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Abstract

MicroRNAs (miRNAs) are evolutionarily conserved non-coding RNAs of,22 nucleotides that regulate gene expression at the
level of translation and play vital roles in hippocampal neuron development, function and plasticity. Here, we performed a
systematic and in-depth analysis of miRNA expression profiles in cultured hippocampal neurons during development and
after induction of neuronal activity. MiRNA profiling of primary hippocampal cultures was carried out using locked nucleic-
acid-based miRNA arrays. The expression of 264 different miRNAs was tested in young neurons, at various developmental
stages (stage 2–4) and in mature fully differentiated neurons (stage 5) following the induction of neuronal activity using
chemical stimulation protocols. We identified 210 miRNAs in mature hippocampal neurons; the expression of most neuronal
miRNAs is low at early stages of development and steadily increases during neuronal differentiation. We found a specific
subset of 14 miRNAs with reduced expression at stage 3 and showed that sustained expression of these miRNAs stimulates
axonal outgrowth. Expression profiling following induction of neuronal activity demonstrates that 51 miRNAs, including
miR-134, miR-146, miR-181, miR-185, miR-191 and miR-200a show altered patterns of expression after NMDA receptor-
dependent plasticity, and 31 miRNAs, including miR-107, miR-134, miR-470 and miR-546 were upregulated by homeostatic
plasticity protocols. Our results indicate that specific miRNA expression profiles correlate with changes in neuronal
development and neuronal activity. Identification and characterization of miRNA targets may further elucidate translational
control mechanisms involved in hippocampal development, differentiation and activity-depended processes.
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Introduction

The hippocampus is a limbic system structure in the medial

temporal lobe of the brain that plays an essential role in learning

and memory in animals and humans. During brain development,

hippocampal pyramidal neurons originate from hippocampal

neuroepithelial cells and dentate granular progenitors and

undergo typical neurodevelopmental stages involving neuronal

polarization, axon outgrowth, dendritogenesis, synapse formation,

and maturation of synaptic function. In fully differentiated

hippocampal neurons, electrophysiological studies have demon-

strated the existence of activity-dependent synaptic plasticity such

as long term potentiation (LTP) and long-term depression (LTD),

which is thought to play a key role in the refinement of neuronal

circuitry and considered to be the cellular correlate of learning and

memory [1,2,3]. Despite the significance of the hippocampus in

forming new memories, our understanding of gene regulation

mechanisms that underlie neuronal development and synaptic

plasticity is quite limited. Post-transcriptional mechanisms, such as

alternative mRNA splicing, mRNA trafficking and translational

control are believed to play an important role in the regulation of

neuronal gene expression [4,5,6]. Now it is becoming increasingly

clear that the microRNA pathway also has an important impact

on neuronal development, survival, function, and plasticity [7,8,9].

MicroRNAs (miRNAs) are a class of approximately 22

nucleotides long non-coding RNAs that regulate mRNA expres-

sion at the posttranscriptional level through mRNA degradation or

translational repression. To date, hundreds of miRNAs have been

identified in mammalian genomes and they are predicted to target

one-third of all genes in the genome, where each miRNA is

expected to target around 100–200 transcripts [10,11]. The

central nervous system is a rich source of miRNA expression

[12,13,14], with a diversity of miRNA functions that affect many

neuronal genes. A large number of miRNAs have been identified
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in the brain [12,13,14,15,16,17,18] including several miRNAs that

are specifically expressed in glia cells and neurons [14,19,20].

Recent studies have shown that miRNA function is essential for

the development of the zebrafish nervous system [21] and plays a

role in neuronal plasticity in the rodent brain [7,9]. Conditional

knockout of the miRNA biosynthetic enzyme Dicer in the

developing mouse brain has demonstrated that miRNAs have a

critical role in neuronal survival in various brain regions

[22,23,24,25], including the hippocampus [26,27,28,29]. Likewise,

disruption of Dicer at later time points suggests that alterations in

miRNA expression are associated with the degeneration of mature

neurons in mice [30,31]. Others have shown that miRNAs can

play fundamentally important roles in more specific neurobiolog-

ical processes such as proliferation, differentiation, neurite growth

and apoptosis [8,32,33,34]. A growing number of reports have

revealed that deregulation of miRNA expression contributes to

several human neurological, psychiatric and neurodegenerative

diseases [27,35,36,37,38] (. Recent data showed that loss of Dicer

and failure of mature miRNA expression may be a feature of

hippocampal sclerosis in patients with temporal lobe epilepsy [39].

Like in many other brain regions, miRNAs play vital roles in

hippocampal survival, development, function and plasticity

[26,27,28,29]. Selective inactivation of Dicer during hippocampal

development causes abnormal neuronal morphology and affects

the number of hippocampal progenitors [29] and results in an

array of phenotypes including reduced dendritic branching, and

large increases in dendritic spine length in mature neurons [26].

