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Single Molecule Imaging of RNA In Situ
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Abstract
This protocol describes a method to image individual mRNA molecules in situ. About 50 oligonucleotides
complementary to different regions of a target mRNA species are used simultaneously. Each probe is
labeled with a single fluorescent moiety. When these probes bind to their target, each mRNA molecule
becomes so intensely fluorescent that it can be seen as a fine fluorescent spot. Several different mRNA
species can be detected in multiplex imaging using differently colored probe sets for each species. An
automated image-processing program is used to count the number of mRNA molecules of each species
that are expressed in each cell, thus yielding single-cell gene expression profiles.
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1. Introduction
In situ hybridization provides powerful insights into the mechanisms
of RNA synthesis and intracellular distribution. Recently new
procedures have been developed that permit detection of individual molecules of RNAs in single cells (1–3). High signal
strengths required for these procedures comes from attaching the
target RNA with so many fluorescent dye molecules that each
RNA molecule becomes visible as a diffraction-limited fluorescent spot. Robert Singer and colleagues first introduced an effective procedure to accomplish single molecule detection of mRNAs
in fixed cultured cells (1). They hybridized about five 50-nucleotide
long oligonucleotides to the same RNA target. Each of these
oligonucleotides was coupled to five fluorescent dyes. Since these
probes were smaller than the traditional RNA probes, they could
better penetrate the cell matrix and the secondary structure of
RNA compared to conventional RNA probes.
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Fig. 1. Schematic representation of the principle of single molecule FISH method. A set of about 50 oligonucleotides, each
labeled with a fluorescent dye and complementary to different region, are hybridized to the target RNA. The binding all of
these probes to the same mRNA molecule makes it so intensely fluorescent that it can be seen as a fine spot in a fluorescence microscope.

Reliable labeling and purification of oligonucleotides at multiple
internal sites is, however, difficult and expensive. Furthermore,
when dyes are placed in close proximity they quench each other.
With the availability of high-throughput DNA synthesis it is
cheaper and more convenient to use many smaller singly labeled
probes. We showed that about 50 singly labeled oligonucleotides
yield fluorescent spots of sufficient intensity such that they can be
detected and counted by automated algorithms (3) (Fig. 1).
Although each oligonucleotide is synthesized separately, they can
be coupled to fluorophores and purified as a single pool. A key to
the success of this approach is that while all or most of the 50
probes bind to legitimate targets to produce intense spot like signals, the background generated by occasional probe binding to
nonspecific sites is diffused and not particulate.
A number of experiments have been done to demonstrate the
specificity and single molecule sensitivity of this approach. It was
shown that the Chinese hamster ovary (CHO) cells expressing a
foreign gene exhibit spot like signals while the cells not having, or
expressing, the foreign gene show no spots. In the early drosophila embryos the spots are visible only in the subcellular zones in
which the RNA is expected to localize. The inducible mRNAs were
visible only upon induction and the level of induction measured
by real-time PCR matches with the level of induction measured by
counting spots. The number of molecules per cell measured by realtime PCR is similar to the number of molecules measured by spot
counting. When two regions of the same mRNA are targeted by
a different probe set, the spots from the two probe sets colocalize;
however, when the target regions of these probe sets are segregated due to RNA processing events, the colocalization is lost
(3–5). Effectiveness of this procedure in imaging single mRNA
molecules of many different species in specimens ranging from
bacteria, yeast, cultured mammalian cells, early embryos of fruit
fly and worms, to adult worms has been demonstrated (3).
In this protocol we describe the synthesis and purification of
probes, their hybridization with RNA in cultured cells, imaging
and our particle detection, and counting algorithm. In addition,
we describe a powerful approach towards prolonging the life of
fluorophores during imaging which is important to accomplish
multiplex detection of several mRNA species from the same cell.
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2. Materials
2.1. Equipment

1. High-pressure liquid chromatograph (HPLC) equipped with a
reverse-phase C-18 column and a dual wavelength detector.
2. Cell culture hood and 37°C CO2 incubator.
3. A wide-field fluorescence microscope equipped with a mercury lamp, cooled CCD camera, appropriate filter sets, a high
numerical aperture (>1.3) 100× objective and an image acquisition computer and software (see Note 1).
4. MATLAB software with image processing toolbox (The Math
Works, Natick, MA).

