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SUMMARY

Adaptation to different levels of illumination is central
to the function of the retina. Here, we demonstrate
that levels of the miR-183/96/182 cluster, miR-204,
and miR-211 are regulated by different light levels
in the mouse retina. Concentrations of these micro-
RNAs were downregulated during dark adaptation
and upregulated in light-adapted retinas, with rapid
decay and increased transcription being responsible
for the respective changes. We identified the
voltage-dependent glutamate transporter Slc1a1 as
one of the miR-183/96/182 targets in photoreceptor
cells. We found that microRNAs in retinal neurons
decay much faster than microRNAs in nonneuronal
cells. The high turnover is also characteristic of mi-
croRNAs in hippocampal and cortical neurons, and
neurons differentiated from ES cells in vitro. Blocking
activity reduced turnover of microRNAs in neuronal
cells while stimulation with glutamate accelerated
it. Our results demonstrate that microRNA metabo-
lism in neurons is higher than in most other cells
types and linked to neuronal activity.

INTRODUCTION

The first steps of vertebrate visual processing occur in the retina

(Wässle, 2004). Light is converted to neural signals by photore-

ceptors, the more sensitive rods and the less sensitive cones,

which can adapt to several log unit changes in intensity, enabling

the rest of the visual system to remain responsive over an inten-

sity span of �8 log units. Information flows from photoreceptors

to bipolar cells and then to ganglion cells, which then communi-

cate with higher brain centers. The transfer of information from

photoreceptors to bipolar cells is modified by the inhibitory
618 Cell 141, 618–631, May 14, 2010 ª2010 Elsevier Inc.
horizontal cells in the outer plexiform layer (OPL), and from

bipolar to ganglion cells by the inhibitory amacrine cells in the

inner plexiform layer (IPL). The cell bodies of these neurons are

located in distinct retinal layers: photoreceptors in the outer

nuclear layer (ONL); bipolar-horizontal-amacrine cells in the inner

nuclear layer (INL); and amacrine and ganglion cells in the

ganglion cell layer (GCL).

Adaptation to different light levels in the retina occurs on

a timescale ranging from milliseconds to hours depending on

the mechanism involved. The most-studied cellular site of

light-dark adaptation are the photoreceptors, where both the

light-sensing (Fu and Yau, 2007) and adaptation machinery

have been described in detail (Pugh et al., 1999). In addition,

different light-dark adaptation phenomena have also been noted

in other cellular components of the retinal network, proximal

from photoreceptors, in the INL and GCL (Demb, 2008). The

coordination and regulation of the molecular network in different

states of light-dark adaptation is not well understood. In this

work, we investigated whether the process of light-dark adapta-

tion in the mouse retina involves microRNAs (miRNAs). The

layered organization of the retina and the fact that retinal cells

activity can be controlled in vivo by light, the physiological input,

make the retina a good model to study miRNAs regulation in

neural circuits.

In mammals, miRNAs generally base-pair imperfectly to

sequences in the 30-untranslated region (UTR) of target mRNAs

and repress protein synthesis, either by inhibiting translation of

mRNAs or causing their destabilization (Filipowicz et al., 2008;

Bartel, 2009). miRNAs are implicated in the control of many

fundamental processes and most miRNAs are expressed in

a development- or tissue-specific manner (Bushati and Cohen,

2007; Bartel, 2009). In particular, many miRNAs are specifically

expressed or enriched in neuronal cells, including those of the

retina (Arora et al., 2007; Karali et al., 2007; Loscher et al.,

2007; Xu et al., 2007), consistent with growing evidence of

importance of miRNAs for brain development and function

(Kosik, 2006; Schratt 2009).

mailto:botond.roska@fmi.ch
mailto:witold.filipowicz@fmi.ch


Hundreds of different miRNAs have been characterized in

mammals. They are either encoded by independent genes or

are excised from introns. During miRNA processing, primary

transcripts (pri-miRNAs) are first cleaved in the nucleus to

�70-nt-long pre-miRNA hairpins, which are then matured in

the cytoplasm to miRNAs (Ding et al., 2009). Although details

of miRNA biogenesis and its regulation are quite well estab-

lished, little is known about catabolism of miRNAs. They are

generally assumed to have a very long half-life, corresponding

to many hours or even days (Bhattacharyya et al., 2006; Hwang

et al., 2007; Gatfield et al., 2009). However, such a slow turnover

may not be a universal feature of miRNAs since they often play

a role in rapid developmental transitions or act as on and off

switches, conditions which call for a more active miRNA metab-

olism (Bushati and Cohen, 2007; Bartel, 2009).

We found that a subset of miRNAs is reversibly up- and down-

regulated in vivo in the retina during light-dark adaptation,

independent of the circadian rhythm. The sensory neuron-

specific miR-183/96/182 cluster, and miR-204 and miR-211,

are downregulated during dark adaptation and upregulated in

light, with rapid miRNA decay and increased transcription being

responsible for the changes. One of the identified targets of the

light-regulated miRNAs, Slc1a1, might fine-tune synaptic func-

tion in different light-adaptation states. Finally, we found that

fast turnover of many miRNAs is not limited to the retina but is

a general property of neurons, and that activity is an important

regulator of miRNA turnover in neurons.

RESULTS

miRNAs Expressed in Dark- and Light-Adapted
Mouse Retina
We characterized populations of small RNAs isolated from

retinas of mice adapted to either light or dark (see Extended

Experimental Procedures online). To obtain a global picture of

small RNAs expressed in these two conditions, cDNA libraries

of gel-purified small RNAs were subjected to deep sequencing

using the 454 methodology. Analysis of�75,000 reads identified

253 retinal miRNAs expressed in either dark-adapted (DA) or

light-adapted (LA) states (Figure S1A; Table S1). miRNAs, whose

levels increased in LA retina included those encoded by the in-

tergenic miR-183/96/182 cluster and intronic miRNAs miR-204

and -211 (Figures 1A and 1B; Table S1), identified previously

as being expressed in the retina (Ryan et al., 2006; Karali

et al., 2007; Loscher et al., 2007; Xu et al., 2007). Two other plat-

forms were also used to globally assess the effect of light on

miRNA levels in the retina: Exiqon arrays and Illumina deep

sequencing. A light-induced increase in the level of miR-183/

96/182 cluster miRNAs was seen in two independent array

experiments, while increases in miR-204/211 was only detected

in one (Figure 1A; Table S1). The Illumina sequencing did not

yield consistent results. In one experiment, miR-96, -204, and

-211 (but not miR-182 and -183) were upregulated 1.5- to

2.5-fold in LA retina, but in another experiment no stimulatory

effect was observed (data not shown); possibly, �2-fold effects

are too small to be reproducibly quantified by this method. To

quantify miRNA levels by other, more direct techniques, the

light-dependent changes in selected miRNAs were determined
by quantitative real-time PCR (qRT-PCR) and RNase protection