Using microarray, real-time RT-PCR, in situ hybridization, and

Figure 1. Timing of the stages of neuronal differentiation. A) Schematic overview of different stages of the development of hippocampal
neurons in culture. Developing hippocampal neurons were harvested at seven indicated time points at basal state and following the induction of
neuronal activity using different chemical stimulation protocols. Synaptic activity was blocked with the voltage-gated sodium channel blocker
tetrodotoxin (TTX, 2 mM, 48 h) or enhanced with the GABAA receptor antagonist bicuculline (Bicuc, 40 mM, 48 h). Bath application of 50 mM NMDA
for 5 min induces ‘‘chemical’’ long-term depression (LTD) and activation of synaptic NMDARs with 200 mM glycine for 5 min triggering ‘‘chemical’’
long-term potentiation (LTP) in cultured neurons. B) Representative images of hippocampal neurons in culture, fixed at the indicated times and
stained for the nucleus (DAPI), neuron specific tubulin (tubulin-ßIII), axon marker Tau, dendrite specific protein MAP2 and postsynaptic protein PSD-
95. Scale bar, 20 mm C) Western blot analysis of extract from hippocampal neurons in culture for 6 hours (stage 2), 20 hours (stage 3), 4 days (stage 4)
and 3 weeks (stage 5) using indicated antibodies. D) Quantification of the percentage of MAP2 and GFAP positive cells in hippocampal neurons
culture for 6 hours (stage 2), 20 hours (stage 3), 4 days (stage 4) and 3 weeks (stage 5). Note that in hippocampal culture of 3 weeks, ,50% of cells
are GFAP positive. E) Representative images of hippocampal neurons in culture, fixed at 3 weeks and stained for dendrite specific protein MAP2 and
glial fibrillary acidic protein (GFAP), a marker for astrocytes.
doi:10.1371/journal.pone.0074907.g001
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Figure 2. miRNA expression profiles in developing and mature hippocampal neurons. A–C) Heat maps showing average expression levels
of miRNAs in hippocampal neurons during differentiation (6 h, 20 h, 48 h, 3 day and 5 days) compared to mature hippocampal neurons (21 days) in
a blue (low relative expression) to yellow (high relative expression) scale. The selection criterion was an average expression value of .50. Using the
following threshold signal values .400, 100–400 and 50–100, we subdivided the neuronal miRNAs in mature hippocampal neurons in respectively
high (A), intermediate (B) and low expressing levels (C). The mean values were calculated from 4 independent experiments. One of the duplicate
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deep-sequencing approaches, several studies have identified

miRNAs in the hippocampus during development or in adulthood

[15,18,40,41], after induction of neuronal activity [42,43,44] or

injury [45,46]. While most of these studies where performed in

hippocampal brain tissue or slices, in this study we focus on

primary rat hippocampal neurons in culture and analyze the

miRNA expression profiles during development and after induc-

tion of neuronal activity. We make use of the classical and well-

studied primary hippocampal neuron culture system as developed

by Banker and collaborators [47,48]. Hippocampal cells are

isolated from late stage rat embryos and can be grown for weeks

on glass coverslips in serum-free medium. One particular

advantage of this culture system is that cells in the embryonic

hippocampal tissue become apparently resynchronized upon

isolation and subsequently differentiates in culture in a reproduc-

ible way along five morphologically well-defined stages [47,49].

The hippocampal cells become polarized, develop extensive

axonal and dendritic arbors and form functional synaptic

connections within a week after plating the cells [47]. For detailed

analysis of synaptic plasticity mechanisms and dendritic spine

morphology the hippocampal neurons are maintained in culture

for a longer time (over .2–3 weeks). Many labs have used

hippocampal neuronal cultures to study the expression and

subcellular distribution of proteins or mRNAs at specific

developmental stages [50,51] and address fundamental questions

in neuronal polarity, spine development and synaptic plasticity

[52,53,54,55,56].

To systematically profile miRNA expression in cultured

hippocampal neurons during development and after induction of

neuronal activity we have used locked nucleic-acid-based miRNA

arrays that contain probes for 264 different miRNAs. The purpose

of this study was to (1) profile miRNAs expressed in primary

cultured rat hippocampal neurons, (2) identify specific miRNAs

expression patterns during neuronal development, (3) identify

miRNAs induced by NMDA receptor-dependent synaptic plas-

ticity (chemical LTP and LTD protocols) and (4) identify miRNAs

induced by prolonged changes in global network activity

(homeostatic plasticity protocols). We also performed functional

assays with a subset of miRNAs, which showed reduced

expressions levels at stage 3 neurons. Sustained expression of 13

of these miRNAs during early neuronal development accelerates

axonal outgrowth. These data indicate that decreased expression

of miRNAs during neuronal polarization is possibly involved in

suppressing axon outgrowth at early stages of development.

Results

Timing of hippocampal neuron differentiation in vitro
To establish comprehensive miRNA expression profiles during

the development of primary rat hippocampal neurons in culture,

seven time points were chosen between 6 hours and 21 days in

culture. These time points correspond to the peak periods for

which major cellular and physiological events occur during

neuronal development in culture as defined by Dotti and Banker

[47,48] (Fig. 1A, B). Shortly after plating, cells have a symmetric

appearance and extend lamella all around the cell body (stage 1).

After 6 hours in culture the cells display initial outgrowth of minor

neurites (Fig. 1, stage 2); the growth cones at the tips of the neurites

are highly motile and neurites extend and retract over short

distances. Then, one neurite grows for an extended period of time

without retracting and acquires axonal characteristics. The axon is

identified in most neurons by staining for the axon-specific marker

tau at 20–48 h in the culture (Fig. 1, stage 3). The axon continues

to grow rapidly, whereas the remaining neurites elongate more

slowly and become dendrites. At the end of stage 3 many axonal

growth cones reached neighbouring neurons and the remaining

minor neurites acquire characteristics of dendrites and are positive

for the dendrite-specific marker MAP2 (Fig. 1). At 5–8 days (stage

4), the cells have a greater number of outgrowing and branching

dendrites and the first synapses are formed. Within the next days,

the dendrites of pyramidal neurons form dendritic protrusions/

spines and an extensive network of synaptic connections. After

12 days in culture (stage 5), all cells are fully developed, display a

mature neuronal morphology and the dendrites show clear

punctate PSD-95 staining, representing postsynaptic contacts

(Fig. 1). At 21 days synaptic connectivity has been consolidated

and the neurons are considered to be fully mature.