2.2. Reagents

2.2.1. Labeling
and Purification of Probes

Make all buffers and reagents with RNase free DEPC treated
water.
1. Amino reactive dyes (see Note 2).
2. N,N-Dimethylformamide (DMF).
3. Ethanol.
4. 1 M Sodium bicarbonate, pH 8.0.
5. 3 M Sodium acetate, pH 5.2.
6. Buffer A (0.1 M triethylammonium acetate buffer pH 6).
7. Buffer B (0.1 M triethylammonium acetate in 70% v/v HPLC
grade acetonitrile, pH 6).
8. 0.2 mm Filters (National Scientific, Rockwood, TN, Catalogue
Number F2517-1).

2.2.2. Cell Culture
of Hippocampal Neurons

1. Hippocampi dissected from E18 embryo (Brain Bits,
Springfield, IL).
2. Neurobasal medium supplemented with B27 and glutamine
(Invitrogen, Invitrogen, Carlsbad, CA).
3. 12-Well Falcon sterile culture dishes (Becton Dickinson,
Franklin Lake, NJ).
4. Sterile glass cover slips (Fisher Scientific, Logan, UT,
Catalogue Number 12-545-10018CIR-1); clean by shaking
with 70% ethanol overnight, wash with 100% ethanol, and
then expose to UV for 1 h in the tissue culture hood.
5. Poly-d-lysine (Sigma, St. Louis, IL Catalogue Number
P6407). Make 100 mg/ml stock solution and store in aliquots at −20°C.
6. Laminin (Sigma, Catalogue Number L2020). Make 10 mg/ml
stock solution and store in aliquots at −20°C.
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2.2.3. Fixation
and Hybridization

1. 37% Formaldehyde (Sigma, Catalogue Number, F1635).
Prepare 3.7% formaldehyde in 1× PBS in fume hood.
2. 1× PBS.
3. 70% Ethanol.
4. Deionized formamide (Ambion, Austin, TX). Formamide is a
teratogen that is easily absorbed through the skin and should
be used in a chemical fume hood. Be sure to warm the formamide bottle to room temperature before opening.

This buffer has
2x SSC as well.

2.2.4. Washing
and Mounting Cover Slips

5. Hybridization buffer: 10% Dextran sulfate (w/v) (Sigma,
D8906), 1 mg/ml Escherichia coli tRNA (Sigma, R8759),
2 mM Vanadyl ribonucleoside complex (New England Biolab,
Ipswich, MA, Catalogue Number, S142), 0.02% RNase free
BSA (Ambion, AM2618), 10% formamide. Filter using
0.2 mm filters and store at −20°C in aliquots.
1. Slides (Fisher Scientific, Catalogue Number 12-544-7).
2. Clear transparent finger nail polish.
3. RNase free water, DEPC treated.
4. Washing buffer, 10% formamide and 2× SSC.
5. Equilibration buffer, 0.4% glucose (w/v) and 2× SSC.
6. Glucose oxidase, Type VII from Aspergillus niger (Sigma,
Catalogue Number G2133-10). Dilute to 3.7 mg/ml in
water for stock and store at 4°C.
7. Catalase preparation from A. niger (Sigma, Catalogue
Number C3515). Store at 4°C.
8. Deoxygenated mounting medium. Prepare just before use.
Mix 100 ml equilibration buffer with 1 ml glucose oxidase
stock solution and 1 ml catalase suspension. This solution can
be used for 1 day when kept at 4°C.

3. Methods
3.1. Design of Probes

Since we use about fifty 17–22 nt oligonucleotide as probes, the
length of the target RNA should ideally be about 850 nt or higher.
However, when the target mRNA is smaller, it is still possible to
obtain reliable signals from as few as 30 probes. When the target
mRNA is longer than 850 nt, it is possible to optimize the location
of probes with respect to potentially important criteria such as lack
of strong hairpins and very high or very low GC content. We have
developed a publicly accessible computer program (available at
http://www.singlemoleculefish.com) that generates list of probe
sequences from a supplied target mRNA sequence. The default
parameters of this program are 17–22 nt for probe length, 2 nt gap
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between adjacent probe-binding sites, and GC content of each
probe optimized to about 45%. The program also displays a graphical representation of where the probes will bind on the target based
on the optimal binding properties. The program can be customized
to get desired number, length, and GC content of the probes.
The designed oligonucleotides should be synthesized with an
amino group at their 3¢ ends for the subsequent coupling of fluorophore. We use Biosearch Technologies (Novato, CA, USA) for
the oligonucleotide synthesis; however, any other manufacturers
will be able to make oligonucleotides of acceptable quality. It is
economical to order the oligonucleotides in a 96-well plate format at 25 nM (or smaller) scale. The oligonucleotides should be
dissolved in water at equimolar concentrations.
3.2. Coupling
of Probes with
Fluorophore