assays (RPA). These analyses demonstrated that expression

levels of miRNAs encoded by the miR-183/96/182 cluster, and

miR-204 and -211, increased 1.5- to 2.5-fold in LA retina

(Figures 1C and 1D). Since a light-induced increase in the level

of these miRNAs was detected by at least three independent

methods, they were selected for further analysis (for comparable

changes in expression of these miRNA ascertained by still

another independent method, see below). It should be noted

that both 454 and Exiqon I analyses identified light-dependent

changes in a number of miRNAs other than miR-183/96/182,

and miR-204 and -211. Since these changes were not confirmed

by other analyses, these miRNAs were not further investigated.

The levels of miRNAs let-7b and miR-29c (Figures 1A, 1C, and

1D) did not change significantly in any analyses, and these

miRNAs were therefore used as controls.

The miR-183/96/182 cluster miRNAs have related seed

sequences, while the seeds of miR-204 and -211 are identical.

The latter two miRNAs are excised from introns of two related

protein-coding genes, Trpm3 and Trpm1, which are expressed

in the retina (Figure 1B; see also Figure S2B). Since the levels

of miR-183/96/182 miRNAs have been reported to vary �2-

fold during the day (Xu et al., 2007), we verified that the alter-

ations observed by us were not due to changes in gene expres-

sion associated with the circadian rhythm. For the miR-183/96/

182 cluster and other miRNAs tested, increased accumulation

upon light adaptation occurred independently of whether the

measurements were performed at noon (Zeitgeber [ZT] 6) or at

midnight (ZT18) (Figures S1B and S1C).

Expression of miRNAs in Different Retina Layers
To establish expression patterns of the miRNAs investigated in

different retinal cell layers we used laser capture microscopy

(LCM) to dissect the LA and DA retinas. The quality of the LCM

dissection was verified by demonstrating that captured samples

were enriched in mRNAs known to be expressed in specific

retinal cells (Figure S2C). RNA was isolated from three different

layers: a layer containing photoreceptor cells (ONL+OS/IS);

INL; and GCL. These were analyzed by qRT-PCR (Figure 1E),

revealing that miRNAs of the miR-183/96/182 cluster were

most abundant in photoreceptors, while miR-204 and �211

were enriched in the INL. The levels of miR-183/96/182 miRNAs

in the ONL+OS/IS layer and miR-204 and -211 in the INL

increased in response to light, consistent with the data obtained

for a whole retina captured by LCM (Figure 1F). Levels of miR-

183/96/182, miR-204, and -211 in the GCL were very low,

although the level of a brain-specific miRNA, miR-124a, was

comparable to that in other cell layers (Figure 1E).

Enrichment of the investigated miRNAs in different retinal

layers was confirmed by in situ hybridizations (ISH) performed

on sections from LA retina. In photoreceptors, strong signals

were detected with probes specific for miR-182, -183, and -96,

but not with the respective mutant probes (Figure S1D). Weaker

signals for miR-182, -183, and -96 were also detected in the INL

(Xu et al., 2007). In contrast, the INL stained strongly with probes

for miR-211 and let-7b (Figure S1D). None of the used probes

detected substantial levels of miRNAs in ganglion cells, consis-

tent with the LCM data.
Cell 141, 618–631, May 14, 2010 ª2010 Elsevier Inc. 619



Figure 1. Differences in miRNA Levels between LA and DA Retinas

(A) Number of reads determined by 454 sequencing and Exiqon array hybridization signals (from two independent experiments) for selected miRNAs expressed in

DA and LA retinas. NA, signal intensity close to background.

(B) Schemes of genomic organization of the intergenic miR-183/96/182 cluster, and intronic miRNAs miR-204 and -211. Genes or exons flanking miRNA

sequences, and chromosomal positions are indicated. Sequences of mature miRNAs are shown below, with seeds highlighted.

(C) Comparison of miRNA levels in DA (black bars) and LA (white bars) retinas by qRT-PCR. The values, normalized for U6 RNA, are means ± SEM (six indepen-

dent experiments [n = 6]); *p < 0.05, **p < 0.01. Values for LA retinas are set to one.

(D) Quantification of selected miRNAs by RPA. The graphs show phosphorimaging quantification of miRNA levels (means ± SEM; n = 5).

(E and F) miRNA levels in LCM-dissected layers of DA and LA retina (E) or a whole retina (F). Values, normalized for U6 RNA, are means ± SEM (n = 3).

See also Figure S1 and Table S1.
Identification of Potential Targets of miR-183/96/182
Cluster miRNAs
To gain an insight into the biological role of miRNAs

undergoing light-induced changes in the retina, we compiled
620 Cell 141, 618–631, May 14, 2010 ª2010 Elsevier Inc.
a list of potential targets of miRNAs from the highly expres-

sed miR-183/96/182 cluster, using three computational target

prediction algorithms: TargetScan 5.1 (www.targetscan.

org); MicroCosm (www.microrna.sanger.ac.uk); and PicTar

http://www.targetscan.org
http://www.targetscan.org
http://www.microrna.sanger.ac.uk


Figure 2. Glutamate Transporter Slc1a1 Is

Targeted by miR-183/96/182 miRNAs

(A) Venn diagram showing targets of miR-183/96/

182 cluster predicted by PicTar, Targetscan 5.1,

and MicroCosm algorithms.

(B) Western analysis of protein lysates of LA

retinas and retinas from mice adapted to dark

(DA) for 1, 2, or 3 hr, using three different (a through

c) anti-SLC1A1 Abs, and Abs against Dicer, Dro-

sha, and b-Tubulin. Asterisk, nonspecific band

recognized by SLC1A1(c) Ab. Increase in the

intensity of SLC1A1 bands in DA retinas at 2 and

3 hr of dark adaptation (always calculated relative

to levels in LA retinas) is indicated. Values are

means ± SEM from three westerns performed

with each Ab.

(C) The heat map comparing Slc1a1 mRNA levels,

as assessed using Affymetrix arrays and related to

median expression values, in different LCM-

dissected layers of DA and LA retinas.

