neuronal Communication
in a Tight Balance That Is Lost in Neurological Disease. Front Mol Neurosci.
2018;11:455.
16. Eacker SM, Dawson TM, Dawson VL. Understanding microRNAs in
neurodegeneration. Nat Rev Neurosci. 2009;10(12):837–41.
17. Kocerha J, Faghihi MA, Lopez-Toledano MA, Huang J, Ramsey AJ, Caron MG,
et al. MicroRNA-219 modulates NMDA receptor-mediated neurobehavioral
dysfunction. Proc Natl Acad Sci U S A. 2009;106(9):3507–12.
18. Liu G, Keeler BE, Zhukareva V, Houle JD. Cycling exercise affects the
expression of apoptosis-associated microRNAs after spinal cord injury in rats.
Exp Neurol. 2010;226(1):200–6.
19. Yin KJ, Deng Z, Hamblin M, Xiang Y, Huang H, Zhang J, et al.
Peroxisome proliferator-activated receptor delta regulation of miR-15a in
ischemia-induced cerebral vascular endothelial injury. J Neurosci. 2010;
30(18):6398–408.
20. Yin KJ, Deng Z, Huang H, Hamblin M, Xie C, Zhang J, et al. miR-497
regulates neuronal death in mouse brain after transient focal cerebral
ischemia. Neurobiol Dis. 2010;38(1):17–26.
21. Bian S, Sun T. Functions of noncoding RNAs in neural development and
neurological diseases. Mol Neurobiol. 2011;44(3):359–73.
22. Zovoilis A, Agbemenyah HY, Agis-Balboa RC, Stilling RM, Edbauer D, Rao P,
et al. microRNA-34c is a novel target to treat dementias. EMBO J. 2011;
30(20):4299–308.
23. Mahishi LH, Hart RP, Lynch DR, Ratan RR. miR-886-3p levels are elevated in
Friedreich ataxia. J Neurosci. 2012;32(27):9369–73.