It is desirable to choose fluorophores that are bright and photostable and are optimally excited and detected using the available
light source and the filter set. Photostability is important because
in order to obtain the optical slices, cells are repeatedly exposed
with the light of high flux. Our recommendation for the primary
fluorophore is tetramethylrhodamine (TMR), which, in addition
to being bright and photostable, emits away from the blue and
green zone of spectrum in which many cells autofluoresce. For the
secondary fluorophores that can be used for multiplex imaging,
we recommend Alexa 594 and Cy5. Although extremely photolabile under normal conditions, they perform as well as TMR when
used with deoxygenated mounting medium described below. The
emission spectra of TMR, Alexa 594, and Cy5 are so well separated that reliable imaging of three mRNA in the same image is
possible. Obtain amino reactive versions (succinimidyl ester or
thiocyanate) of the dye of your choice (Common sources of such
dyes are Invitrogen and Amersham Bioscience, Pittsburgh, PA):
1. Pool equal volumes of all 48 oligonucleotides together.
Alcohol precipitate the mixture by adding one-tenth volume
of 3 M sodium acetate and 2.5 volume of alcohol, incubating
at −20°C for at least 1 h, and then pelleting the DNA by centrifugation. Wash the pellet with 70% alcohol. Dissolve in
200 ml of 0.1 M sodium bicarbonate buffer.
2. Dissolve a small amount (~0.1–1.0 mg) dye in 10 ml DMF.
It is not necessary to weigh the dye; just pick the approximate
amount with a dry pipette tip and then dissolve it into DMF.
Add 200 ml of 0.1 M sodium bicarbonate buffer to the dye
and then add the mixture to the solution of oligonucleotide
from the previous step mix and incubate at room temperature
overnight. Keep the dyes in a desiccator at −20°C.
3. Ethanol precipitate the oligonucleotides and wash the colored pellet with 70% alcohol. This removes most of the free
dye. Dissolve in 400 ml buffer and filter using 0.2 mm filter.
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3.3. Purification
of Coupled Probes

The pellet contains a mixture of coupled and uncoupled
oligonucleotides and some free dye. Most fluorophores being
hydrophobic will cause an increase in the hydrophobicity of the
oligonucleotides upon coupling. Therefore on a reverse-phase
column, coupled oligonucleotides will be retained longer than
the uncoupled oligonucleotides. All 48 different oligonucleotides
in the pool usually elute in one broad peak, which is sometimes
split into multiple sub peaks, all of which should be collected:
1. Load all of the material on the HPLC column equilibrated
with 10% buffer B. Initiate a program that would linearly raise
the proportion of buffer B to 70% over 10 min. Monitor and
record the absorption at 260 nm and at a wavelength at which
the dye absorbs maximally.
2. Generally, it will result in two major peaks, separated by several minutes depending upon the fluorophore used. The first
peak corresponds to uncoupled oligonucleotides, which will
be detected only at 260 nm (DNA absorption). The second
peak will represent pure coupled probes and will be detected
by both channels. In case the second main peak resolves into
sub-peaks, collect all of them, as they may represent oligonucleotides that have different retention times due to their
sequence (Fig. 2).
3. Pool all fractions corresponding to the coupled oligonucleotides and alcohol precipitate as before.
4. Dissolve the pellet in water, measure concentration using a
spectrophotometer, and save in aliquots at −20°C.
Pause point: the probes can be stored for years until ready to use.

