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ABSTRACT

In situ hybridization is widely used to visualize transcribed sequences in embryos, tissues, and cells. For whole mount detection
of mRNAs in embryos, hybridization with an antisense RNA probe is followed by visual or fluorescence detection of target
mRNAs. A limitation of this approach is that a cDNA template of the target RNA must be obtained in order to generate the
antisense RNA probe. Here we investigate the use of short (12-24 nucleotides) locked nucleic acid (LNA) containing DNA
probes for whole mount in situ hybridization detection of mRNAs. Following extensive protocol optimization, we show that
LNA probes can be used to localize several mRNAs of varying abundances in chicken embryos. LNA probes also detected
alternatively spliced exons that are processed in a tissue specific manner. The use of LNA probes for whole mount in situ
detection of mRNAs will enable in silico design and chemical synthesis and will expand the general use of in situ hybridization

for studies of transcriptional regulation and alternative splicing.
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INTRODUCTION

Whole mount in situ hybridization (ISH) detection of
mRNAs in embryos is commonly performed using anti-
sense RNA probes that are transcribed from a ¢cDNA copy
of the target mRNA (Nieto et al. 1996). Incorporation of
digoxygenin (DIG)-labeled nucleotides (nt) into the anti-
sense RNA every 10-15 nt provides an immunological
substrate for probe detection. Since probes are generally at
least several hundred nucleotides, many DIG molecules are
available for detection per target mRNA. Although this
approach is highly sensitive, a significant limitation is that
a ¢cDNA for the target mRNA must be obtained through
cloning, from cDNA repositories, or from colleagues. Ob-
taining ¢cDNAs is time consuming, and because certain
sequences are underrepresented in ¢cDNA libraries, some
cDNAs are exceedingly difficult to acquire. RNA probes are
also easily degraded by ubiquitous RNases and are not
generally effective if shorter than 300 nt in length, often
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making them unsuitable for discriminating between splice
variants of the same gene.

The ability to use short (12-24) oligonucleotide se-
quences for ISH detection of mRNAs would eliminate the
need for a cDNA template and permit in silico design and
chemical synthesis of probes. Oligonucleotide probes would
also allow detection of short individual exons in alternatively
spliced transcripts. Some studies have tested using short
DNA oligonucleotides for microRNA and mRNA detection
(Valoczi 2004; Thomsen 2005; Kloosterman et al. 2006).
However, hybridization signal is low due to relatively poor
affinity of short DNA probes to target mRNA sequences
and the inability to incorporate more than one or two DIG
molecules per probe. As a consequence, short DNA oligo-
nucleotides have not proven generally useful for whole
mount ISH analysis.

Locked nucleic acids (LNAs) are modified nucleotides
that contain a methylene bridge between the 2'O and the
4'C on the ribose ring that “locks” the structure into a high
binding-affinity, RNA-mimicking conformation (Koshkin
et al. 1998; Wengel et al. 2003). DNA oligonucleotide
probes containing LNAs at every third position (LNA
probes) show dramatically enhanced hybridization speci-
ficity and duplex stability (Mctigue et al. 2004). LNA
probes are 10-fold more sensitive than DNA probes for
Northern analysis and give significantly increased signal for
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FISH at the subcellular level (Valoczi
2004; Thomsen 2005). LNA probes
have also been used to detect 21-22-nt
microRNAs by whole mount ISH and
in tissue sections (Weinholds et al.
2005; Ason et al. 2006; Darnell et al.
2006; Kloosterman et al. 2006; Nelson
et al. 2006; Obernosterer et al. 2007;
Silahtaroglu et al. 2007; Nuovo 2008;
Pena et al. 2009) and RNAs in yeast cells
(Valoczi 2004; Thomsen 2005). For ISH
applications LNAs typically show single
nucleotide  specificity  (Kloosterman
et al. 2006). The unprecedented speci-
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ficity of LNA probes for their target
sequences have made them useful for
SNP analyses (Jacobsen et al. 2002;
Latorra et al. 2003; Johnson et al. 2004).

