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Detection of Mammalian microRNA Expression
by In Situ Hybridization With RNA
Oligonucleotides
Monika Deo,1 Jenn-Yah Yu,1,2† Kwan-Ho Chung,1,2 Melissa Tippens,1 and David L. Turner1–3*

We have developed an in situ hybridization procedure for the detection of microRNAs (miRNAs) in tissue
sections from mouse embryos and adult organs. The method uses highly specific washing conditions for
RNA oligonucleotide probes conjugated to a fluorescein hapten. We show that this method detects
predominantly mature miRNAs rather than the miRNA precursors or primary transcripts. We have
determined expression patterns for several miRNAs expressed in the developing and adult nervous system,
including miR-124a, miR-9, miR-92, and miR-204. Whereas miR-124a is expressed in neurons, miR-9 is
expressed in neural progenitors and some neurons, and miR-204 is expressed in the choroid plexus, retinal
pigment epithelium, and ciliary body. miR-204 is located in an intron of the TRPM3 gene, and the TRPM3
mRNA is coexpressed with miR-204 in the choroid plexus. We also find that primary transcripts for miR-124a
and miR-9 genes are expressed in patterns similar to their respective mature miRNAs. The ability to
visualize expression of specific miRNAs in embryos and tissues should aid studies on miRNA function.
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Key words: microRNA; in situ hybridization; brain; choroid plexus; retina

Accepted 14 April 2006

INTRODUCTION

During the past several years, hun-
dreds of genes for small noncoding
RNAs known as microRNAs (miR-
NAs) have been identified in mam-
mals and other animals (Lagos-Quin-
tana et al., 2001, 2002; Lau et al.,
2001; Lee and Ambros, 2001; Moure-
latos et al., 2002; Dostie et al., 2003;
Lim et al., 2003a; Bentwich et al.,
2005; Berezikov et al., 2005; Sewer et
al., 2005; Xie et al., 2005). miRNAs are
typically 20–24 nucleotides (nt) in
length and mediate sequence-specific
binding of a protein–miRNA complex

to partially or completely complemen-
tary sequences in target mRNAs. The
protein–miRNA complex then nega-
tively regulates gene expression at the
level of mRNA stability and/or trans-
lation (Yekta et al., 2004; Bagga et al.,
2005; Liu et al., 2005; Petersen et al.,
2006). The synthesis of miRNAs is a
multiple-step process. Initially, miR-
NAs are transcribed by RNA polymer-
ase II as long primary transcripts (pri-
miRNAs) that are cleaved by the
Drosha endonuclease to release ap-
proximately 60-nt stem-loop precur-
sors (pre-miRNAs; Lee et al., 2003;

Gregory et al., 2004; Zeng et al., 2005).
The stem-loop precursor is exported
from the nucleus and processed by the
Dicer endonuclease to release the ma-
ture miRNA so that it can be incorpo-
rated into a complex with a member
of the Argonaute protein family
(Hutvagner et al., 2001; Ketting et al.,
2001; Lee et al., 2002; Mourelatos et
al., 2002; Meister et al., 2004).

Tissue-specific cloning, Northern
blot, and microarray analyses have re-
vealed that most mammalian miRNAs
are expressed in specific tissues (La-
gos-Quintana et al., 2002, 2003;
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Dostie et al., 2003; Krichevsky et al.,
2003). Strikingly, many miRNAs are
expressed preferentially or exclu-
sively in developing and/or adult ner-
vous system, suggesting that miRNA
regulation may play a large role in
mammalian neurogenesis or neuronal
function. Functional analyses have
identified miRNAs that regulate neu-
ronal cell fate and differentiation in
invertebrates (Johnston et al., 2005),
and recent studies have suggested
roles for several miRNAs in mamma-
lian neuronal differentiation (Krichev-
sky et al., 2005; Vo et al., 2005; Wu and
Belasco, 2005).

One limitation on analysis of
miRNA functions in the mammalian
nervous system has been the difficulty
in determining the expression pat-
terns for specific miRNAs. Most stud-
ies have determined miRNA expres-
sion by analysis of RNA isolated from
dissected tissue, an approach with
limited spatial resolution. An alterna-
tive, used in both invertebrates and
vertebrates, has been to introduce a
genetically encoded sensor molecule
that is expressed widely but inhibited
in cells in which a specific miRNA is
present (Brennecke et al., 2003;
Mansfield et al., 2004; Smirnova et
al., 2005). Although powerful, this
method requires transgenic animals
to visualize expression in vivo. Re-
cently, it has been reported that non-
radioactive in situ hybridization with
locked nucleic acid (LNA) probes la-
beled with a digoxigenin hapten can
be used to detect miRNAs (Sokol and
Ambros, 2005; Wienholds et al., 2005;
Kloosterman et al., 2006; Nelson et
al., 2006). We have independently de-
veloped an in situ hybridization
method for miRNA detection based on
RNA oligonucleotide probes linked to
a fluorescein hapten. Here, we show
that this method can be used to di-
rectly detect mature miRNAs in tissue
sections from developing mouse em-
bryos, adult brain, and eye.