(D) Western blot analysis of lysates of different

layers (�100,000 cells/layer) of DA and LA retinas,

using anti-SLC1A1(a) and anti-b-Tubulin Abs.

(E) Two-photon ratiometric imaging of EGFP

expression from pEGFP-Slc1a1_wt and _mut

constructs electroporated, together with a refer-

ence pDsRed plasmid to photoreceptors in vivo.

The graphs show relative ratios of EGFP to RFP

signals (measured for 20 individual cells for each

combination of plasmids), with the ratio

for pEGFP-Slc1a1_mut set to 1.0. Values are

means ± SEM.

(F) Scheme of the AAV-Rho-EGFP-triple sponge,

harboring four sites for each of the miR-183/96/

182 miRNAs.

(G) (left panel) Confocal cross section of an immu-

nostained LA retina infected with AAV2-Rho-

EGFP/triple. Left and right pictures visualize

EGFP plus DAPI and EGFP alone, respectively.

(right panel) Western analysis of lysates from five

combined ONL+OS/IS layers of retinas infected

with either AAV2-Rho-EGFP/triple or control

sponge.

See also Figure S2, Figure S3, and Table S2.
(www.pictar.mdc-berlin.de). Of the potential targets bearing

miR-183/96/182 binding sites in the 30-UTR, 337 were pre-

dicted by all three algorithms (Figure 2A). 214 of them are ex-

pressed in mouse retina (Table S2). We used RNA isolated

from retina cell layers obtained by LCM to profile mRNA

expression using Affymetrix arrays. For 12 gene transcripts

predicted as potential targets of miR-183/96/182 miRNAs,

we observed enrichment of more than 2.0-fold (p < 0.05) in

the ONL+OS/IS photoreceptor layer of DA retina as compared
Cell 141, 618–
to LA retina (Figure S2A; Table S2).

Among the aforementioned twelve

mRNAs are those encoding a sodium/

potassium-transporting ATPase subunit

ATP1B3, a voltage-dependent gluta-

mate transporter SLC1A1, and a polyA-
binding protein interacting protein 2B (PAIP2B, a translational

inhibitor). The expression of Trpm1 and Trpm3 genes, hosting

miR-211 and -204 in their introns, was generally increased in

a whole retina or its layers upon exposure to light, although

in most instances the changes were not statistically significant

(Figure S2B). This regulation is of potential interest since

TRPM1 was recently implicated in the signal transduction in

retinal ON bipolar cells (Morgans et al., 2009; Shen et al.,

2009).
631, May 14, 2010 ª2010 Elsevier Inc. 621
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Validation of Selected Targets of miR-183/96/182
Cluster miRNAs
The gene encoding the voltage-dependent glutamate trans-

porter, SLC1A1, was first selected for a more detailed analysis.

Glutamate transporters are responsible for scavenging gluta-

mate from the synaptic cleft after release (Nieoullon et al.,

2006; Tzingounis and Wadiche, 2007). Western blot analysis per-

formed with extracts of DA and LA retinas, and three different

antibodies recognizing distinct sequences of SLC1A1, revealed

that the level of the protein increased by up to 3.8-fold following

2- or 3 hr adaptation to dark, an effect expected to accompany

the decrease in miR183/96/182 levels in the dark. No light-

dependent changes were observed in the levels of several

control proteins, including Drosha and Dicer (Figure 2B). Impor-

tantly, analysis of different LCM-dissected layers revealed

a marked increase in both Slc1a1 mRNA and protein levels in

the photoreceptors of DA retina (Figures 2C and 2D).

Different approaches were used to demonstrate that SLC1A1

is a direct target of miR-183/96/182 miRNAs. We constructed

enhanced green fluorescent protein (EGFP) and firefly luciferase

(FL) reporters containing either wild-type (wt) full-length Slc1a1

30-UTR or the 30-UTR bearing mutations in seed sequences of

the two predicted sites recognized by miR-183/96/182 miRNAs

(Figure S3A). When transfected into mouse NIH 3T3 cells, both

types of wt, but not mutant, reporters were inhibited by miRNA

mimics specific for individual miR-183/96/182 miRNAs, cotrans-

fected either individually or as a mixture of all three (Figures S3B

and S3G).

To find out if the EGFP reporter is similarly regulated in a more

physiological context and in response to endogenous miRNAs,

the wt (pEGFP-Slc1a1_wt) and mutant (pEGFP-Slc1a1_mut)

EGFP reporters were in vivo electroporated into retinas of

newborn mice to mostly target photoreceptors (Matsuda and

Cepko, 2004). The coelectroporated reporter expressing red

fluorescent protein (RFP) was used as a normalization control.

EGFP and RFP fluorescence in individual photoreceptor cells

from electroporated retinas (>21 days postelectroporation)

was measured by two-photon live microscopy. Activity of the

EGFP reporter containing wt miRNA sites was found to be �5-

fold lower than that of the mutated form (Figure 2E). No signifi-

cant difference was found in the levels of EGFP between LA

and DA retinas electroporated with pEGFP-Slc1a1_wt (data

not shown); possibly, electroporation of newborn mouse retinas

affects proper light regulation of miRNA expression in photore-

ceptors.

To get further support for the role of the miR-183/96/182

cluster in regulating Slc1a1 mRNA, we generated EGFP

constructs expressing miR-183/96/182-specific ‘‘sponges’’ in

their 30-UTR (Ebert et al., 2007). Three sponges, each containing

eight sites complementary to one of the three miR-183/96/182

cluster miRNAs and a sponge containing four sites specific to

each of the three miRNAs (triple sponge) were constructed

(Figures S3C–3F). When tested in mouse NIH 3T3 cells, all

sponges markedly relieved the repression of FL-Slc1a1_wt

reporter induced by the cotransfection of either single miR-183/

96/182 cluster miRNAs or a mixture of the three (Figure S3G).

We chose adeno-associated virus (AAV)-mediated gene

transfer to deliver the triple sponge into photoreceptors in vivo.
622 Cell 141, 618–631, May 14, 2010 ª2010 Elsevier Inc.
The sponge sequence was cloned into the 30 UTR of an EGFP

cDNA, whose expression is driven by the human rhodopsin

(Rho) promoter, yielding AAV2-Rho-EGFP/triple (Figure 2F).