Fig. 2. A sample chromatogram for purification of labeled oligonucleotides from unlabeled ones. The continuous trace is for absorption at 260 nm and the broken trace is for
absorption at the wavelength of maximum absorption of the coupled dye. The group of
peaks on the right corresponds to the labeled oligonucleotides and the group on the left
corresponds to unlabeled ones.
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This method is highly versatile and can be used for large variety of
biological specimens including yeast, bacteria, worms, early drosophila embryos, cultured mammalian cells, and tissue sections.
Here we will detail the procedure for culture and fixation of primary rat neurons cells:
1. Place clean sterile cover slips in wells of a 12-well plate and
then add 1 ml of coating solution (1× PBS, 100 mg/ml polyd-lysine and 10 mg/ml laminin in a ratio of 5:3:2). After
30 min, remove the coating solution and wash twice with
sterile water (see Note 3).
2. Isolate hippocampus from E18 rat embryos and dissociate
the tissue carefully to get the primary neurons. To disso
ciate neurons pipette 20 times using a sterile 1 ml pipette tip
followed by five rounds of pipetting with 200 ml pipette tip.
The plating density should optimally be in the range of
1,500–5,000 cells/cm2. Culture the dissociated neurons on
coated cover slips in neurobasal medium supplemented with
B27 and glutamine (6).
3. Allow the cells to grow undisturbed for 5 days. Replace twothird of medium by fresh medium after 5 days and every third
day afterwards. The neurons should be grown for 10–15 days
in vitro before fixation. Too dense and too old neurons do
not yield good quality images.

3.5. Fixation

1. Aspirate the culture medium off and wash the cells twice with
1× PBS. In this and all the subsequent steps add enough
volume of the buffer (1–2 ml depending upon the well size)
so that the cover slips remain submerged. Do not let the
cells dry.
2. Add 4% formaldehyde made in 1× PBS to the wells containing cover slips and leave for 10 min at room temperature.
This cross links the proteins and traps the RNAs in the protein matrix.
3. Remove formaldehyde, wash with 1× PBS, and add 70% ethanol to each cover slip and keep in at 4°C for 2 h. This step
permeablilizes the cells so that the probes can freely permeate
the cell.
Pause point: The cells can be left in 70% ethanol at 4°C overnight
or for a few days.

3.6. Hybridization

Our protocol is derived from Singer lab protocol (http://singerlab.
org/protocols/insitu_mammalian.htm) with an important modification; since we use smaller probes, we decrease the formamide
concentration in the hybridization and washes to 10% (see
Note 4). Of other two significant parameters, temperature and
probe concentration, we keep the former fixed at 37°C, and the
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latter is varied from 0.1 to 1 ng/ml. The starting probe concentration should be 1 ng/ml, but in the case where high background
is observed, the probe concentration can be decreased first to
0.3 ng/ml and then to 0.1  ng/ml:
1. Take 10 × 10 cm piece of parafilm and press it against a glass
plate with the paper side up and the parafilm side in contact
with the glass, rubbing with your palm so that parafilm sticks
to the glass. Peel away the paper layer exposing the clean
parafilm surface.
2. Add appropriate amount of probes to the hybridization solution (50 ml for each cover slip). The probe stock should be
concentrated so that the hybridization solution is not diluted
substantially upon the addition of probes. Mix the viscous
solution well by pipetting several times. Spin the contents to
remove bubbles.
3. Replace the 70% alcohol from the wells containing the cover
slips with the washing buffer and allow the cover slips to
equilibrate for at least 2 min.
4. Place 50 ml droplets of this solution on the parafilm. Pick the
cover slips with fine forceps, wipe the underside against a tissue, and remove any excess buffer. Place the cover slips over
the droplets of the hybridization mixtures with cell side facing the liquid. Do not let any bubbles form.
5. Place a flat object in a 37°C bath making a platform that rises
above the water level. Place the glass plate with cover slips
over the platform and cover it with a tissue culture plate lid to
prevent moisture drops from falling over the cover slips. Close
the bath and incubate over night.
3.7. Washing

1. Float the cover slips by adding droplets of washing buffer
around the edge of each cover slip on the parafilm. In a few
moments the liquid is drawn in by capillary action and the
cover slip begins to float.
2. Pick the cover slips, remove any excess hybridization solution, and place them in the wells containing washing buffer
with the cell-side facing up.
3. Leave the dish shaking gently on a rotary shaker for 30 min at
room temperature (~25°C). Change the wash medium once
followed by another 30 min wash.

3.8. Mounting

1. Replace the washing buffer from the wells holding the cover
slips with equilibration buffer and allow the cover slips to
equilibrate for at least 2 min.
2. Place a 10 ml droplet of deoxygenated mounting solution (see
Note 5) on a clean glass slide. Pick the cover slip from the
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well, wipe its underside on a tissue, and place the cover slip
over the droplet with cells facing down. Remove excess
medium by laying several layers of tissue over the cover slip
and pressing gently.
3. Apply a thin coat of nail polish around the edges of the cover
slip, while ensuring that the cover slip does not slide and the
nail polish does not enter into the medium underneath the
cover slip. The entry of nail polish solvent will cause high
background signal (see Note 6).
3.9. Imaging

1. Obtain 10–30 z-sections with 0.2 mm spacing with the 100× oil
objective. The range of z-section should cover the entire
thickness of the cell.
2. The spot size would be from 0.25 to 0.30 mm (see Note 7).
The exposure times range from 0.2 to 2 s. Figure 3 shows a
typical set of images that are obtained.