RESULTS

Conventional nonradioactive in situ
hybridization uses synthetic RNA
probes complementary to a region of
an mRNA from several hundred to
several thousand nucleotides in
length, with a hapten present approx-
imately every 25 nt on the probe, and

probes are detected with antibody to
the hapten. Although mature miRNAs
are only approximately 22 nt in
length, they are much more abundant
than mRNAs (Lim et al., 2003b),
which suggested to us that an oligonu-
cleotide probe with a single hapten
could bind to a sufficient number of
copies of a specific miRNA to compen-
sate for the reduced number of hap-
tens per probe. Highly stringent wash
conditions have been developed for the
detection of mismatches in DNA after
hybridization with labeled DNA oligo-
nucleotide probes, based on the use
of tetramethyl ammonium chloride
(TMAC) to make the melting temper-
ature (Tm) of the oligonucleotide and
its target a function of duplex length,
independent of GC content (Wood et
al., 1985; Jacobs et al., 1988; Litt et
al., 1998). TMAC also reduces the
melting temperature of an RNA:RNA
duplex to that of an equivalent DNA:
DNA duplex (Golas et al., 1980). On
the basis of these considerations, we
developed an in situ hybridization
procedure for tissue sections that uses
RNA oligonucleotide probes for se-
quence specific detection of miRNAs.
RNA oligonucleotide probes with �20
nucleotides complementary to an
miRNA of interest were chemically
synthesized with a 5�-fluorescein as
hapten. The choice of RNA oligonucle-
otides permitted RNase treatment
after hybridization to remove non-
specifically bound probe. After hy-
bridization, RNase treatment, and
TMAC washes, bound probes were
detected with an alkaline phospha-
tase (AP) -conjugated anti-fluores-
cein antibody.

The miR-124a miRNA is neural spe-
cific (Lagos-Quintana et al., 2002). We
detected miR-124a expression through-
out the central nervous system (CNS) in
sagittal sections of mouse E11.5 and
E14.5 embryos after hybridization with
an RNA oligonucleotide probe comple-
mentary to 20 nt of miR-124a (Fig. 1A–
C). A probe complementary to the 5�
arm of the stem-loop precursor, miR-
124a*, did not generate a signal, nor did
a probe for miR-124a with two internal
mismatches (miR-124a-m2), indicating
that the detection is highly sequence
specific (Fig. 1A–C). A probe comple-
mentary to the entire 21-nt miR-124a
sequence yielded an identical expres-
sion pattern at E14.5 (not shown). Un-

der the same conditions, a probe with
the sequence of the miR-124a reversed
(and, thus, not complementary to any
known miRNA) generated no signal
(Fig. 1C). Expression of miR-124a was
low or undetectable in the ventricular
zones of the CNS, but present broadly
in areas with differentiating neurons. A
similar expression pattern was ob-
served in transverse sections of E14.5
spinal cord and in E16.5 brain (not
shown). The expression of miR-124a
closely resembles the expression of the
HuC mRNA (Akamatsu et al., 1999),
which encodes an RNA binding protein
present in differentiating and mature
neurons (Fig. 1C).

We wanted to determine whether
the signal we detected after hybridiza-
tion with the miR-124a probe repre-
sented detection of the mature miRNA
or detection of either the pre-miRNA
stem-loop precursor or the pri-miRNA
transcript. The lack of a signal with a
probe for the miR-124a* strand sug-
gested that we were not detecting the
stem-loop precursor. Identical copies
of the miR-124a miRNA are encoded
by three different genes, miR-124a1/
a2/a3, located on different chromo-
somes in the mouse, and all are ex-
pressed in the developing CNS (see
below). These three genes encode
closely related stem-loop precursors,
but their sequences diverge com-
pletely outside of the stem-loop pre-
cursor. We made probes complemen-
tary to the miR-124a1 pre-miRNA
loop, a sequence in the miR-124a1 pri-
mary transcript located 3� to the stem-
loop precursor, or to sequences at the
junctions between the miRNA and the
precursor/primary transcript (Fig.
1A). None of these probes generated
significant signals (Fig. 1C), indicat-
ing that the miR-124a probe predom-
inantly detected the mature miRNA.