The untagged EGFP AAV construct, AAV2-Rho-EGFP/control,

served as a control. AAV particles were administrated subreti-

nally, the sponged AAV into one eye and the control AAV into

the contra-lateral eye of the same adult mice (p > 42). Infected

retinas were isolated three weeks post-AAV injection and their

EGFP-expressing ONL+OS/IS layers were dissected by LCM

(Figure 2G). Western blot analysis revealed that infection with

AAV-Rho-EGFP-triple resulted in a marked increase in the

SLC1A1 protein level when compared to retinas infected with

AAV-Rho-EGFP-control (Figure 2G), indicating that Slc1a1 is

a direct target of the miR-183/96/182 cluster. Of note, expres-

sion of the triple sponge had no effect on the level of targeted

miRNAs (Figure S2G).

Western analysis of extracts from DA and LA retinas, and from

‘‘sponged’’ ONL+OS/IS layers with antibodies specific for PAIP2

and ATP1B3, two other predicted miR-183/96/182 targets

(Figures S2A and S2D), revealed that levels of these proteins

are �2-fold higher in DA retinas and in photoreceptors cells ex-

pressing the AAV-Rho-EGFP-triple sponge (Figures S2E and

S2F). Hence, similarly to Slc1a1, also Paip2b and Atp1b3, likely

represent direct targets of the miR-183/96/182 cluster in photo-

receptors.

Kinetics of Light-Dependent Changes in miRNA
and Pri-miRNA Levels
miRNAs are known to generally have a slow turnover

(Bhattacharyya et al., 2006; Hwang et al., 2007; Gatfield

et al., 2009; see also below). Our finding that the abundance

of many retinal miRNAs markedly decreased following 3 hr in

the dark (Figure 1) was therefore unexpected, and prompted

us to measure the kinetics of changes in miRNA levels in

response to dark and light adaptation. Following transfer of

mice to the dark, levels of miR-183/96/182, and miR-204

and -211, reached their minimum after approximately 90 min.

However, upon return to light following dark adaptation for

3 hr, the miRNAs reached maximal levels after only 30 min.

No significant changes were seen in the levels of let-7b and

miR-29c (Figure 3A and Figure S4A).

The kinetic data indicated that the more prolonged decrease in

miRNA levels might be due to miRNA decay, while the rapid

increase could result from augmented transcription and RNA

processing. Generally (for exceptions, see Ding et al., 2009), pro-

cessing of pri- and pre-miRNAs is quite rapid, and assessment of

their levels provides an approximate measure of miRNA gene

transcription. Analysis of pri-miRNAs using qRT-PCR revealed

that changes in their levels indeed occur relatively fast

(%30 min), irrespective of the animals being transferred from

light to dark (decreased levels) or dark to light (increased levels)

(Figure 3B and Figure S4B). Similar results were obtained when

combined levels of both pri- and pre-miRNAs were analyzed

using RT-PCR (Figures S4C and S4D). Quantification of pri-

and pre-miRNA suggests that changes in the level of light-

induced miRNAs are a consequence of transcriptional upregula-

tion of their genes in response to light. These measurements,

performed by procedures different from those presented in



Figure 3. Kinetics of Changes in Mature miRNA

(A) and Pri-miRNA (B) Levels in Retina during

Adaptation to Dark and Light

Schemes at the top describe light/dark adaptation regime.

Values, normalized to U6 RNA, represent means ± SEM;

n = 2. Values for LA retinas at 0 hr were set to one.

See also Figure S4.
Figure 1, also provide independent evidence that the expression

of the investigated miRNA genes differs between LA and DA

retinas.

Inhibitor Assays Reveal Rapid Turnover
of miRNAs in Retina
We used specific inhibitors to directly test whether transcription

is responsible for the upregulation of precursor and mature forms

of miR-183/96/182, miR-204, and miR-211. Transcription inhib-

itors, actinomycin D (ActD) or a-amanitin (a-Am), were injected

intraocularly into the right eye, while retinas isolated from the

left eye were used for control measurements (Figure 4A). The

levels of pri-miRNAs and mature miRNAs were measured at

time points corresponding to the established minimal (dark
Cell 141
adaptation, 90 min) and maximal (light adapta-

tion, 30 min) levels of miRNAs (Figure 4B). Injec-

tion of a-Am (Figures 4C–4F and Figures

S5C–S5E, left panels) or ActD (middle panels)

completely blocked the increase of pri-miRNA

and miRNA levels upon exposure to light, while

the expected changes occurred in the control

eye. In the presence of inhibitors, the pri-miR-

NAs and mature miRNAs remained at the low

levels characteristic of a DA retina. Notably,

upon repression of transcription the levels of

mature miRNAs which do not undergo light-

mediated regulation (let-7b and miR-29c) and

their precursors also decreased dramatically

(Figures 4E and 4F), indicating that many, if not

all, miRNAs expressed in the retina may turnover

rather rapidly.

Several control experiments were performed

to demonstrate that the observed effects were

indeed due to the action of injected inhibitors.

As expected, the inhibitors blocked expression

of the pol II-transcribed Gat1 mRNA but had

no effect on expression of U6 snRNA, a stable

pol III transcript (Figures S5F and S5G). More-

over, injection of only a buffer to the test eye

had no effect on the level of any investigated

RNA (Figures 4C–4F and Figures S5C–S5G,

right panels).

We further investigated the turnover of

selected miRNAs in LCM-dissected retinal

layers of wild-type mouse or in specific cell

types obtained by fluorescence activated cell

sorting (FACS) from retinas of transgenic mice

expressing EGFP or RFP under control of cell-
specific promoters. As for the whole retina, inhibition of tran-

scription resulted in a marked decrease in all tested miRNAs

(including those which are not light-regulated: let-7b, miR-29c,

miR-15a, and miR-16) in each dissected retina layer (Figures

5A and 5B). Interestingly, all miRNAs were found to turn over

fast in FACS-sorted amacrine cells but not in rod bipolar cells

(Figures 5D and 5E; see Discussion). No rapid turnover of miR-

NAs was observed in the FACS-sorted population of Müller

glia cells (Figure 5F).

Taken together, these data indicate that miRNAs turn over

rapidly in many types of retinal neurons, but not in rod bipolar

cells or Müller glia, and that fast turnover applies to both light-

responsive miRNAs and miRNAs which do not undergo light-

mediated regulation.
, 618–631, May 14, 2010 ª2010 Elsevier Inc. 623



Figure 4. Effect of Transcription Inhibitors on miRNA and Pri-miRNA Levels in DA and LA Retinas

(A) Injections were performed into right eye, and the noninjected left eye was used for isolation of control retina.