Despite these attributes, the use of
LNAs to detect mRNAs by whole
mount ISH in vertebrate embryos has
not been reported. mRNAs are generally
much less abundant than microRNAs,
presenting technical challenges related
to sensitivity of detection with short
probes that contain one or at most a few
DIG molecules. Here we explore the use
of short (12-24 nt) LNA probes to detect mRNAs by whole
mount ISH in chicken embryos. Following extensive pro-
tocol optimization, we find that LNA probes designed in
silico can readily detect mRNAs of varying abundances in
developing chicken embryos. LNA probes can also be used
to detect individual exons in alternatively spliced tran-
scripts.

RESULTS AND DISCUSSION

To evaluate the feasibility of using short (20-25 nt) LNA-
containing oligonucleotides as hybridization probes for
detection of mRNAs by in whole mount ISH, 15 LNA
probes were designed against the chicken cardiac troponin
T (¢cTNT) mRNA (Fig. 1A; Supplemental Fig. S1) using the
Primer3 software (Untergasser et al. 2007). ¢TNT is highly
expressed in developing heart and skeletal muscle cells of
chicken embryos (Cooper and Ordahl 1984; Antin et al.
2002) and so provides an abundant and highly localized
target for protocol optimization. Each LNA probe was
labeled on the 5’ and 3’ end with one DIG molecule, and an
equimolar mixture of all 15 LNA probes was tested across
a 2.5 million—fold concentration range for the ability to
detect cTNT mRNAs in day 4-5 (d4-5) chicken embryos.

ISH expression patterns with high signal in the heart and
skeletal muscle cells of somites and low background were
obtained over a relatively narrow probe concentration
range of 0.5-25 nM (Fig. 1B). Lower probe concentrations
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FIGURE 1. (A) Location of 15 LNA probes along the cTNT mRNA. (B) Graph depicting
relative signal and background intensities as a function of LNA probe concentration. An
equimolar mixture of the 15 LNA probes shown in A was used for hybridizations. The colored
rectangle identifies the probe concentration range over which high signal and low background
was obtained. Embryo images show staining patterns obtained at the indicated probe
concentrations. cINT expression is visible in the heart and in the skeletal muscle cells of
the somites along the dorsal sides of embryos.

showed reduced signal, while higher concentrations gave
increased background. At the highest probe concentrations
tested, both signal and background were lost due to com-
petitive binding of anti-DIG antibody by LNA probes that
continued to diffuse from the embryo into the buffer even
after extended washing (data not shown).

Sensitivity of probe detection is a critical parameter for
visualizing mRNAs using LNA probes. For standard anti-
sense RNA probes, DIG-labeled nucleotides are incorpo-
rated on average every 10-15 nt. A 1-kb antisense RNA
probe may therefore contain 75 or more DIG molecules,
which are visualized using a DIG antibody conjugated to
alkaline phosphatase. For LNA probes, only one DIG
molecule can be added to each end of the probe, resulting
in just two DIG molecules hybridizing to each target
mRNA per probe. Tailing reactions in which a long string
of nucleotides is added to the end of an LNA have been
used to detect microRNAs in sections (Johnson et al. 2007);
however, tailed probes produce high nonspecific signal in
some tissues when used for whole mount ISH (data not
shown).

To maximize hybridization signal, we next optimized
several aspects of the ISH protocol. A hybridization time
course using the mixture of 15 cINT LNA probes showed
that faint signal was observed after just 30 min and that
significant signal was observed after 16 h of hybridization
(Supplemental Fig. S2A). Longer hybridization times up to
120 h yielded a modest graded increase in hybridization
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signal. For all following studies, we chose 48 h as a reason-
able intermediate time for hybridization.

Other parameters were also optimized. Since background
limits the upper concentration of probe that can be used,
washing conditions were examined. Extensive analyses re-
vealed that addition of Tween-20 and CHAPS to the Triton
X-100 containing wash solution significantly reduced back-
ground, presumably by enhancing the rate that unbound
LNA probes are removed.