To confirm that the signal detected
with the miR-124a probe was depen-
dent on the expression of the miR-
124a miRNA, we transiently trans-
fected undifferentiated mouse P19
embryonal carcinoma cells, which do
not express miR-124a, with a vector
that expresses the miR-124a1 pri-
mary transcript, leading to synthesis
of functional mature miR-124a (Yu et
al., manuscript in preparation). As
controls, P19 cells were transfected
with vectors expressing either a mul-
timerized myc epitope tag or a miR-
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Fig. 1. Detection of miR-124a expression in mouse embryos by in situ hybridization. A: RNA oligonucleotide probes complementary to miR-124a,
the miR-124a stem-loop precursor, and/or flanking primary transcript sequences from the miR-124a1 gene. The miR-124a-3p probe is complementary
to a sequence in the miR-124a1 primary transcript 3� to the region shown; the miR-124a-reverse probe is not complementary to a known miRNA.
Bases in lower case are not complementary to the target RNA. B: Sagittal sections from embryos at embryonic day (E) 11.5 or E14.5 hybridized with
the indicated probes. Two mismatched nucleotides in the miR-124a-m2 probe abolish staining. C: Head regions from E14.5 embryos hybridized with
the indicated probes. Expression of miR-124a is similar to HuC, an mRNA expressed in differentiating and mature neurons. Probes against other
sequences in the miR-124a1 precursor or primary transcript do not generate a signal, indicating that the miR-124a signal is from the mature miRNA.
Processing and staining times were identical for all oligonucleotide probes in C. HuC was detected by standard in situ hybridization using an in vitro
transcribed riboprobe. Anterior is to the left in all images.



124a1 primary transcript in which six
nucleotides of the mature miR-124a
sequence were mutated. In situ hy-
bridization with the miR-124a probe
labeled the cytoplasm of cells trans-
fected with the miR-124a1 expression
vector, but no signal was detected in
cells transfected with the control vec-
tors or hybridized with the miR-
124a-m2 probe or a probe directed
against the junction between the
miRNA and the miR-124a1 primary
transcript (Fig. 2).

miR-124a originally was isolated
from adult mouse brain. In situ hy-
bridization with the miR-124a probe
on coronal sections of adult mouse
brain labeled cells throughout most of
the brain, including the cerebral cor-
tex and hippocampus (Fig. 3). The
most intense expression was observed
in hippocampal granule cells and the
outer layers of the piriform cortex.
However, signal was absent from the
white matter, suggesting that miR-
124a expression may be restricted to
neurons. Previous observations using
miR-124a sensor construct indicated
that miR-124a is expressed in neurons
but not glia in culture (Smirnova et
al., 2005). The miR-124a signal ap-
peared to localize primarily to the cy-
toplasm (Fig. 3B), with little or no sig-

nal detected in the nucleus, identical
to the localization we observed in
transfected P19 cells.

We wanted to compare the expres-
sion of mature miR-124a with its pri-
mary transcripts. Although the miR-
124a primary transcripts have not
been characterized in detail, ex-
pressed sequence tags map at or near
each miR-124a gene. We obtained a
3.8-kb cDNA that included miR-
124a1, and we used reverse transcrip-
tase-polymerase chain reaction (RT-
PCR) to isolate cDNAs for the miR-
124a2 and miR-124a3 genes. In vitro
transcribed fluorescein-labeled anti-
sense riboprobes were generated for
each primary transcript and used for
in situ hybridization on mouse E14.5
embryo sections and adult brain sec-
tions. All three primary transcript
probes labeled cells throughout the
CNS, each with a similar pattern, in-
dicating that there is extensive over-
lap in the expression of the primary
transcripts (Fig. 4). The signal from
the riboprobe for miR-124a2 was con-
sistently weaker on embryo sections
than the other two primary transcript
probes. Similar results were obtained
with a miR-124a1 probe that did not
contain the miRNA stem-loop region
(not shown). No obvious differences

were apparent when the mature miR-
124a expression detected with oligo-
nucleotide probes (above) was com-
pared with the expression patterns
observed for the three miR-124a pri-
mary transcripts.