The difference with the original Banker protocol [47,48] is that

we use serum-free neurobasal medium supplemented with B27 but

do not treat the cultures with AraC on DIV3, so that dividing non-

neuronal cells, typically astrocytes will expand in long-term

cultures [57]. The major advantage of this method is that at later

stages of development, the glial cell help to promote neuronal

survival and enhance synapse formation and synaptic transmission

[58,59]. To determine the potential contribution of astrocytes

miRNAs on the profiling experiments, we quantify the relative

abundance of astrocytes and neurons in the cultures at different

time points during development using Western blot analysis

(Figure 1C) and immunohistochemistry (Figure 1D, E). These

experiments demonstrate that neurons are the predominant

population after 6 hours, 20 hours and 4 days in culture (stage

2–4) but that astrocytes are abundantly present after 3 weeks (stage

5). At 3 weeks, an equal number of neurons and astrocytes is

present in the cultures (Figure 1D, E). The mixture of miRNAs

from the different cell types at this stage should be taken into

account during the interpretation of the miRNA expression

profiles.

miRNAs expression profiling of mature hippocampal
neurons in culture
Four independent batches of cultured hippocampal neurons

were harvested at seven time points (6 hours, 20 hours, 48 hours,

3 days, 5 days, 8 days and 21 days) and total RNA/miRNA was

isolated. These samples were then fluorescently labeled for the

hybridization to locked nucleic-acid-based miRNA arrays con-

taining 264 unique mouse miRNA probes and several control

probes including non-protein coding RNAs, and some viral

miRNAs in duplicate (as previously described by [60]). To ensure

the reliability of the data, all of the hybridization experiments from

seven time points were carried out eight times (four independent

RNA samples and four sets of duplicate miRNA arrays were used)

(Table S1). The fluorescent hybridization value for each spot was

calculated by subtracting the background intensity from fore-

ground intensity signals. The calculated values were highly

consistent and reproducible within the same array and between

experiments. Spots with verified background fluorescent signal

values (negative controls, fluorescent signal ,10) were filtered out

of the data set. Using this threshold values a total of 210 miRNAs

probes is shown in the figure D) Expression analysis of miRNAs by qPCR. Higher Ct value means low expression level of the miRNA. The expression of
let-7c was changed with time, 6 hours versus 8 days. Single factor ANOVA was performed for statistical significance. Error bars represent standard
deviation. ***p,0.0001.
doi:10.1371/journal.pone.0074907.g002
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are expressed in mature hippocampal neurons at 21 days in

culture (Table S1). Figure 2 shows 114 miRNAs with a fluorescent

signal values 50 or higher. We subdivided this group according to

high, intermediate and low expression levels using the threshold

signal values .400, 100–400 and 50–100 (Fig. 2A–C, Table S2).

To verify the miRNA array data set, we harvested hippocampal

neurons at two time points (6 hours and 8 days), isolated total

RNA, synthesized cDNA and performed quantitative PCR

(qPCR) reactions on some selected miRNAs. Consistent with the

miRNA array data, miRNAs with high (let7c) and low (miR-26a,

miR-28, miR-135 and miR-378) expression levels can be detected

by qPCR (Fig. 2D). Using the full miRNA array data set, we have

identified several new miRNAs that showed significant expression

and were not known to be present in the hippocampus. Some

miRNAs, including miR-34, miR-125, miR-134, miR-138 were

previously identified and characterized in the brain

[61,62,63,64,65,66,67] (Fig. 2A–C). The founding member of

the miRNA family let-7 and mir-125 are highly expressed in

neurons consistent with previous data [18,40,41,68] (Fig. 2A–C).

Despite their high level of expression, the functional role of these

conserved families in neuronal development is poorly character-

ized. Surprisingly, the expression of miR-132– one of the best-

studied miRNA in the brain [66,69] – is low in mature

hippocampal neuron (fluorescent signal ,50, Table S1) and

therefore not indicated in Figure 2. On the other hand, we

identified miRNAs that were previously shown to be preferentially

expressed in neurons, including miR-124 [14,20,70,71]. We also

found some miRNAs, e.g., miR-23, miR-26 and miR-29 that were

previously reported to be abundantly present in astrocytes [20].

These specific miRNAs are largely absent during the first days of

neuronal development but present in more mature cultures at

21 days (Fig. 2A–C), which is most likely due to the presence of

slow proliferating astrocytes in the neuronal cultures at this stage

(Figure 1C–E).

miRNAs expression profiling of developing hippocampal
neurons in culture
We next compared the fold changes of miRNA expression in 21

day mature neurons with the various developmental stages at

different time points (6 hours, 20 hours, 48 hours, 3 days, 5 days,

8 days) (Fig. 1), and found that 48 miRNAs were differentially

expressed during development (Fig. 3, Table S2). Of these, 21

miRNAs were significantly altered during early development

(Fig. 3A) and 27 miRNAs during late development (Fig. 3B).