Using an optimized protocol, we then tested whether we
could detect cTNT transcripts in embryos using single LNA
probes. Hybridizations were carried out at 22°C below the
predicted T, for each probe (Supplemental Fig. S1). Wash-
ing times and conditions were identical for all probes, and
the staining reaction was performed for 1 h so that results
could be directly compared. Each of the 15 LNA probes
gave specific hybridization signal (Fig. 2A), although signal
and background levels varied significantly between probes.
Since in all cases background could be eliminated with
extended washing, the specific probe sequence appeared to
affect diffusion of unbound LNA probes from the embryo.
Obvious correlations were not identified between back-
ground or signal intensity and probe sequences, melting
temperatures, or the location of probes in relation to RNA
secondary structure.

Hybridizations were repeated using four individual LNA
probes that showed different signal and background levels
in the experiment above (Fig. 2A, probes 1,5,8,10). Hy-
bridizations were carried out for 48 h at 22°C below the T,
for each probe. Staining and washing times were varied to
optimize signal for each probe. Initial staining reactions
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FIGURE 2. (A) ISH patterns for each of the 15 LNA probes shown in
Figure 1A. Hybridization was carried out at 22°C below the predicted
T for each probe. Washing and staining times were the same for all
probes. For each probe, a stage 14 and stage 22-24 embryo is shown.
(B) Expression patterns obtained using the indicated LNA probes when
washing and staining was optimized for each probe. Arrows indicate the
heart; double arrowheads point to staining within the skeletal muscle
cells of the somites. (C) Comparison of hybridization signal obtained
with a 1.17-kb ¢TNT antisense probe versus cINT LNA probe 8.
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were performed at room temperature and were terminated
when background appeared. The embryos were then
washed overnight at 4°C, and the staining—washing cycle
was repeated until a high level of signal was evident. De-
spite the differences observed when all probes were washed
and stained identically (Fig. 2A), when handled individually
high level signal and low background was obtained for each
probe (Fig. 2B). The hybridization signals obtained with
LNA probe 8 was similar to the signal obtained using
a 1.17-kb ¢TNT antisense RNA probe (Fig. 2C).

Using the LNA probe 8 as a starting sequence, the effect
of probe length on hybridization signal was assessed. Signal
obtained with single-DIG labeled LNA probes of 12, 14, 16,
18, 20, and 22 nt were compared. Although the 12-nt probe
failed to produce hybridization signal, signal intensity
obtained with probes 14-22 nt in length was indistinguish-
able (Supplemental Fig. S2B). The 24-nt double DIG la-
beled probe produced significantly higher signal than the
22-nt LNA probe containing one DIG molecule.

We also evaluated probe specificity by comparing the
hybridization signal obtained with ¢TNT probe 8 versus
probes containing one to four mutations (Supplemental
Fig. S1). Results showed that a single internal substitution
of an LNA nucleotide significantly reduced hybridization
signal, while two or more LNA nucleotide substitutions
abolished signal (Supplemental Fig. S3).

We next designed LNA probes for two less abundant
mRNAs that code for proteins having important functions
during embryonic development (Supplemental Fig. S1).
FGF8 is a member of the fibroblast growth factor family
involved in cell cycle regulation, differentiation, and pat-
terning, and also in the pathology of some cancers (Dorkin
et al. 1999; Alsan and Schultheiss 2002; Karabagli et al.
2002a,b; Gimeno and Martinez 2007). Snail II (SNAII) is
a zinc finger transcription factor that acts as a transcrip-
tional repressor (Nieto 2002). SNAII is expressed in nu-
merous cell types and structures during embryonic de-
velopment, including premigratory neural crest cells and
intersomitic arteries (Ladher et al. 2000; Marin and Nieto
2004). As shown in Figure 3, FGF8 LNA probes produced
highly specific staining in the rhombomeres, hindbrain,
and tail bud, as well as in the pharyngeal arches and limb
bud apical ectodermal ridges. These expression patterns are
identical to the published FGF8 expression patterns ob-
tained with antisense RNA probes. LNA probes for SNAII
also revealed the known expression patterns of this gene in
the migrating neural crest, intersomitic blood vessels, and
neural folds (Fig. 3D,F,G). Hybridization signal obtained
with one LNA probe was only slightly lower than obtained
when three LNAs were combined (Fig. 3E,L,J). These find-
ings demonstrate that a single LNA probe containing two
DIG molecules can be used to detect mRNAs in developing
embryos by whole mount ISH.