We also examined the expression of
miR-9, another neural-specific miRNA
that is expressed during neural devel-
opment and in the adult brain (Lagos-
Quintana et al., 2002; Krichevsky et
al., 2003). miR-9 is detected in cells
along and near the ventricles of the
CNS as well as throughout the dorsal
telencephalon at E11.5 (Fig. 5A). The
expression of miR-9 is roughly compli-
mentary to that of miR-124a at E11.5.
At E14.5, miR-9 expression is main-
tained throughout the developing ce-
rebral cortex, but strong expression of
miR-9 appears reduced to a single
layer of cells lining the ventricles in
the remainder of the CNS (Fig. 5B).
For most miRNAs, one strand of the
stem-loop precursor is present as a
mature miRNA, whereas a mature
miRNA derived from the complemen-
tary “*” strand is much less abundant
or undetectable (Lagos-Quintana et
al., 2001; Lau et al., 2001; Lee and
Ambros, 2001). However, miR-9*
(originally named miR-131) is readily
detected in the developing and adult
brain by cloning and Northern blot
analyses (Lagos-Quintana et al., 2002;
Krichevsky et al., 2003). Consistent
with this finding, in situ hybridization
using a probe complementary to
miR-9* detects a pattern of expression
similar to miR-9 at E14.5. Like miR-
124a, identical copies of miR-9/miR-9*
are encoded by three separate genes
in the mouse (miR-9-1/2/3). A ribo-
probe complementary to the miR-9-2
primary transcript produced a pattern
indistinguishable from miR-9/9* when
used for in situ hybridization (Fig.
5B). In the adult brain, expression of
miR-9 and the miR-9-2 primary tran-
script were still detectable in the sub-
ventricular zone near the lateral ven-
tricles, a site of adult neurogenesis in
the mouse (Fig. 5C), as well as in the
hippocampus (not shown). In contrast
to miR-9 and miR-124a, the unrelated
miR-92 microRNA was detected
throughout the nervous system and
also in non-neural tissue (Fig. 5A,B).
The miR-92 signal was slightly more
intense near the ventricles, and in-
triguingly, in the developing vestibu-

Fig. 2. Detection of miR-124a in P19 cells transfected with a miR-124a1 expression vector. Cells
transfected with a vector expressing miR-124a1, with a mutant version of miR-124a1 with six
altered bases in the miRNA, or with a control vector were hybridized with the indicated probes (see
Fig. 1A). miR-124a is detected in the cytoplasm of cells transfected with the miR-124a1 vector, but
not cells transfected with control vectors. The miR-124a1-J3 probe does not generate a signal,
indicating that only the mature miRNA is detected.
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locochlear ganglion. A similar pattern
was observed with a probe for miR-
19b (data not shown), a miRNA that is
contained in the same genomic cluster
as miR-92 (Lee et al., 2002; Tanzer
and Stadler, 2004).

In situ hybridization with a probe
for miR-204 revealed that, within the
brain, miR-204 is expressed specifi-
cally in the choroid plexus but not in
neural structures, both in E14.5 em-
bryos and in the adult (Fig. 6A,C). As
miR-204 expression previously had
not been reported in the choroid
plexus, we confirmed its expression
using Northern blot analysis of RNA
from dissected adult tissues (Fig. 6B).
miR-204 was detected in RNA from
the choroid plexus, but not the cere-
bral cortex, whereas the neural-spe-
cific miR-124a was detected in the cor-
tex and not the choroid plexus. miR-
204 is located within the sixth intron
of the transient receptor potential
melastatin 3 (TRPM3) cation channel
and is transcribed in the same direc-
tion as TRPM3 (Grimm et al., 2003;
Lagos-Quintana et al., 2003; Rodri-
guez et al., 2004). TRPM3 is expressed
in choroid plexus and eye (Oberwin-
kler et al., 2005). In situ hybridization
with a riboprobe complementary to
the TRPM3 mRNA (spanning exons
10–18) specifically labeled the choroid
plexus but not surrounding neural tis-
sues, confirming that TRPM3 and
miR-204 are coexpressed. In situ hy-
bridization with a riboprobe comple-
mentary to the TRPM3 intron 6
mostly labeled nuclei, while the miR-
204 signal was primarily cytoplasmic
(Fig. 6D,E), indicating that the miR-
204 probe is not detecting intronic
RNA from the TRPM3 gene.

The miR-204 miRNA was originally
isolated from the mouse eye. In situ
hybridization with the miR-204 probe
on adult mouse eye sections strongly
labeled the retinal pigment epithe-
lium (RPE) and the ciliary body (Fig.
7A,C). A weaker signal was also de-
tected in a subset of cells in the inner
nuclear layer of the retina. miR-224
was expressed in a similar pattern in
the eye (Fig. 7A), and like miR-204,
miR-224 is expressed in the choroid
plexus but not other brain tissue (data
not shown). In contrast, miR-124a was
detected in most cells in the neural
retina but not in the RPE (Fig. 7B).

DISCUSSION

We describe here a novel in situ hy-
bridization method for determining
spatial expression patterns of miR-
NAs in tissue sections. We have used
synthetic fluorescein-labeled RNA oli-
gonucleotides as hybridization probes,
permitting the use of RNase digestion
to remove unbound probe. Fluoresce-
in-labeled DNA oligonucleotide probes
also detected endogenous miRNAs,
but with substantially higher back-
ground on tissue sections, possibly
from nonspecifically bound probe (un-
published observations). To provide
sequence specificity, we have used
TMAC-based washes similar to those
used for allele-specific oligonucleotide
probes (Litt et al., 1998). For the
abundant miRNA miR-124a, we found
that two single nucleotide mismatches
with the probe essentially abolished
the hybridization signal. Using this
method, we have determined expres-

sion patterns for several neural-spe-
cific miRNAs.