(B) A scheme indicating time points used for collecting retinas.

(C–F) Effect of a-Am (left panels) and Act D (middle panels) on levels of indicated miRNAs and pri-miRNAs. Control determinations, for the noninjected left eye, are

in the left subpanels. Levels of RNAs in retina from mice kept in continuous light, adapted to the dark for 90 min (a), or moved from dark to light for 30 min (b) are

624 Cell 141, 618–631, May 14, 2010 ª2010 Elsevier Inc.



Figure 5. Determination of miRNA Turnover

in LCM-Dissected Retinal Layers and FACS-

Sorted Populations of Specific Retinal Cells

(A and C) Schemes indicating experimental

approaches. Mice expressing either EGFP or

RFP under control of cell-specific promoters are

indicated in (C). Retinas were always isolated 3 hr

after in vivo injection of either a-Am or a buffer.

(B) Effect of a-Am on the level of selected miRNAs

in dissected ONL+OS/IS, INL or GCL layers of LA

retinas. Values represent means ± SEM (n = 2;

each RNA sample assayed in triplicate).

(D–F) miRNAs decay rapidly in amacrine cells (D)

but not in rod bipolar (E) or Müller glia (F) cells of

LA retinas. RNA was extracted from pools of

FACS-sorted amacrine cells (�10,000 cells/pool;

n = 2), a single pool of rod bipolar cells (�10,000

cells), or pools of Müller cells (�30,000 cells/pool;

n = 2). Five animals were used for preparation of

each pool. RNA from each pool was tested in trip-

licate. Values, normalized to U6 RNA, represent

means ± SEM. Values for eyes injected with

a buffer were set to one. ND, not detectable.
Fast Turnover of miRNAs Also Occurs in Nonretinal
Neurons and Is Activity Dependent
The observed differences in the turnover of miRNAs between

different retinal cell types and the fact that direct determination

of miRNA decay was previously performed in only few studies,

prompted us to measure miRNA catabolism in different cells

and tissues. In all cases, the decay was determined using

qRT-PCR, following treatment with either a-Am or ActD.

Measurements performed with cultured NIH 3T3 and RPE-1

(human retinal pigmented epithelium) cells (Figures S7A–7D,

left panels) and also nondifferentiated mouse embryonic stem

(ES) cells (see Figure 7B) revealed no appreciable turnover of

investigated miRNAs for 3 or 6 hr following the addition of tran-

scription inhibitors; pri-miRNAs and urokinase (uPA) mRNA de-

cayed rapidly, as expected (Figures S7A–S7D, right panels;

Figure S7E).
shown as white, black, and gray squares, respectively. Values, normalized to either U6 RNA (for a-Am and bu

means ± SEM; n = 3. Values for retinas from the control eye of mice kept in continuous light (time-point a) w

See also Figure S5.
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To find out whether the fast turnover of

miRNAs may be a general property of

neuronal cells, we first measured the

decay of miRNAs in rat brain cultured

hippocampal slices (Stoppini et al.,

1991) and dissociated hippocampal

neurons (Schratt et al., 2004). In both

systems, the addition of a-Am (Figures

6A and 6B; top panels) or ActD (data not

shown) resulted in a marked decrease in

the level of neuron-specific miRNAs

miR-124, -128, -134, and -138. However,

levels of another neuron-enriched miRNA,

miR-132, and miRNAs known to be either
ubiquitously expressed or enriched in glial cells (miR-16, 23a/b,

-25, -29c, -193a; Landgraf et al., 2007) were not markedly

affected. Similar rapid decay of many miRNAs was also

observed in mouse cultured cortical neurons (Figure 6C). We

note that, in most instances, the levels of mature neuronal

miRNAs decreased only �2-fold, indicating that either only

part of the cellular miRNA pool is accessible to the degradation,

or that miRNAs turn over rapidly only in a fraction of neurons

(see Discussion). As expected, pri-miRNAs underwent fast

degradation no matter whether they were precursors to neuronal

or nonneuronal miRNAs (Figures 6A–6C).

Interestingly, in all three investigated cultures the inclusion of

tetrodotoxin (TTX), a toxin which blocks sodium channels and

neuronal action potentials, prevented rapid turnover of miRNAs

(Figure 6, panels +TTX +a-Am). Incubation with TTX in the absence

of transcription inhibitors had no effect on miRNA levels (Figure 6,
ffer injections) or 18S rRNA (for ActD injections) are

ere set to one.
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Figure 6. Activity-Dependent Decay of miRNAs in Different Types of Neurons

(A) Organotypic hippocampal slices.

(B) Dissociated hippocampal neurons (DIV12).

(C) Dissociated neocortical neurons (DIV25).

Levels of mature miRNAs (upper and two bottom rows) or pri-miRNAs (second row) were determined using RNA from cultures treated for the indicated times with

a-Am or TTX alone, or a mixture of both. TTX was added to hippocampal slices and cultured neuron, 1.5 and 0.5 hr prior to the addition of a-Am, respectively.

Values, normalized for U6 RNA, are means ± SEM (n R 3), with controls at 0 hr set to one. Note that in cortical neuron preparations, the nonneuron specific

miRNAs (miR-16 and -25) also show accelerated turnover. ND, not detectable.

See also Figure S6.
panels +TTX). We have verified that TTX is unlikely to affect the

transcription of miRNA genes since its inclusion had no effect on

pri-miRNA levels in any system (Figures S6A–S6C). Likewise,

TTX had no apparent effect on the processing or turnover of pri-

miRNAs (Figures S6A–S6C). These results also argue against

TTX having any effect on the action of a-Am as transcription inhib-

itor. Analysis of hippocampal slices and dissociated neurons

treated with a-Am or a-Am+TTX, by either staining with calcein

AM (CalAM; staining live cells) and ethidium homodimer-1 (EthD-

1; staining dead cells) or counting apoptotic nuclei, indicated
626 Cell 141, 618–631, May 14, 2010 ª2010 Elsevier Inc.
that toxic effects of the inhibitors were very limited (Figures S6D

andS6E).Thisarguesagainstapossibility that theobservedreduc-

tions in miRNA levels are results of selective neuronal loss upon

inhibitor treatment. In summary, our data indicate that accelerated

turnover of miRNAs in neurons is dependent on their activity.