Another potential advantage of using short LNA probes
is the ability to detect alternatively spliced, differentially
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FIGURE 3. Visualization of FGF8, SNAII, and MYOM]I expression
patterns with LNA probes. (A-C) Two LNA probes for FGF8 revealed
expression in the frontonasal prominence, isthmus, future maxillo-
mandibular and pharyngeal arch region, primitive streak, and posterior
segmental plate mesoderm at HH stage 11 (A), stage 14 (B), and stage
20 (C). At stage 20 and 23, expression was also observed in the apical
ectodermal ridge of the limb buds (C, two LNA probes; H, one LNA
probe). Using three LNA probes for SNAII, expression pattern and
intensity were similar to that obtained with an 850-nt antisense RNA
probe (cf. D and E). A single LNA probe also detected SNAII expression
in the intersomitic arteries at stage 15 (F) and in the neural crest at stage
11 (G). SNAII expression was also detected in the caudal wing bud at
stage 23 (I) and in the interdigital webbing of the limb at stage 31 (]).
Six myomesin LNAs, three from the common region and three from the
EH exon, labeled dorsal and ventral muscle masses from a stage 30 wing
(K) and the somitic myotome (arrowheads) and heart myocardium
(arrow) at stage 19 (L). Three LNAs to the cardiac-specific EH exon
labeled only the heart at stage 20 (M), whereas two skeletal-exon specific
LNA probes labeled only the somite myotome in a stage 19 embryo (N).

expressed exons. To investigate the feasibility of detecting
individual exons with LNA probes, LNA probes were de-
signed against alternatively spliced exons in the myomesin
(MYOM1) RNA. MYOMI is a component of the striated
myofibril in skeletal and cardiac muscle cells and has
cardiac-specific and skeletal-predominant isoforms (H- and
S-myomesin, respectively) that are generated by alternative
splicing. Several LNA probes were designed against exons
found only in the H- or S- MYOMI mRNAs (Supplemental
Fig. S1). LNA probes were also designed against the common
regions of the mRNA. LNA probes recognizing common
MYOMI RNA sequences visualized MYOMI RNAs in both
the somites and heart (Fig. 3L). Three LNA probes recog-
nizing the H-specific MYOMI exon detected mRNAs only in
the heart, while two LNAs recognizing the S-specific exons
detected mRNAs only in skeletal muscle cells of the somites
(Fig. 3M,N).

The results presented here show that LNA probes are
effective for detecting a variety of mRNAs in chicken
embryos. Following careful optimization of probe concen-
tration and hybridization parameters, abundant and mod-
erately abundant mRNAs coding for structural, signaling,
and transcriptional regulatory proteins can be detected.
The ability to detect mRNA sequences, including individual
exons, using short LNA probes allows for the localization of
specific splice variants and allows probes to be designed in
silico and chemically synthesized, eliminating the need for
a cDNA template.

MATERIALS AND METHODS

Embryo collection and preparation

Fertile chicken eggs (HyLine; not a commercially available source)
were incubated in a forced-draft, humidified incubator at 37.5°C
for 2-5 d, depending on the stages desired. Embryos were col-
lected into chilled chick saline (123 mM NaCl), removed from the
vitelline membrane, and cleaned of yolk. Extra-embryonic mem-
branes and large body cavities (brain vesicles, atria, allantois, eye)
were opened to minimize trapping of the in situ reagents. Em-
bryos were fixed overnight at 4°C in fresh 4% paraformaldehyde.