While this work was in progress, a
different in situ method for the detec-
tion of mammalian miRNAs was re-
ported, based on the use of LNA
probes (Kloosterman et al., 2006; Nel-
son et al., 2006). We have focused on
detection of miRNA expression in tis-
sue sections and cell culture, whereas
in situ hybridization with LNA probes
has been applied to whole mount ze-
brafish and mouse (Wienholds et al.,
2005; Kloosterman et al., 2006), as
well as to human brain sections (Nel-
son et al., 2006) and Drosophila em-
bryos (Sokol and Ambros, 2005). In
contrast to our results, it was reported
that RNA or DNA oligo probes failed
to detect miRNAs (Kloosterman et al.,
2006). This discrepancy may reflect
the different conditions used, and/or
different labeling efficiencies for the
probes. As we have observed with

Fig. 3. Expression of miR-124a in adult mouse brain. A: miR124a is detected in neurons of the
cerebral cortex and hippocampus/dentate gyrus (CA1-3/DG), whereas the miR-124a-m2 mismatch
probe generates little signal. Expression is not detected in the corpus callosum (cc), suggesting that
miR-124a expression is not expressed in glial cells. B: Higher magnification view of cortex and
hippocampal granule cell layer (H). The signal from miR124a appears localized mostly to the
cytoplasm.
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RNA probes, LNA probes were able to
distinguish closely related miRNA se-
quences, and the expression patterns
observed with either method appear
similar (see below). One difference be-
tween the two methods is that we
have used TMAC washes to make the
Tm for probe duplexes independent of
base composition, allowing probes for
different miRNAs to be processed un-
der identical conditions. In contrast,
optimal specificity using the LNA
probes as described for mammalian
tissue requires that hybridization con-
ditions are adjusted for each probe
with a different Tm (Kloosterman et
al., 2006). The ability to use a single
set of conditions for all probes should
facilitate comparative in situ analyses
with multiple miRNA probes.

One concern with in situ detection
of miRNA sequences is whether ob-
served signals derive from a mature
miRNA or from a miRNA precursor or
primary transcript. Probes comple-
mentary to sequences in the stem-loop
precursor, the primary transcript, or
the junctions between these se-
quences and the miR-124a miRNA
failed to detect the miR-124a1 gene,
whereas a probe complementary to
mature miR-124a generated a robust
signal. These observations are consis-
tent with the observation that miR-

NAs are processed efficiently from
precursors and accumulate to high
levels in cells and indicate that we are
mainly detecting mature miRNAs. We
also examined the expression of pri-
mary transcripts for the three miR-
124a genes and the miR-9-2 gene. The
expression patterns of primary tran-
scripts and mature miRNAs appeared
similar, suggesting that production of
these miRNAs is regulated largely at
the level of transcription.

We find that miR-124a is expressed
in differentiating and mature neurons
throughout most of the CNS. In con-
trast, miR-9 appears to be expressed
in neural precursors in much of the
CNS, although it is also expressed in
differentiated cells in the telencepha-
lon. Hybridization with probes for
other miRNAs gave distinct patterns
in both embryos and the adult brain
(data not shown). The expression pat-
terns we observed for miR-124a,
miR-9, and miR-92 miRNAs in sec-
tions of E11.5 and E14.5 mouse em-
bryos appear consistent with the pat-
terns observed with LNA probes in
whole-mount E10.5 mouse embryos
and in zebrafish (Wienholds et al.,
2005; Kloosterman et al., 2006). Ex-
pression patterns for miR-124a and
miR-9 in adult mouse brain appear
similar to expression in adult human

brain detected with LNA probes (Nel-
son et al., 2006), except that we ob-
serve expression of miR-9 in the
mouse subventricular zone. This find-
ing may reflect differences in adult
neurogenesis between rodents and hu-
mans (Bedard and Parent, 2004).