Almost all miRNAs (44/48) show strong upregulated expression at

later stages of developing. Some miRNAs have low expression

within the first 48 hours (stage 2 and 3) but the levels steady

increase during later stages of neuronal development (Fig. 3A). For

example, expression of miR-138 and miR-22 gradually increases

over the different developmental time points (Fig. 3A, C). Other

miRNAs show a clear drop in expression at specific developmental

time points but are upregulated again at day 8 (Fig. 3B). For

example, miR-7 shows a marked drop in expression at 20 hours in

culture (Fig. 3D) and several let-7 miRNAs reveal decreased

expression around 48 hours (Fig. 3A, E). These miRNAs could be

involved in regulating specific processes during neuronal differen-

tiation at stage 2 and 3, such as axon outgrowth, dendrite

formation or dendritic spine development. Most of the miRNAs

were differentially expressed with more than a 3-fold change

between early (day 3 and 5) and late (day 8) developmental stage 4

(Fig. 3B, G). For example, the expression of miR-541 is stable for

5 days but at day 8 the levels are increased 5 fold (Fig. 3B, G). Five

miRNAs, miR-129-5p, miR-96, miR-136 and miR-494, even

show a ,10 fold difference in expression between in vitro day 5

Figure 3. miRNA expression is regulated during early and late
neuronal development. A–B) Heat maps showing relative expression
levels of miRNAs in hippocampal neurons at 6 h, 20 h, 48 h, 3 day and
5 days compared to mature neurons (21 days) after plating in a green
(negative fold-change) to red (positive fold-change) scale. Selection
criteria; in all samples an absolute fold change value greater than or
equal to 5 for negative fold changes P,0.01 and 1.5 for positive fold
changes (P,0.05). Expression levels of miRNAs that are changed during
early development (6 hours –48 hours) are shown in (A). Expression
levels of miRNAs that are altered during late development (3 days –
8 days) are shown in (B). (C–H) Graphs of relative signals (normalized
fold changes) of miRNA expression during early neuronal development
(C–E) and late neuronal differentiation (F–H). The blue and red lines
indicate the two probes used to detect the expression of indicated
miRNAs, which were spotted in duplicate on the LNA array.
doi:10.1371/journal.pone.0074907.g003
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and day 8 (Fig. 3B, H). Although little is known about the role of

these miRNAs in the mammalian brain, they could be involved in

controlling synapse formation at this later stage of neuronal

development. Of all the differentially expressed miRNAs during

development (Fig. 3A, B), only 4 miRNAs, miR-29b, miR-30d,

miR-146 and miR-375, showed decreased expression at day 8

(Fig. 3B, F). Together our experimental data indicate that a

specific set of miRNAs is expressed in hippocampal neurons and

that the expression of a large fraction of these miRNAs is altered

during different developmental stages. Most of the miRNAs levels

increase during neuronal differentiation.

MiRNAs as modulators of axonal outgrowth
The expression of most miRNAs is low at early stages during

neuronal development (Fig. 2 and 3). However some specific

miRNAs show reduced levels in stage 3 neurons, around the time

of axonal outgrowth (20–48 h in culture). The 14 miRNAs that

are strongly reduced at this stage of neuronal development are let-

7b, let-7c, let-7e, let-7i, miR-26a, miR-28, miR-30c, miR-30d,

miR-30e, miR-135b, miR-200a, miR-221, miR-292-5p and miR-

378 (Fig. 3A, Table S1). Next, we investigated the effect of

sustained expression of these specific miRNAs on neuronal

development. Hippocampal neurons at 1 day were transfected

with miRNA mimics and 4 days later analyzed for axon

outgrowth. In almost all cases, the total axon length of neurons

expressing miRNA mimics was markedly longer compared to

control neurons (Fig. 4A). Quantification revealed that expression

of 13 of the 14 miRNAs significantly accelerates axonal outgrowth

during early neuronal development (Fig. 4B). These results suggest

that sustained expression of this specific miRNA subset in stage 3

neurons can stimulate axonal outgrowth.

Modulation of miRNAs expression by NMDA receptor-
dependent synaptic plasticity
We next sought to identify miRNAs that associated with

NMDAR-dependent synaptic plasticity in hippocampal neuron

cultures induced by established chemical protocols. Bath applica-

tion of cultures with 50 mM NMDA for 5 min induces ‘‘chemical’’

long-term depression (LTD) [72,73,74,75,76], while activation of

synaptic NMDARs with 200 mM glycine for 5 min triggers

‘‘chemical’’ long-term potentiation (LTP) [77,78,79]. Microarray

expression profiling was performed for chemical LTP-regulated

miRNAs 30 minutes after glycine treatment and chemical LTD-

regulated miRNAs 30 minutes and 2 hours after NMDA treat-

ment using four independent batches of cultured hippocampal

neurons. To control for the specificity of the treatments, all glycine

and NMDA treatment experiments were also performed in the

presence of 2R-amino-5-phosphonopentanoate (APV), an inhib-

itor of the NMDA receptor. The expression of 51 miRNAs was

significantly altered after the induction of chemical LTP and/or

LTD and this effect was blocked by APV (Fig. 5A–E, Table S2).