Page 9 of 10

24. Hardingham GE, Fukunaga Y, Bading H. Extrasynaptic NMDARs oppose
synaptic NMDARs by triggering CREB shut-off and cell death pathways. Nat
Neurosci. 2002;5(5):405–14.
25. Bading H. Therapeutic targeting of the pathological triad of extrasynaptic NMDA
receptor signaling in neurodegenerations. J Exp Med. 2017;214(3):569–78.
26. Hardingham GE, Bading H. Synaptic versus extrasynaptic NMDA receptor
signalling: implications for neurodegenerative disorders. Nat Rev Neurosci.
2010;11(10):682–96.
27. Okamoto S, Pouladi MA, Talantova M, Yao D, Xia P, Ehrnhoefer DE, et al.
Balance between synaptic versus extrasynaptic NMDA receptor activity
influences inclusions and neurotoxicity of mutant huntingtin. Nat Med.
2009;15(12):1407–13.
28. Milnerwood AJ, Gladding CM, Pouladi MA, Kaufman AM, Hines RM, Boyd JD,
et al. Early increase in extrasynaptic NMDA receptor signaling and
expression contributes to phenotype onset in Huntington's disease mice.
Neuron. 2010;65(2):178–90.
29. Zhang SJ, Buchthal B, Lau D, Hayer S, Dick O, Schwaninger M, et al. A
signaling cascade of nuclear calcium-CREB-ATF3 activated by synaptic
NMDA receptors defines a gene repression module that protects against
extrasynaptic NMDA receptor-induced neuronal cell death and ischemic
brain damage. J Neurosci. 2011;31(13):4978–90.
30. Bading H, Greenberg ME. Stimulation of protein tyrosine phosphorylation
by NMDA receptor activation. Science. 1991;253(5022):912–4.
31. Bading H, Ginty DD, Greenberg ME. Regulation of gene expression in
hippocampal neurons by distinct calcium signaling pathways. Science. 1993;
260(5105):181–6.
32. Schauwecker PE. Seizure-induced neuronal death is associated with
induction of c-Jun N-terminal kinase and is dependent on genetic
background. Brain Res. 2000;884(1--2):116–28.
33. Lau D, Bading H. Synaptic activity-mediated suppression of p53 and
induction of nuclear calcium-regulated neuroprotective genes promote
survival through inhibition of mitochondrial permeability transition. J
Neurosci. 2009;29(14):4420–9.
34. Kumar MS, Lu J, Mercer KL, Golub TR, Jacks T. Impaired microRNA processing
enhances cellular transformation and tumorigenesis. Nat Genet. 2007;39(5):673–7.
35. Mauceri D, Freitag HE, Oliveira AM, Bengtson CP, Bading H. Nuclear calciumVEGFD signaling controls maintenance of dendrite arborization necessary
for memory formation. Neuron. 2011;71(1):117–30.
36. Zhang SJ, Steijaert MN, Lau D, Schutz G, Delucinge-Vivier C, Descombes P,
et al. Decoding NMDA receptor signaling: identification of genomic programs
specifying neuronal survival and death. Neuron. 2007;53(4):549–62.
37. Dick O, Bading H. Synaptic activity and nuclear calcium signaling protect
hippocampal neurons from death signal-associated nuclear translocation of
FoxO3a induced by extrasynaptic N-methyl-D-aspartate receptors. J Biol
Chem. 2010;285(25):19354–61.
38. Xu J, Kurup P, Nairn AC, Lombroso PJ. Synaptic NMDA receptor activation
induces Ubiquitination and degradation of STEP61. Mol Neurobiol. 2018;
55(4):3096–111.
39. Leveille F, El Gaamouch F, Gouix E, Lecocq M, Lobner D, Nicole O, et al.
Neuronal viability is controlled by a functional relation between synaptic
and extrasynaptic NMDA receptors. FASEB J. 2008;22(12):4258–71.
40. Molokanova E, Akhtar MW, Sanz-Blasco S, Tu S, Pina-Crespo JC, McKercher
SR, et al. Differential effects of synaptic and extrasynaptic NMDA receptors
on Abeta-induced nitric oxide production in cerebrocortical neurons. J
Neurosci. 2014;34(14):5023–8.
41. Ahn HW, Morin RD, Zhao H, Harris RA, Coarfa C, Chen ZJ, et al. MicroRNA
transcriptome in the newborn mouse ovaries determined by massive
parallel sequencing. Mol Hum Reprod. 2010;16(7):463–71.
42. Chiang HR, Schoenfeld LW, Ruby JG, Auyeung VC, Spies N, Baek D, et al.
Mammalian microRNAs: experimental evaluation of novel and previously
annotated genes. Genes Dev. 2010;24(10):992–1009.
43. Song WQ, Gu WQ, Qian YB, Ma X, Mao YJ, Liu WJ. Identification of long
non-coding RNA involved in osteogenic differentiation from mesenchymal
stem cells using RNA-Seq data. Genet Mol Res. 2015;14(4):18268–79.
44. Wittmann M, Queisser G, Eder A, Wiegert JS, Bengtson CP, Hellwig A, et al.
Synaptic activity induces dramatic changes in the geometry of the cell
nucleus: interplay between nuclear structure, histone H3 phosphorylation,
and nuclear calcium signaling. J Neurosci. 2009;29(47):14687–700.
45. Remenyi J, Hunter CJ, Cole C, Ando H, Impey S, Monk CE, et al. Regulation
of the miR-212/132 locus by MSK1 and CREB in response to neurotrophins.
Biochem J. 2010;428(2):281–91.