The functional roles of most mam-
malian neural miRNAs, including
miR-124a and miR-9, are not yet un-
derstood. It has been proposed that
miR-124a plays a role in neuronal
identity by triggering degradation of
non-neuronal mRNAs (Lim et al.,
2005; Conaco et al., 2006). Krichevsky
et al. (2005) recently reported that
overexpression of miR-124a and miR-
9/9* together in embryonic stem cells
undergoing neural differentiation in-
creased the number of neurons rela-
tive to glia, while blocking miR-9 func-
tion in this system reduced the
number of neurons relative to glia.
Their observations suggest that miR-9
and miR-124a may play a role in neural
cell fate decisions. Our in situ hybrid-
ization results indicate that the extent
of miR-9 expression in the ventricular
zones becomes more restricted as CNS
development progresses, except in the
telencephalon (Fig. 5). An intriguing
possibility is that the restriction of
miR-9 expression could contribute to
the developmental shift from neuron
generation to glial cell generation. We
have found that, in mouse P19 cells dif-
ferentiating as neurons, overexpression
of miR-124a enhances neurite out-
growth whereas blocking miR-124a
function delays neurite outgrowth, and
overexpression of miR-124a or blocking
miR-124a function in primary cortical
neurons differentiating in vitro also al-
ters neurite outgrowth (J-Y. Yu et al.,
manuscript in preparation). These ob-
servations suggest a role for miR-124a
in regulating neuronal differentiation,
consistent with its widespread expres-
sion in differentiating neurons.

miR-204 was originally isolated
from the eye, and we observed that
miR-204 is highly expressed in the
RPE and the ciliary body. miR-204
also is specifically expressed in the
choroid plexus. Both the choroid
plexus and the ciliary body are in-
volved in the secretion of fluids (the
cerebrospinal fluid and the aqueous
humor, respectively), suggesting that
miR-204 could have a regulatory role
in this process. The miR-204 miRNA

Fig. 4. Expression of miR124a1-3 primary transcripts. A: Sagittal sections of embryonic day (E)
14.5 mouse embryos showing the expression patterns for miR-124a1, miR-124a2, and miR-124a3
detected with riboprobes. B: Detection of 124a1, 124a2, and 124a3 primary transcripts in adult
mouse brains by in situ hybridization with antisense riboprobes. The primary transcripts are not
detected in the corpus callosum (cc).
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is located in the intron of the TRPM3
gene, and TRPM3 is also expressed in
the choroid plexus, suggesting that
the miRNA and TRPM3 are derived
from a single transcription unit in
that tissue. TRPM3 encodes a cation
channel, but its biological function is
not known (Grimm et al., 2003; Ober-
winkler et al., 2005). A subset of miR-
NAs is located within the introns of
protein coding genes (Rodriguez et al.,
2004), and analysis of microarray data
has shown that the expression of sev-
eral intronic miRNAs is correlated
with the expression of the mRNA from
the same locus (Baskerville and Bar-
tel, 2005). However, in Drosophila, at
least some intronic miRNAs may not
be coregulated with the corresponding
mRNA (Aboobaker et al., 2005).

Using in situ hybridization, we have
demonstrated that several neural
miRNAs are expressed in specific but
distinct patterns during embryonic
development in the mouse. We also
have identified a new expression do-
main for miR-204, the choroid plexus,
which was not previously known to be
a site of miR-204 expression. It is
likely that in situ hybridization will
allow the detection of miRNAs that
are expressed in only small numbers
of cells. In addition, the ability to de-
tect the spatial patterns of miRNA ex-
pression should facilitate the analysis
of miRNA function.

EXPERIMENTAL
PROCEDURES

In Situ Hybridization

Embryos were fixed by overnight im-
mersion in 4% paraformaldehyde (4%
PFA) in phosphate buffered saline
(PBS) at 4°C, washed in PBS, dehy-
drated in 15% sucrose, and embedded
in OCT (Fisher). Twelve-micrometer
sections were cut on a cryostat, trans-
ferred to Superfrost/plus microscope
slides (Fisher), and stored at �20°C.

Detection of mRNAs by in situ hy-
bridization with riboprobes was essen-
tially as described by Birren and
Anderson (Birren et al., 1993), except
that riboprobes were synthesized by
in vitro transcription with UTP-fluo-
rescein (Roche) and detection used an
anti-fluorescein Fab2 fragment conju-
gated to AP (Roche 1426338), pre-ab-
sorbed with mouse embryo powder.