Activity-Dependent Turnover of miRNAs in Neurons
Derived from ES Cells
To obtain additional evidence that miRNAs turn over faster in

neurons than in nonneuronal cells, we used an in vitro system



Figure 7. Analysis of Turnover of miRNAs in Mouse ES Cells and Neurons Derived from Them

(A) Scheme of the in vitro differentiation of mouse ES cells into neuronal progenitors (NP) and neurons (DN).

(B–D) Effect of a-Am or TTX + a-Am on the level of indicated miRNAs in ES cells or neurons maintained in culture for 15 or 25 days.

(E–G) Effect of a-Am, glutamate + a-Am, or NBQX/CPP + glutamate + a-Am on the level of miRNAs in ES-cell-derived neurons (E and G) and hippocampal

neurons (F). For cultures treated with NBQX/CPP and a-Am (black triangles), only miR-132 level measurements are shown in panels E and F. Levels of other

miRNAs were not affected by this treatment (not shown). Glutamate and/or NBQX/CPP were added to cultures 15 min prior to the addition of a-Am. Following

a-Am addition, cultures were collected at indicated times (0–6 hr for panels B–D; 0–2 hr for panels E–G). Values, normalized for U6 RNA, are means ± SEM (n = 4).

See also Figure S7.
in which mouse ES cells are differentiated into a population of

glutamatergic neurons. In this system, ES cells are first differen-

tiated into neural progenitors (NPs) characterized as radial glial

cells, which then give rise to differentiated pyramidal neurons

(DNs; Figure 7A), known to form functional synaptic connections

(Bibel et al., 2004). We found that in nondifferentiated ES cells

(Figure 7B), NPs (not shown), and DNs maintained in culture

for 15 days (Figure 7C), miRNAs did not show any appreciable

turnover during the 6 hr following the a-Am addition (Figures

7B and 7C) or ActD (data not shown); as expected, pri-miRNAs

and uPA mRNA turned over rapidly in these cells (Figures S7E

and S7F). In marked contrast to the 15 day culture, in neurons
cultured for 25 days neuronal miRNAs miR-124, -128, -134,

and -138 turned over rapidly, and their turnover was blocked

by TTX; in contrast, no significant changes in the level of miR-

132, and constitutive miRNAs miR-16, -23b, and -25b were

seen (Figure 7D). In control experiments, we have verified that

the pri-miRNA levels decreased in 25 day cultures in the pres-

ence of a-Am with similar kinetics irrespective of TTX being

added to the assays (Figure S7G). Moreover, addition of a-Am

and/or TTX (or glutamate and/or NBQX/CPP; see below) did

not result in a substantial cell death, particularly when cells

were treated with inhibitors for 2 hr (Figure S7H), sufficient time

to reach maximal changes in miRNA levels (Figure 7D). We
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also ascertained that the observed changes in miRNA levels were

not due to changes in levels of Dicer or Argonaute-2 (AGO2),

proteins required for miRNP assembly; treatment with a-Am or

a-Am + TTX had no effect on levels or electrophoretic mobility

of these proteins in 25 day ES-cell-derived or hippocampal

neurons (data not shown).

The ES-cell-derived neurons express glutamate receptors and

respond to glutamate stimulation (Bibel et al., 2004). Thus, we

tested whether glutamate has an effect on miRNA turnover in

neurons cultured for 25 days. Blocking glutamate receptors with

NBQX/CPP (6-nitro-2,3-dioxo-1,4-dihydrobenzo[f]quinoxaline-

7-sulfonamide, blocking AMPA and kainate receptors, plus (±)-

3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic acid, blocking

NMDA receptors) prevented turnover of miR-124, -128, -134,

and -138 but, surprisingly, activated decay of miR-132, which

did not show any turnover in control neurons (Figure 7E). In

contrast, the addition of glutamate markedly accelerated decay

of miR-124, -128, -134, and -138, and also made constitutive

miRNAs decay at an appreciable rate; inclusion of NBQX/CPP

blocked the effect of exogenous glutamate (Figure 7E). Notably,

miR-132 again showed an opposite trend. Its degradation was

accelerated on the blocking of glutamate receptors and not by

treatment with glutamate. Identical results were obtained with

dissociated hippocampal neurons (Figure 7F).

We have also tested whether glutamate can induce the decay

of miRNAs in ES-cell-derived neurons cultured for 15 days. The

addition of glutamate,or NBQX/CPP plus glutamate, had no effect

on the turnover of any miRNA (Figure 7G). To follow the electro-

physiological properties of the ES-cell-derived neurons as a func-

tion of time in culture, we cultured them on microelectrode arrays

(MEAs) and recorded their spontaneous spiking activity. Although

some spiking was already visible after 10 to 15 days, maximal

activity was reached after 25–30 days of culturing (Figure S7I).

In summary, these experiments indicate that in both ES-cell-

derived and hippocampal neurons neuronal activity may have

both stimulatory and inhibitory effects on miRNA turnover.

Experiments with differentiated ES cells also suggest that

neurons have to reach a certain level of maturity or connectivity

to manifest activity-dependent changes in miRNA decay.

DISCUSSION

In this work, we identified miRNAs which respond to different light

conditions in mouse retinal neurons, independent of the circadian

clock. Levels of the sensory neuron-specific miR-183/96/182

cluster, and miR-204 and -211, were downregulated during

dark adaptation and upregulated during light adaptation, with

rapid miRNA decay and increased transcription being respon-

sible for the respective changes. We identified the voltage-

dependent glutamate transporter, Slc1a1, as one of the targets

of the light-regulated miR-183/96/182 cluster; other likely targets

of these miRNAs in photoreceptor cells include Paip2b and

Atp1b3. We found that many miRNAs in retinal, and also nonreti-

nal, neurons turn over much faster than miRNAs in other cell

types. Blocking action potentials with TTX, or glutamate recep-

tors with NBQX/CPP, strongly affected miRNA turnover rates,

indicating that active miRNA metabolism may be important for

the function of neurons.
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Different algorithms were previously used to predict targets of

miRNAs expressed in the retina, and, in a few instances, the val-

idity of the predictions was tested using 30-UTR reporter fusions

in HEK293 or NIH 3T3 cells overexpressing retinal miRNA mimics

(Arora et al., 2007; Xu et al., 2007). Using three different algo-

rithms, we compiled a list of potential miR183/96/182 targets,

including 214 mRNAs expressed in the mouse retina. Levels of

12 of them were up by more than 2-fold (p < 0.05) in the photore-

ceptor layer of the DA retina as compared to the LA retina, consis-

tent with the decrease in miR-183/96/182 miRNAs in the dark.