Bas-Orth et al. Molecular Brain

(2020) 13:3

46. Numakawa T, Yamamoto N, Chiba S, Richards M, Ooshima Y, Kishi S, et al.
Growth factors stimulate expression of neuronal and glial miR-132. Neurosci
Lett. 2011;505(3):242–7.
47. Clifford DB, Olney JW, Benz AM, Fuller TA, Zorumski CF. Ketamine,
phencyclidine, and MK-801 protect against kainic acid-induced seizurerelated brain damage. Epilepsia. 1990;31(4):382–90.
48. Creeley C, Wozniak DF, Labruyere J, Taylor GT, Olney JW. Low doses of
memantine disrupt memory in adult rats. J Neurosci. 2006;26(15):3923–32.
49. Xia P, Chen HS, Zhang D, Lipton SA. Memantine preferentially blocks
extrasynaptic over synaptic NMDA receptor currents in hippocampal
autapses. J Neurosci. 2010;30(33):11246–50.
50. Laneve P, Gioia U, Andriotto A, Moretti F, Bozzoni I, Caffarelli E. A
minicircuitry involving REST and CREB controls miR-9-2 expression during
human neuronal differentiation. Nucleic Acids Res. 2010;38(20):6895–905.
51. Bartoszewski R, Brewer JW, Rab A, Crossman DK, Bartoszewska S, Kapoor N,
et al. The unfolded protein response (UPR)-activated transcription factor Xbox-binding protein 1 (XBP1) induces microRNA-346 expression that targets
the human antigen peptide transporter 1 (TAP1) mRNA and governs
immune regulatory genes. J Biol Chem. 2011;286(48):41862–70.
52. Liu DZ, Tian Y, Ander BP, Xu H, Stamova BS, Zhan X, et al. Brain and blood
microRNA expression profiling of ischemic stroke, intracerebral hemorrhage,
and kainate seizures. J Cereb Blood Flow Metab. 2010;30(1):92–101.
53. Jimenez-Mateos EM, Bray I, Sanz-Rodriguez A, Engel T, McKiernan RC, Mouri
G, et al. miRNA expression profile after status epilepticus and hippocampal
neuroprotection by targeting miR-132. Am J Pathol. 2011;179(5):2519–32.
54. Jimenez-Mateos EM, Engel T, Merino-Serrais P, McKiernan RC, Tanaka K,
Mouri G, et al. Silencing microRNA-134 produces neuroprotective and
prolonged seizure-suppressive effects. Nat Med. 2012;18(7):1087–94.
55. Sano T, Reynolds JP, Jimenez-Mateos EM, Matsushima S, Taki W, Henshall
DC. MicroRNA-34a upregulation during seizure-induced neuronal death. Cell
Death Dis. 2012;3:e287.
56. Li MM, Jiang T, Sun Z, Zhang Q, Tan CC, Yu JT, et al. Genome-wide
microRNA expression profiles in hippocampus of rats with chronic temporal
lobe epilepsy. Sci Rep. 2014;4:4734.
57. Li ZY, Na HM, Peng G, Pu J, Liu P. Alteration of microRNA expression
correlates to fatty acid-mediated insulin resistance in mouse myoblasts. Mol
BioSyst. 2011;7(3):871–7.
58. Chen YQ, Wang XX, Yao XM, Zhang DL, Yang XF, Tian SF, et al. Abated
microRNA-195 expression protected mesangial cells from apoptosis in early
diabetic renal injury in mice. J Nephrol. 2011;25(4):566–76.
59. Tamminga J, Kathiria P, Koturbash I, Kovalchuk O. DNA damage-induced
upregulation of miR-709 in the germline downregulates BORIS to
counteract aberrant DNA hypomethylation. Cell Cycle. 2008;7(23):3731–6.
60. Leung AK, Sharp PA. MicroRNA functions in stress responses. Mol Cell. 2010;
40(2):205–15.
61. Mendell JT, Olson EN. MicroRNAs in stress signaling and human disease.
Cell. 2012;148(6):1172–87.
62. Manakov SA, Morton A, Enright AJ, Grant SG. A neuronal Transcriptome
response involving stress pathways is buffered by neuronal microRNAs.
Front Neurosci. 2012;6:156.
63. LaPierre MP, Stoffel M. MicroRNAs as stress regulators in pancreatic beta
cells and diabetes. Mol Metab. 2017;6(9):1010–23.
64. Watson CN, Belli A, Di Pietro V. Small non-coding RNAs: new class of
biomarkers and potential therapeutic targets in neurodegenerative disease.
Front Genet. 2019;10:364.
65. Baek D, Villen J, Shin C, Camargo FD, Gygi SP, Bartel DP. The impact of
microRNAs on protein output. Nature. 2008;455(7209):64–71.
66. Selbach M, Schwanhausser B, Thierfelder N, Fang Z, Khanin R, Rajewsky N.
Widespread changes in protein synthesis induced by microRNAs. Nature.
2008;455(7209):58–63.
67. Biggin MD. Animal transcription networks as highly connected, quantitative
continua. Dev Cell. 2011;21(4):611–26.
68. Lugli G, Larson J, Martone ME, Jones Y, Smalheiser NR. Dicer and eIF2c are enriched
at postsynaptic densities in adult mouse brain and are modified by neuronal activity
in a calpain-dependent manner. J Neurochem. 2005;94(4):896–905.
69. Lee ST, Chu K, Im WS, Yoon HJ, Im JY, Park JE, et al. Altered microRNA
regulation in Huntington's disease models. Exp Neurol. 2011;227(1):172–9.
70. Wan Y, Kertesz M, Spitale RC, Segal E, Chang HY. Understanding the
transcriptome through RNA structure. Nat Rev Genet. 2011;12(9):641–55.
71. Lee HY, Doudna JA. TRBP alters human precursor microRNA processing
in vitro. Rna. 2012;18(11):2012–9.

Page 10 of 10

72. Kawahara Y, Mieda-Sato A. TDP-43 promotes microRNA biogenesis as a
component of the Drosha and Dicer complexes. Proc Natl Acad Sci U S A.
2012;109(9):3347–52.
73. Michlewski G, Caceres JF. Post-transcriptional control of miRNA biogenesis.
Rna. 2019;25(1):1–16.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