Fig. 5. Expression of miR-9 and miR-92 miRNAs in the developing central nervous system (CNS).
A: In embryonic day (E) 11.5 embryos, miR-9 is expressed in the neuroepithelium near the ventricles, in
a pattern mostly complementary to miR-124a. In contrast, an unrelated miRNA miR-92 is expressed
throughout most of the brain, although the most intense signals are near the ventricles (fourth ventricle:
IV) B: At E14.5, miR-9 is restricted to cells lining the ventricles (arrowheads), except in the dorsal
telencephalon where it is widely expressed. miR-9* is present in a similar pattern, as is a primary
transcript for miR-9/9* (miR-9-2-pri: detected by conventional in situ hybridization with a riboprobe). The
miR-92 miRNA is widely expressed, although the signal is more intense in the developing vestibulo-
cochlear ganglion (arrow). C: In the adult brain, miR-9 and the miR-9-2 primary transcript are detected
in the subventricular zone (SVZ). CP, choroid plexus.
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Riboprobes for primary transcripts
were made by T7 in vitro transcrip-
tion: a cDNA for miR-124a1 (IMAGE
clone BC030402, Invitrogen, 3,837 bp)
was subcloned into CS2p� (Rupp et
al., 1994; Turner and Weintraub,
1994). The miR-124a2 probe (2,264
bp) was isolated by RT-PCR from
embryonic day (E) 14.5 mouse brain
RNAusingprimersgagaattcGCAAGG-
GATGCTGTGAAAAGAG and gactcg-
agAGAAAGCCTTGCTGAGAGCCAC
(added restriction sites in lower case).

The miR-124a3 probe (795 bp) was
isolated by RT-PCR from adult mouse
brain RNA using primers gagaattc-
TGCACCCGTCAGAAGACTG and
gatctagaAAGCTGCACACTTCCC-
TCC. The miR9-2 probe was isolated
by RT-PCR from E14.5 mouse brain
RNA with primers gagaattcTGAA-
GAGAAGGACACTGCTGCTC and
gactcgagAACACTTTGACAAGAGGG-
GAGGC. TRPM3 probes were isolated
by RT-PCR from choroid plexus RNA
with the primers TRPM3-intron 6:

gaggatccCCATCATTGAGCCCATA-
ACTTTCC and gactcgagGCTGTG-
ACCCTTTAATTCAGTTCC, and
TPRM3-mRNA (exon): gaggatccACA-
GAGTTGACATCGCTCGCAG and
gactcgagTGATTCCCCATTGCTTC-
GCC. All PCR products were sub-
cloned into the CS2p� vector.

Detection of microRNAs by in situ
hybridization with oligoribonucleotide
probes used a modification of the pro-
cedure for riboprobes. Buffers and
specific conditions were chosen to op-
timize signal detection and sequence
specificity based on preliminary ex-
periments with probes for miR-124a
and other miRNAs (data not shown).
Steps were at room temperature un-
less specified otherwise. Slides were
warmed at 37°C for 30 min, fixed in
4% PFA in PBS for 20 min, and rinsed
twice in PBS for 10 min each. Tissue
was then treated with 10 �g/ml Pro-
teinase K (Roche) in 50 mM Tris pH
7.5 with 5 mM ethylenediaminetet-
raacetic acid (EDTA) for 6 min,
washed in PBS for 10 min, then fixed
in 4% PFA in PBS for 15 min. Slides
were incubated with 2.5 mM acetic
anhydride in 0.1 M tetraethanolamine
twice, for 5 min each. Slides were
washed in PBS for 20 min and prehy-
bridized in hybridization buffer at
37°C for 2.5 hr. Hybridization buffer:
50% formamide, 0.3 mg/ml yeast RNA
(ICN), 100 mg/ml heparin, 1� Den-
hardt’s solution (0.2% BSA, 0.2% poly-
vinylpyrrolidone, 0.2% Ficoll 400),
0.1% Tween 20, 0.1% CHAPS, 5 mM
EDTA, and 0.3 nmol/ml 12-mer ran-
dom sequence DNA oligonucleotides.
Fresh hybridization buffer with 1
�g/ml oligoribonucleotide probe was
added, and hybridization was per-
formed at 37° C for 17–18 hr. Slides
were washed once in 2� standard sa-
line citrate (SSC) for 15 min at 37°C,
treated with 10 �g/ml RNase A
(Roche) in 2� SSC for 30 min at 37°C,
and washed twice with 2� SSC for 15
min each. Three stringent washes
were performed using 3 M TMAC and
0.2% Tween 20 in 50 mM Tris pH 8.0
at 54°C. The first two washes were for
5min and the third for 10 min. Slides
were then rinsed twice with 0.1% Tri-
ton X-100 in PBS for 10 min, and
blocked for 1 hr in 20% sheep serum
(Jackson Laboratories) and 0.1% Tri-
ton X-100 in PBS. Slides were incu-
bated with preabsorbed anti–fluores-