For mRNA encoding SLC1A1, we obtained compelling

evidence that it is a bona fide target of miR-183/96/182 miRNAs.

In addition to the support obtained from reporter assays, per-

formed in vitro and in vivo, we found that: (1) the AAV-mediated

expression of ‘‘sponges,’’ which titrate miR-183/96/182 miRNAs

in photoreceptors in vivo, resulted in a marked increase in the

SLC1A1 level in the LCM-dissected photoreceptor layer; and,

(2) in the western blot analyses, the level of SLC1A1 increased

2- to 3-fold during dark adaptation, an effect expected to

accompany the decrease in miR183/96/182 in the dark. Experi-

ments listed in (1) and (2), indicated that also Paip2b and Atp1b3

are likely to represent miR183/96/182 targets. To our knowledge,

Slc1a1, Paip2b, and Atp1b3 represent the first examples of

miRNA-regulated mRNAs documented in the physiological

context of the retina.

The finding that Slc1a1, which encodes a neuronal glutamate

transporter, is a target of the miR-183/96/182 cluster, and that its

level increases in the dark, is intriguing. Glutamate is the neuro-

transmitter used by vertebrate photoreceptors (Copenhagen

and Jahr, 1989). In the dark, photoreceptors are depolarized

and release glutamate. Light hyperpolarizes the membrane and

the release of glutamate is reduced. It has been shown that

glutamate transporters help to clear glutamate from the synaptic

cleft in rods and cones (Gaal et al., 1998; Hasegawa et al., 2006).

In the DA state, the load on rod glutamate transporters is higher

than in the LA state, when rods are saturated by light, and there-

fore the upregulation of glutamate transporters in the dark may

help to scavenge glutamate from the synaptic cleft. In LA retinas,

when SLC1A1 expression of is low (Figures 2B and 2D), it has

been suggested (Hasegawa et al., 2006) that the glutamate

transporter in rods is SLCA1A7. However, immunohistochemical

evidence shows that SLC1A1 is also present in rods (Kugler and

Beyer, 2003). We propose that SLCA1A1 in the dark helps

SLC1A7 to remove glutamate from the first visual synapse.

Kinetic experiments and the use of transcription inhibitors

have revealed that all tested miRNAs, both light-regulated and

constitutively expressed, decay in retinal neurons very rapidly

(T1/2 of 1h or less). This contrasts with the situation in purified

Müller glia and rod bipolar cells, in which no decrease in the level

of miRNAs was observed during 3 hr of a-Am treatment. Inhibitor

experiments also indicated that fast upregulation of miR-

183/96/182, miR-204 and -211 levels upon exposure to light is

due to increased transcription of the respective genes. It is

important to emphasize that, while turnover experiments with

nonretinal neurons involved the use of a-Am or ActD, the rapid

decay of miRNAs in the retina in vivo was observed upon transfer

of animals from light to dark, thus under physiological conditions,

in the absence of the inhibitors.



Rapid decay of many miRNAs was also observed in cultured

rodent neurons or hippocampal slices, and in neurons differenti-

ated from mouse ES cells in vitro. In all these systems, the

addition of a-Am or ActD resulted in a rapid decrease in the level

of neuron-specific miRNAs such as miR-124, -128, -134,

and -138, In contrast, we observed no appreciable decay of miR-

NAs over 6 hr in cultured NIH 3T3, RPE-1 or ES cells. Experi-

ments with neurons indicated that miRNA turnover may be

subject to complex activity-dependent regulation. In all four

neuronal cultures investigated, blocking action potentials with

TTX prevented rapid turnover of miRNAs. Blocking glutamate

receptors with NBQX/CPP likewise prevented turnover of miR-

124, -128, -134, and -138 in hippocampal and ES-cell-derived

neurons, while the addition of glutamate accelerated it. Notably,

the behavior of miR-132 was opposite to the other miRNAs. Its

degradation was induced by the blocking of glutamate receptors

and not by the addition of glutamate. miR-132 represents one of

the most studied neuronal miRNAs. Its transcription is upregu-

lated by light and it modulates the expression of clock genes in

the superchiasmatic nucleus in mice (Cheng et al., 2007). Impor-

tantly, the expression of miR-132 is activated in response to

neuronal stimulation in rodent brain or culture neurons (Wayman

et al., 2008; Nudelman et al., 2009), and miR-132 is required for

activity-dependent dendritic growth and spine formation

(Wayman et al., 2008; Impey et al., 2010). These findings, clearly

distinguishing the activity of miR-132 from that of miRNAs such

as miR-134 or -138, which generally reduce dendritic spine

growth (reviewed by Schratt, 2009), provide a possible rationale

explaining why miR-132, in contrast to miR-134 or -138, is not

a subject of the accelerated decay in active neurons.

The dependence of miRNA decay on neuronal activity may also

explain why miRNAs were found to turn over fast in FACS-sorted

amacrine cells but not rod bipolar cells. Rod bipolar cells are

thought to be inactive during daylight conditions, while amacrine

cells are activated during both dark and light states (Wässle,

2004). Since both types of cells were collected during daylight,

it is likely that rod bipolar cells were less, or not at all, active.

The observation that miRNAs decay fast in ES-cell-derived

neurons cultured for 25 but not 15 days is also consistent with

the idea that a defined level of neuronal maturation or connectivity

is essential for increased catabolism of miRNAs. The MEA

recordings showed that spontaneous spiking activity of 25 day

neurons is substantially higher than that of 15 day neurons. In

addition, we found that neither NBQX/CPP nor glutamate had

any effect on miRNA decay in 15 day cultures.