Embryos were rinsed in PBS, then in PBS plus 1% Tween-20
(PBT), and dehydrated by steps (25%, 50%, 75%, 100%, 100%)
into methanol before being cooled to —20°C overnight (or up to
10 d). Rehydration reversed this series. Embryos were rinsed twice
in PBS, and older embryos were treated with proteinase K: stages
8-13 and 14-18 at 10 pg/mL of proteinase K for 10 and 20 min,
respectively; stages 19 and older at 20 pg/mL of proteinase K for
20 min. Embryos were rinsed repeatedly in PBT to stop the
digestion and were then transferred to prehybridization solution
(see below). Embryos were stored until use either at the methanol
step or in prehybridization at —20°C for fewer than 10 d.

Probe design

LNA modified DNA oligonucleotides probes, containing an LNA
nucleotide at every third position, and labeled at the 5" end only,
or at the 5" and 3’ ends, with DIG, were supplied by Exiqon,
Inc. Optimization studies by others have shown that an LNA
nucleotide at every third position provides the best balance be-
tween increased annealing characteristics, background, and hy-
bridization temperature (Karabagli et al. 2002b; Valoczi 2004).
Probes were designed using the Primer3 primer design pro-
gram (Untergasser et al. 2007) and checked using the LNA Oligo
Optimizer tool on the Exiqon website (www.exiqon.com). Each
probe sequence was screened against all known chicken sequences
using BLAST. LNA probes typically show single nucleotide
specificity (Kloosterman et al. 2006), nevertheless probes showing
significant homology with other chicken sequences were elimi-
nated from consideration.

In situ hybridization

Prepared embryos were transferred to prehybridization solution
containing the following: 50% formamide, 5X SSC, 2% blocking
powder, 0.1% Tween-20, 0.1% CHAPS, 50 pg/mL yeast RNA,
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5 mM EDTA, 50 wg/mL heparin, and DEPC water. Prehybridiza-
tions and hybridizations were carried out 22°C below the
predicted melting temperature of the LNAs, or at the indicated
temperatures. LNA probes were added to 1 mL fresh prehyb buffer
and hybridization carried out for 48 h. Following hybridization,
embryos were transferred to wash solution containing 2X SSC,
0.1% Chaps prewarmed to the hybridization temperature and
washed three times for 20 min. This was followed by three times
for 20-min washes in 0.2X SSC, 0.1% CHAPS. Embryos were
rinsed twice in KTBT (50 mM Tris at pH 7.5, 150 mM NaCl,
10 mM KCl, 1% Tween-20) and then incubated in 20% sheep
serum in KTBT at 4°C for 2-3 h or longer. Anti-DIG antibody
binding (1:2000-1:4000) was carried overnight at 4°C on a nutator
shaker. Following antibody incubation, embryos were washed five
times for 1 h in KTBT, but often including overnight at 4°C.
Embryos were then washed twice 10 min in NTMT (100 mM
NaCl, 100 mM Tris at pH 9.5, 50 mM MgCl,, 0.1% Tween-20).
Color reactions were carried out in NTMT containing 3 pL of
75 mg/mL NBT in dimethylformamide (DMF) plus 2.3 pL of
50 mg/mL BCIP in DMF per milliliter of NTMT. Staining reactions
were carried out for 1-6 h at room temperature on a nutator
until signal or background became visible, followed by overnight
washing in KTBT. A second or third round of color reaction
followed until each probe had yielded strong signal. Labeling re-
actions were permanently terminated by washing with PBS. Em-
bryos were then dehydrated through a graded methanol series to
remove background and enhance signal and then rehydrated and
stored in PBS plus 0.1% sodium azide. Embryos were photo-
graphed on a Leica PlanApo stereomicroscope using a digital ac-
quisition system and transmitted, lateral and/or direct illumination.

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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