The majority of these miRNAs (31/51) is present at low levels in

mature hippocampal neurons (fluorescent signal ,50, Table S1)

and is not indicated in Figure 2. Of all modulated miRNAs, 10

Figure 4. Sustained expression of subset of miRNAs modulates axonal outgrowth. A) Hippocampal dissociated neurons were co-
transfected with GFP vector and miRIDIAN mimics for let-7c, let-7e, let-7i, miR-7b, miR-26a, miR-28, miR-30c, miR-30d, miR-30e, miR-135b, miR-200a,
miR-221, miR-292-5p, miR-378 and miRNA. Three representative images of miRNA mimic transfected hippocampal neurons are shown. Scale bar,
50 mm. B) Graph represents measurement of total axon length. The average axon length of miRNA mimic expressing neurons is longer compared to
control neurons (175.5 6 10.2 mm). * p,0.01, ** p,0.001, *** p,0.0001, **** p,0.00001 in one way ANOVA with bonferroni correction for multiple
testing.
doi:10.1371/journal.pone.0074907.g004
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Figure 5. miRNA expression profiling following NMDA receptor-dependent synaptic plasticity. A) Heat map showing relative expression
levels of miRNAs in mature hippocampal neurons (21 days) that are significantly changed following 5 min of 200 mM glycine treatment and
recovered for 30 min (chemical LTP), 5 min of 50 mM NMDA treatment recovered for 30 min and 2 hours (chemical LTD) compared to non-treated

miRNA Expression in Hippocampal Neurons
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miRNAs show expression changes after glycine treatment, while

34 miRNAs and 36 miRNAs show altered expression after

30 minutes and 2 hours after NMDA treatment, respectively

(Fig. 5A). The expression of only one miRNA, miR-136 is strongly

altered by both induction protocols, .4 fold increase after

chemical LTP and .2 fold decrease after chemical LTD

(Fig. 5A). Most miRNAs affected by glycine treatment (4

downregulated miRNAs and 6 upregulated miRNAs) have so far

not been studied in neuronal cells. Many more miRNAs showed

altered expression profiles after induction of chemical LTD –28

miRNAs were upregulated and 16 miRNAs were downregulated.

For example, expression of miR-185 was decreased (Fig. 5B),

whereas miR-18 and miR-191 showed an increase in expression

after NMDA treatment (Fig. 5C, D). Most of the affected miRNAs

have altered expression both at 30 minutes and 2 hours after

application of NMDA (Fig. 5A), suggesting that induction of

chemical LTD leads to long lasting changes in miRNA expression

profiles (Fig. 5A). For example, the expression of miR-146

increased after 30 minutes and 2 hours of NMDA stimulation

(,8 fold increase, Fig. 5E). Only a few miRNAs were significantly

altered only at 30 minutes (6 miRNAs) or at 2 hours (8 miRNAs)

after NMDA treatment (Fig. 5A).

Modulation of miRNAs expression by prolonged changes
in global network activity
Homeostatic synaptic plasticity is a negative feedback mecha-

nism that neurons use to offset excessive excitation or inhibition by

adjusting their synaptic strengths. We next examined miRNA

expression changes that are associated with prolonged changes in

global network activity of hippocampal neuron cultures. To induce

bidirectional homeostatic adaptations in mature cultured hippo-

campal neurons, we suppressed action potential-dependent

synaptic activity with the voltage-gated sodium channels blocker

tetrodotoxin (TTX, 2 mM, 48 h) or increased synaptic activity

with the GABAA receptor antagonist bicuculline (Bicuc, 40 mM,

48 h) [54,80]. Microarray expression profiling was performed for

4 hours and 48 hours after application of TTX or Bicuc using four

independent batches of cultured hippocampal neurons. To control

for the specificity of the treatments, the Bicuc treatment were also

performed in the presence of APV and CNQX (6-cyano-7-

nitroquinoxaline-2,3-dione). The expression of 31 miRNAs was

significantly altered after TTX or Bicuc treatments (Fig. 6A–G,

Table S2). Several of these miRNAs (13/31) are present at low

levels in mature hippocampal neuron (fluorescent signal ,50,

Table S1). Of the 31 miRNAs, 18 miRNAs showed expression

changes after TTX treatment and 13 miRNAs showed expression

changes after Bicuc treatment (Fig. 6A). Interestingly, several of

the miRNAs, including miR-34a, miR-345, miR-331, miR-325,

miR-376a and miR-134 that were found altered after 4 hours

Bicuc treatment were also identified in the NMDA treated samples

(Fig. 5A). The change of this specific subset of miRNAs suggests

that neuronal stimulation – at least in part – elicits a coordinated

change in miRNA expression. Overall, two miRNA profiles

appear within the homeostatic adaptation experiments – early

miRNA expression changes and late miRNA expression effects.

Most miRNAs have a significant altered expression only at one

specific time point except for miR-30a-3p and miR-34a, the

expression of which is increased after TTX treatment both at

4 hours and 48 hours (Fig. 6A). 7 miRNAs and 5 miRNAs show

altered expression profiles after 48 hours TTX and Bicuc

treatment, respectively. Most miRNAs showed altered expression

profiles after 4 h TTX treatment –5 miRNAs were upregulated

and 6 miRNAs were downregulated and 4 h Bicuc treatment –2

miRNAs were upregulated and 7 miRNAs are downregulated. For

example, the expression of let-7c is decreased (Fig. 6B), whereas

miR-546 and miR-470 showed an increase in expression after

4 hours TTX treatment (Fig. 6C, D). Moreover, expression of

miR-134 was increased and miR-107 and miR-325 were

decreased after 4 hours Bicuc treatment (Fig. 6E–G). These data

indicate that specific miRNA expression patterns correlate with

prolonged changes in neuronal activity.