Fig. 6. miR-204 and transient receptor potential melastatin 3 (TRPM3) are coexpressed in choroid
plexus. A: At embryonic day (E) 14.5 miR-204 is detected in the choroid plexus of the 4th ventricle.
B: Northern blot of RNA from adult cerebral cortex (ctx) and choroid plexus (cp) probed for miR-204
and later reprobed for miR-124a. miR-204 is detected only in choroid plexus, whereas miR-124a is
detected only in cortex. C: In situ hybridization with miR-204 and miR-124a probes on adult mouse
brain sections detects miR-204 but not miR-124a in the choroid plexus. D: miR-204 is located in
intron 6 of the TRPM3 gene. A riboprobe for the TRPM3 mRNA labels the choroid plexus, whereas
a probe against part of TRPM3 intron 6 (3� to the miR-204 sequence) weakly labels the choroid
plexus. E: Higher magnification images of miR-204 and the TRPM3 intron 6 probe show that
miR-204 labels primarily a ring of cytoplasm in each cell, whereas the most intense signal with the
TRPM3 intron 6 probe is punctate.
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cein-AP in PBS with 0.1% Triton
X-100 for 4 hr, rinsed once in PBS
with 0.1% Triton X-100 for 10 min,
then rinsed overnight in PBS with
0.1% Triton X-100 at 4°C. Sections
were rinsed twice for 5 min with AP
buffer (100 mM Tris pH 9.5, 50 mM
MgCl2, 100 mM NaCl, 0.1% Tween 20)
and then incubated with BCIP (350
�g/ml) and NBT (75 �g/ml) in AP
buffer to detect AP (reaction done in
the dark). Staining time varied de-
pending on tissue age and probe, but
typically was 2–6 hr. After the reac-
tion was complete, slides were rinsed
with PBS and fixed in 4% PFA in PBS
for 10 min, and rinsed again with
PBS. Slides were mounted with aqua-
poly/mount (Polysciences Inc., #18606).

Oligoribonucleotides were synthe-
sized with a 5� fluorescein modifica-
tion (50 nmol scale, Invitrogen) and
purified on 18% polyacrylamide gels.
Gel purification reduced background
from unincorporated fluorescein.
Probe sequences: miR-9, UCAUA-
CAGCUAGAUAACCAAAGA; miR-92,
5�-AGGCCGGGACAAGUGCAAUA;
miR-204, 5�-GCAUAGGAUGACAAA-
GGGAA; miR-224, 5�-AACGGAAC-
CACUAGUGACUU; see Figure 1 for
miR-124a probe sequences.

Northern Blots

A total of 15 �g of total RNA was
separated by electrophoresis on 18%
polyacrylamide denaturing gels,
transferred with a GENIE electroblot-
ter (Idea Scientific) onto Hybond-N�
membrane (Amersham Pharmacia
Biotech), and ultraviolet crosslinked.
DNA oligonucleotide probes and RNA
oligonucleotide size markers were 5�
end labeled with �-32P-ATP using T4
polynucleotide kinase. Hybridization
was performed at 42°C in Church-Gil-
bert solution (1 mM EDTA, 0.25 M
Na2HPO4, 7% sodium dodecyl sulfate
[SDS]) overnight. Membranes were
washed at 42°C, twice with 2� SSPE/
0.1% SDS and once with 0.5� SSPE/
0.1% SDS. Blots were exposed in the
Storage Phosphor Screen (Molecular
Dynamics) at room temperature for
48–72 hr. Images were obtained with
IPLab Gel H 1.5g software (Signal
Analytics) from PhosphorImager 445
SI (Molecular Dynamics). Blots were
stripped by boiling in 0.1% SDS/0.1�
SSC solution for 20 min for reprobing.

Cell Culture and Vectors
P19 cells were cultured and trans-
fected as described previously (Farah
et al., 2000; Yu et al., 2003). A total of
1.2 �g of US2-MT (control; mRNA for

myc epitope tags, driven by human
ubiquitin C promoter), US2-124a1
(contains part of the miR-124a1 pri-
mary transcript), or US2-124a1m (a
mutant variant with nucleotides 1–6

Fig. 7. miRNA expression in adult mouse eye. A: miR-204 and miR-224 are expressed in retina
pigment epithelium (RPE) and a subset of cells in the inner nuclear layer (INL) of the neural retina.
ONL, outer nuclear layer (photoreceptors); GCL, ganglion cell layer. B: miR-124a is expressed in
most cells in the neural retina but not in RPE. A retina hybridized with the miR-124a-reverse (rev)
control probe is also shown. C: miR-204 is also expressed in the ciliary body.
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of miR-124a altered; Yu et al., manu-
script in preparation) was cotrans-
fected with 0.5 �g of US2-puro into
P19 cells in 12 well plates. Cells were
split 1:10 eleven hr after transfection
onto Superfrost/plus Microscopic
slides coated with poly-L-lysine and
mouse natural laminin (Invitrogen),
and 15 �g/ml puromycin was added.
48 hr. after transfection, cells were
fixed in 4% PFA in PBS for 20 min,
rinsed twice with PBS, and stored in
PBS at 4°C until in situ hybridization
was performed as described above.
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