3.10. Image
Processing

Simplest form of data for presentation is maximum intensity
merges of z-sections that are appropriately contrasted. In addition, using our MATLAB program it is possible to identify the
spots corresponding to individual mRNA molecules and count
them. The program takes input of optical slices as TIFF images,
removes pixel noise, and enhances spots by passing them through
a Laplacian of Gaussian filter, presents the user a 3-D representation of spots so that a threshold can be entered, overlays circles
corresponding to the identified spots on the TIFF image, and
provides a count of all the molecules identified (see Note 8).

Fig. 3. An example of single molecule FISH imaging. Rat Hippocampal neurons were imaged with respect to b-actin
mRNA (a) and MAP2 mRNA (b). Probes for b-actin mRNA were labeled with Alexa 594 and the probes for MAP2 mRNA
were labeled withTMR. (c) Spots corresponding to both mRNA species were identified using a computer program and
overlaid on a portion of a DIC image of the same neurons. The locations of b-actin mRNA molecules are depicted by open
circles and the locations of MAP2 mRNA molecules are depicted by closed circles.
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4. Notes
1. We employ several strategies to maximize our signals in addition
to using multiple probes to target the same mRNA. Among
them are using a wide-field microscope, high numerical aperture oil objectives, cells attached to thin cover slips, long
exposure times, cooled CCD camera, and the mounting
medium that suppresses photobleaching. Confocal microscopes also yield detectable spots, although the signals are
weaker.
2. Although we utilize 3¢-amino oligonucleotides, other chemistries such as the 5¢- and the internal amino labels, sulfhydryl
label, and oligonucleotides coupled directly to the DNA
should work as well.
3. Although this protocol is described for cover slips, cells growing
over other thin media such as glass-bottom dishes or specialized
chambered cover glass (Lab-Tek, Nalgene Nunc, Rochester, NY)
are equally suitable. These chambers allow all steps including
the cell growth to be carried out in the same vessel. A clean
cover slip, fit to size, is used to cover the cells during hybridization to prevent drying of the cells. The cells in suspension
can also be hybridized using the same procedure in a tube
and then spread over a glass slide or chambered glass for
imaging. It should be noted, however, that if cells are attached
to the slide rather than to the cover slip, poorer signals result
(due to increased distance between the target and objective
surface).
4. The concentration of formamide used sets the stringency of
the hybridization. Ten percent formamide works well for
most specimens. However, higher percentage of formamide
(20% or higher) can be used to increase the stringency of
binding, especially for mRNAs of high GC content. It is
advisable to start with low stringent conditions and then work
up from there.
5. We need to intensely illuminate for 10–30 s to acquire the
z-stacks. Most fluorophores photobleach during this time
(with the notable exception of TMR), therefore in order to
do multiplex imaging it is necessary to somehow prolong the
lives of fluorophores. It has been found that oxygen is required
in the pathways that lead to light mediated degradation of
fluorophores. Yildiez et al. (7) described a procedure in which
a cocktail of glucose deoxygenase and catalase catalytically
remove molecular oxygen from the medium while consuming glucose. Use of this mixture as mounting medium
enhances the half-lives of many fluorophores more than
tenfold (3).
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6. The purpose of nail polish is to prevent the cover slip from
sliding, entry of oxygen from the edge of cover slip, and drying. However, if the acetone from the nail polish bleeds into
the mounting medium, then very high background signals
will be seen. In place of nail polish, silicon grease can also be
used.
7. The size of spots should always be the same irrespective of the
expression level. There are usually large cluster of spots seen
in the nucleus, which represent the transcription sites where
many nascent mRNAs accumulate. It is often not possible to
distinguish single particles amongst such clusters. If there are
larger spots in the cytoplasm, careful controls should be performed to eliminate possibility of artifacts.
8. Although the number of spots that the spot detection algorithm identifies is relatively insensitive to the threshold, the
identification of spots should be verified at least for the first
set of images in a series.
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