Discussion

This study describes an in-depth analysis of the hippocampal

miRNA transcriptome during neuronal development (stage 2–4)

and in mature neurons (stage 5) at the basal state and following

robust neuronal activity changes. Using locked nucleic-acid-based

miRNA arrays, we provide a systematic investigation of miRNA

expression profiles of the classical Banker primary hippocampal

neuron culture system. In total, we identified 210 miRNAs in

mature hippocampal neurons. We found several new miRNAs

that showed significant expression and were not known to be

present in the hippocampus. We also identified members of the

conserved miRNA family let-7 and miR-125 (the mammalian

homologue of lin-4) and several other miRNAs that were

previously shown to regulate specific developmental processes,

including hippocampal axogenesis (miR-124) [71], dendrite

formation (miR-124 and miR-134) [62], dendritic spine morpho-

genesis [64,66,81], spine structure (miR-134 and miR-138)

[63,64], and synaptic physiology (miR-34 and miR-125)

[65,66,67]. Specific miRNAs reported to modulate cell prolifer-

ation and survival in other cells types are also abundantly

expressed in hippocampal neurons, including anti-apoptotic

miRNAs (miR-17-5p and miR-20a) [82] and senescence-related

miRNAs (miR-290) [83]. Moreover, we show that expression

levels of 51 of all tested miRNAs are regulated by NMDA

receptor-dependent plasticity protocols and 31 miRNAs are

induced by homeostatic plasticity, thereby demonstrating a

feedback mechanism between neuronal signaling, miRNA levels

and synaptic plasticity.

Profiling miRNA expression during neuronal
development
We have been able to identify developmental and stage-specific

miRNAs, which might be associated with particular functions

during neuronal development and differentiation. Using stringent

criteria, 44 miRNA were differentially expressed with more than

5-fold changes during developmental stage 2–4. These miRNAs

could be involved in regulating specific processes, such as axon

outgrowth, dendrite formation, dendritic spine development or

control of synapse formation at later stages of neuronal

development. We observed that the majority of miRNAs expressed

in the developing hippocampus are up-regulated during neuronal

neurons in a green (negative fold-change) to red (positive fold-change) scale. To control for the specificity of the treatments, all glycine en NMDA
experiments were also performed in the presence of NMDA receptor inhibitor APV. Selection criteria; absolute fold change value greater than or
equal to 1.4 with P,0.01 for NMDA P,0.05 for glycine and expression changes are blocked by APV. B–E) Graphs of relative signal (normalized fold
changes) of miRNA expression following glycine and NMDA treatment compared to non-treated mature hippocampal neurons. The blue and red
lines indicate the two probes used to detect the expression of indicated miRNAs, which were spotted in duplicate on the LNA array.
doi:10.1371/journal.pone.0074907.g005
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differentiation. Most miRNAs have low expression levels within

the first 48 hours of development (stage 2 and 3) but increase

during later stages of differentiation (Fig. 3A). For example,

expression of miR-138 and miR-22 gradually increases over

different time points. Only 4 miRNAs, miR-29b, miR-30d, miR-

146 and miR-375, showed decreased expression at stage 4 (Fig. 3B,

F). These down-regulated miRNAs have previously been reported

in mammalian brain; miR-375 is involved in dendrite formation

[33], miR-29 has been described as a regulator of synaptic

morphology [84] and miR-30d is differentially expressed in the

prefrontal cortex of individuals with schizophrenia and schizoaf-

fective disorder [85]. Some other set of miRNAs showed altered

expression levels at one particular developmental stage. In stage 3

neurons, around the time of axonal outgrowth (20–48 h in

culture), 14 miRNA showed reduced expression (Fig. 3A). For

example, miR-7 showed a marked drop in expression at 20 hours

Figure 6. miRNA expression profiling following prolonged changes in global network activity. A) Heat map showing relative expression
levels of miRNAs in mature hippocampal neurons (21 days) that are significantly changed following 4 hours and 48 hours 2 mM TTX and 4 hours and
48 hours 40 mM Bicuculine treatment compared to non-treated neurons in a green (negative fold-change) to red (positive fold-change) scale. To
control for the specificity of the Bicuculine treatments, these experiments were also performed in the presence of APV and CNQX. Selection criteria
were: absolute fold change value greater than or equal to 1.5 for 4 hour treatments and 1.4 for 48 hour treatments (P,0.05) and changes in
Bicuculine expression are blocked by APV/CNQX. B–G) Graphs of relative signal (normalized fold changes) of miRNA expression following TTX and
Bicuculine treatments compared to non-treated mature hippocampal neurons. The blue and red lines indicate the two probes used to detect the
expression of indicated miRNAs, which were spotted in duplicate on the LNA array.
doi:10.1371/journal.pone.0074907.g006

miRNA Expression in Hippocampal Neurons

PLOS ONE | www.plosone.org 9 October 2013 | Volume 8 | Issue 10 | e74907



in culture and several let-7 miRNAs have decreased expression

around 48 hours. Of all the miRNAs that show reduced

expressions levels at early time points, we investigated the effect

of sustained expression on neuronal development. We provide

evidence that sustained expression of 13 of the 14 miRNAs during

early neuronal development accelerates axonal outgrowth (Fig. 4).

Together these data indicate that decreased expression of miRNAs

during neuronal polarization is possibly involved in suppressing

axon outgrowth at early stages of development. Therefore, the

expression profiles established in this study provide new knowledge

about translational regulation during hippocampal development

and may be valuable in comparative studies of mRNA and protein

expression profiles during early and late stages development

[50,51]. Additional studies are required to assess the precise role

and downstream targets of the identified miRNA candidates.