Rajasethupathy et al. (2009) reported recently that levels of

two miRNAs, miR-124 and -184, are downregulated 2- to 3-

fold in Aplysia neurons upon stimulation with serotonine,

although no inhibitor studies were performed to determine the

mechanism involved. In another recent report, Sethi and Lukiw

(2009) found that brain-enriched miRNAs in human primary

neural cultured cells and postmortem brain tissues have a T1/2

of 1-3.5h. Hence, rapid and/or activity-regulated miRNA decay

may be a general feature of neurons. This contrasts with the situ-

ation in nonneuronal cells in which miRNAs generally turn over

very slowly (Bhattacharyya et al., 2006; Hwang et al., 2007; this

work), with estimated half-lives extending even beyond 24 hr

(Gatfield et al., 2009).
What could be a role of accelerated turnover of miRNAs in

neurons, and why would turnover be dependent on neuronal

activity? Several hundred protein-coding genes have been iden-

tified in cortical and hippocampal neurons whose transcription is

regulated by neuronal activity. Many of them encode transcrip-

tion factors while others specify proteins with important func-

tions in dendrites and synapses (reviewed by Flavell and

Greenberg, 2008). Possibly, the rapid turnover of miRNAs and,

consequently, a continuous supply of de novo-transcribed miR-

NAs, are prerequisites for the assembly of new miRNPs, which

would be available for regulating the newly-synthesized

activity-dependent mRNA targets. Such regulation might involve

not only translation or stability of the targeted mRNAs, but also

their localization and expression in neuronal processes (Schratt

2009). Blocking neuronal activity would make the need for rapid

miRNA metabolism obsolete because of the diminished supply

of potential mRNA targets. In another scenario, the fast decay

of miRNAs might by important for stimulating translation of

neuronal mRNAs, e.g., those located at dendritic spines, in

response to synaptic activity (reviewed by Kosik, 2006; Schratt

2009).

In the future, it will be important to establish what factors are

responsible for the rapid decay of miRNAs and its regulation in

neurons. Enzymes responsible for miRNA turnover are beginning

to be identified (Ramachandran and Chen, 2008; Chatterjee

and Grosshans, 2009). In addition, the first examples of regu-

lated miRNA turnover, such as differences in the miR-29b half-

life between cycling and mitotic HeLa cells (Hwang et al., 2007),

or the stabilizing effect of the A residue addition to the 30end

of miR-122 in liver (Katoh et al., 2009), have already been

reported.
EXPERIMENTAL PROCEDURES

Light/Dark Adaptation of Mice and Retina Isolation

C57BL/6 mice were obtained from RCC (Fullinsdorf, Switzerland). Unless indi-

cated otherwise, 6- to 8-week-old animals were used for the experiments. LA

animals were kept in a room at 450 lux. For dark adaptation, animals were kept

in a dark chamber with a maximum of 0.4 lux. Retinas from DA mice were iso-

lated under dim red light.
Laser Capture Microdissection

For extraction of RNA from laser capture microdissection (LCM) dissected

layers, isolated retinas were cryoprotected in 20% sucrose for 15 min and

embedded in Shandon M-1 (Thermo Fisher) embedding matrix to 20%

sucrose ratio 1:2. Frozen tissues were cut into 18 mm thick sections and

mounted on RNase-free MMI (Molecular Machines & Industries AG)

membrane slides. For RNA isolation, retinal sections from 5 mice were stained

with Mayer’s hematoxylin for 5 s, fixed, and dehydrated for 50 s in 100%

ethanol. After the sections were briefly air dried, �50,000 cells were captured

from each retinal cell layer using MMI CellCut Plus System microscopy. Total

RNA was extracted from captured cell layers using Trizol reagent. For protein

analysis by western blotting, retinas were cryoprotected in 20% sucrose con-

taining 10 mg/ml DAPI and embedded as described above. Sections were

fixed and dehydrated in ice-cold methanol for 50 s. Once the sections were

briefly air dried, �100,000 cells were captured from each retinal layer, lysed

in 13 lysis buffer containing 50 mM Tris, (pH 7.5), 10 mM EDTA, 1% SDS,

and 13 protease inhibitor cocktail (Roche). For retinas infected with AAV2-

Rho-EGFP/triple sponge or AAV2-Rho-EGFP/control viruses, �50,000 cells

from the EGFP-fluorescence-positive ONL+OS/IS layers were captured

and lysed.
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In Vivo Retina Electroporation and Two-Photon Ratiometric Imaging

Subretinal injection and in vivo electroporation of plasmids into newborn

(P0 or P1) mouse pups was as described by Matsuda and Cepko (2004).

A two-photon microscope (custom in-house design by J.D. and B.R.) equip-

ped with a 603 water immersion lens (0.90W, LUMPlanFI/IR, Olympus, Japan)

was used for ratiometric EGFP/RFP imaging.

Cell and Organotypic Tissue Cultures

Organotypic hippocampal slices were prepared from Wistar rats at postnatal

day 5 (Stoppini et al., 1991). 25-day-old cultures were used for all experiments.

Primary hippocampal neurons were prepared from E18.5 Sprague-Dawley

rats and cultured on plates coated with laminin (Schratt et al., 2004). They

were maintained in culture for 12 days in Neurobasal Medium (Invitrogen) sup-

plemented with B27 (Invitrogen), 0.5 mM L-glutamine, and antibiotics. Mouse

neocortical primary neurons were isolated from E16.5 C57Bl/6 mouse

embryos and cultured for 28 days in serum-free medium, and supplements

on dishes coated with poly-DL-ornithine.

ES cells, derived from blastocysts (3.5 PC) of mixed 129-C57BL/6 back-

ground mice, were cultured on feeder and subsequently without feeder of

MEF cells, using 3i medium. Differentiation was performed essentially as

described previously (Bibel et al., 2004) and cells were collected either 15 or

25 days after embryoid bodies dissociation.

Treatment with Inhibitors

For testing the effect of inhibitors on RNA metabolism in retina, animals main-

tained under 12 hr light/dark photoperiods were anesthetized and one of the

eyes was injected both subretinally and intravitreously with 2 ml of 200 mM a-

Am or ActD (Weiler et al., 1998) in 13 PBS containing 1% DMSO. The inhibitors

were injected 10 min before initiating light/dark adaptation experiments (see

Figures 4A and 4B and Figures S5A and S5B.

Organotypic hippocampal slices and cell cultures were treated with a-Am or

ActD (both at 10 mg/ml; Sigma) for indicated time. To block voltage-dependent

Na+-channels, TTX (LATOXAN, France) was added to the medium at final

concentration of 1 mM either 1.5 hr (organotypic slices) or 0.5 hr (cell cultures)

prior to blocking of transcription. To block ionotropic glutamate receptors,

NBQX (10 mM, Sigma) plus CPP (10 mM, Sigma) were used. Glutamate was

added to the medium at final concentration of 10 mM (Bibel et al., 2004),

15 min prior to blocking of transcription.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures,

Supplemental References, seven figures, and three tables and can be found

with this article online at doi:10.1016/j.cell.2010.03.039.
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