Interestingly, miR-26a has been found to be a regulator of

PTEN expression in gliomas [86]. Suppression of PTEN is well

known to promote axon outgrowth [87,88], suggesting that local

modulation of PTEN protein levels by miR-26a could contribute

to the observed axonal outgrowth phenotype. In cancer cells,

upregulation of the miR-135 family was found associated with

reduced expression of the adenomatous polyposis coli gene (APC)

[89,90]. APC is described to act on the cytoskeleton to direct axon

polarization and outgrowth [91,92,93], and might provide the

direct link between miR-135b and axon growth. Regardless of the

precise miRNA targets involved, our data are consistent with

several recent studies showing that overexpression of miRNAs can

increase axon length in cortical neurons [94] and promote neurite

extension from injured dorsal root ganglion (DRG) neurons

[93,95]. Interestingly, some miRNAs were found to be highly

abundant in distal axons as compared with the cell bodies of

primary sympathetic neurons [96], suggesting that some axonal

miRNAs could regulate local protein synthesis during nerve

growth [97].

Profiling miRNA expression following synaptic plasticity
Neuronal activity controls protein synthesis in a variety of ways

including the regulation of mRNA degradation or translational

repression by miRNAs. A number of activity-regulated miRNAs

have been identified and characterized in the hippocampus

[6,9,98]. Regulation of miRNA expression by activity has been

described for miR-125b [66], miR-132 [69,81] and miR-134 [62].

Moreover, some miRNAs also associate with learning paradigms

modeling drug addiction; miR-124, let-7d and miR-181 are found

up-regulated in the nucleus accumbens in response to cocaine, and

knockdown of each of these miRNAs influences conditioned place

preference [99]. In agreement with these findings, we observe a

number of miRNAs that are induced immediately following

NMDA receptor-dependent plasticity and homeostatic plasticity.

While some of these miRNAs have been described in other

experiments, we identified several new activity-regulated miRNAs,

such as miR-146, miR-185, miR-191 and miR-200a (NMDA

receptor-dependent plasticity), and miR-107, miR-470 and miR-

546 (homeostatic plasticity). Interestingly, most of the affected

miRNAs have altered expression both at 30 minutes and 2 hours

after the NMDA stimulation, demonstrating a stable change in

miRNA levels for an extended period of time. The expression of a

minority of miRNAs is altered at a specific time period. This is

consistent with miRNA profiling studies using hippocampal slices

[43], contextually conditioned mice [100], mice treated with

electroconvulsive shock [42] or rats treated with high-frequency

stimulation (HFS) [44]. Systematic analysis of miRNAs expression

opens new possibilities to address the complexity of regulatory

processes associated with neuronal development and changes in

neuronal activity.

Materials and Methods

Ethics Statement
All animal experiments were performed in compliance with the

guidelines for the welfare of experimental animals issued by the

Federal Government of The Netherlands. All animal experiments

were approved by the Animal Ethical Review Committee (DEC)

of the Erasmus Medical Center and Utrecht University.

Primary rat hippocampal neuron cultures,
immunofluorescent staining and Western blotting
Primary hippocampal cultures were prepared from embryonic

day 18 (E18) Wistar rat brains [57]. Cells were plated on coverslips

coated with poly-L-lysine (30 mg/ml) and laminin (2 mg/ml) at a

density of 100,000/well. Hippocampal cultures were grown in

Neurobasal medium (NB) supplemented with B27, 0.5 mM

glutamine, 12.5 mM glutamate and penicillin/streptomycin. For

immunofluorescence stainings, neurons were fixed for 10 minutes

with 4% paraformaldehyde/4% sucrose in phosphate-buffered

saline (PBS) or 5 minutes with ice-cold 100% methanol/1 mM

EGTA at 220uC, followed by 5 minutes with 4% paraformalde-

hyde/4% sucrose in PBS at room temperature. After fixation cells

were washed two times in PBS for 30 min at room temperature,

and incubated with primary antibodies in GDB buffer (0.2% BSA,

0.8 M NaCl, 0.5% Triton X-100, 30 mM phosphate buffer, pH

7.4) overnight at 4uC. Neurons were then washed three times in

PBS for 5 min at room temperature and incubated with Alexa-

conjugated secondary antibodies in GDB for 2 hr at room

temperature and washed three times in PBS for 5 min. Slides

were mounted using Vectashield mounting medium with DAPI

(Vector laboratories). Images of fixed cells were collected with a

Nikon Eclipse 80i equipped with Plan Apo VC 10061.4 N.A. and

6061.4 N.A. oil objectives and a CoolSNAP HQ2 camera (Roper

Scientific).

For Western blotting cultured hippocampal neurons were

harvested in 16 SDS sample buffer and boiled. Samples were

loaded onto SDS–PAGE gels and subjected to western blotting on

polyvinylidene difluoride membrane. Blots were blocked with 2%

bovine serum albumin/0.05% Tween-20 in PBS and incubated

with primary antibodies at 4uC overnight. Blots were washed with

0.05% Tween-20 in PBS, incubated with secondary antibodies

and developed with enhanced chemiluminescent Western blotting

substrate (Pierce). The following antibodies were used in this study:

rabbit anti-MAP2 (Cell signaling) rabbit anti-ßIII-tubulin (Cov-

ance), mouse anti-tau (Millipore Bioscience Research Reagents),

mouse anti-ßIII-tubulin (Covance), mouse anti-PSD-95 (Neuro-

Mab), mouse anti-CaMKIIalpha (Sigma), mouse anti-GFAP

(Sigma), Alexa Fluor 488- and Alexa Fluor 598-conjugated

secondary antibodies (Invitrogen) and HRP-conjugated secondary

antibodies (Dako).

RNA extraction and Cy3-dye labeling
Total RNA was extracted using miRVana total RNA isolation

kit (Ambion) according to manufacturer’s instruction. RNA

amount was measured using Nanodrop (Thermo Scientific). Total

RNA was labeled with Cy3 containing dyes using the ULS aRNA

labeling kit (Kreatech) according to the manufacturer’s protocol in

a total volume of 10 ml [60].
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Microarray preparation, hybridization, image analysis and
data processing
LNA-modified oligonucleotide spotted glass slides (Exiqon) were

processed using an automated hybridization station Tecan

HS4800 pro hybridization station, which facilitates sample

processing and hybridization standardization (as described by

[60]). Microarrays with immobilized LNA-modified capture

probes were hybridized at 60uC using microarray hybridization

solution salt-based hybridization buffer (Ocimum Biosolutions).

Hybridized slides were scanned in a Tecan LS Reloaded scanner.

Data was extracted using Imagene 6.0 standard edition software.

After background subtraction, the raw data were normalized using

quantile normalization and processed for statistical analysis.

During data extraction in Imagene, for each spot the quality

was determined. Only qualified spots were used for statistical

analysis. Constructing heatmaps and cluster analysis were done by

using MultiExperiment Viewer (http://www.tm4.org/mev) [101].

After normalization the fluorescence intensities were averaged

across all miRNA probes on each array. Each independent

experiment comprised of at least two to four duplicate arrays. For

replicate probes, the mean value was calculated to represent the

miRNA fluorescent intensity value. To identify differentially

expressed miRNAs, the data was analyzed using the unpaired t-

test. P,0.05 was considered statistically significant. Fold changes

described were calculated from the averages of the miRNA

fluorescent intensity values of two to four independent experi-

ments. Those miRNAs meeting a corrected cutoff with a p-value

below 0.05 and with a fold change greater than 1.5 were

considered differentially expressed. These and additional criteria

as indicated in the main text were used to generate the lists of

differentially expressed miRNA genes during neuronal differenti-

ation, synaptic plasticity and activity.

RNA isolation and quantitative real time PCR
Primary rat hippocampal neurons were plated at a density of

1000,000/well. Cells were harvested at two time points (6 hours

and 8 days) with QIAzol lysis reagent and total RNA was

extracted using the miRNeasy kit (Qiagen) according to the

manufacturer’s protocol. RNA quantity was determined using

Nanodrop (Thermo Scientific) and equal amounts of each sample

were used for first strand cDNA synthesis using universal cDNA

synthesis kit (Exiqon). Quantitative PCR (qPCR) reactions were

run on a 7900HT Real-Time PCR System (Applied Biosystems)

using microRNA LNATM PCR primer sets and SYBR Green

master mix (Exiqon). All samples were run in duplicates and the

cycle threshold (Ct) values were determined using SDS software

(Applied Biosystems). The expression levels of different miRNAs

were estimated by normalizing to miR-124, the statistical

significance was analyzed with single factor ANOVA and

p,0.01 was considered as significant.

Transfection of miRNA mimics in hippocampal neurons
C57BL/6 mouse pups of postnatal day 0–1 were decapitated

and brains were rapidly removed in ice-cold dissection medium.

Hippocampi were isolated, dissociated into single cells and

cultured on acid-washed, poly-D-lysin-laminin coated coverslips

at 37uC+5% CO2. On day in vitro 1 (DIV1), the neurons were co-

transfected with a GFP vector and miRIDIAN mimics (Dharma-

con) for let-7c, let-7e, let-7i, miR-7b, miR-26a, miR-28, miR-30c,

miR-30d, miR-30e, miR-135b, miR-200a, miR-221, miR-292-5p,

miR-378 and miR-control1 using Lipofectamine (Invitrogen). On

DIV4 neurons were fixed with 4% paraformaldehyde and 4%

sucrose in PBS. For immunohistochemistry the neurons were

incubated with rabbit anti-GFP (Invitrogen) and mouse anti-ßIII-

tubulin (Sigma) dissolved in buffer (0.2% gelatin, 0.6% triton X-

100 in 33 mM NaHPO4 and 1.1 M NaCl). Images were taken

using an Axioskop 2 EPI fluorescent microscope (Zeiss). The

longest neurites were traced semimanually using NeuronJ plugin

of ImageJ software. One-way ANOVAs with bonferroni correc-

tion were performed to statistically analyze the data.

Supporting Information

Table S1 Overview of the miRNA expression data at
seven time points (6 hours, 20 hours, 48 hours, 3 days,
5 days, 8 days and 21 days). Four independent RNA samples

and four sets of duplicate miRNA arrays were used for each time

point, except for day 8. The fluorescent hybridization value for

each spot was calculated by subtracting the background intensity

from foreground intensity signals for each time point and batch

(for example X6h1; neurons 6 hour in culture, batch 1). Spots with

average fluorescent signal values .50 were use in Figure 2.

(XLSX)

Table S2 Overview of the miRNA data presented in
Figures 3–6. In this file the average hybridization signals and

average fold changes are indicated.

(XLSX)
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