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Abstract. We have been able to visualize cytoskeletal
messenger RNA molecules at high resolution using
nonisotopic in situ hybridization followed by whole-
mount electron microscopy. Biotinated cDNA probes
for actin, tubulin, or vimentin mRNAs were hybrid-
ized to Triton-extracted chicken embryo fibroblasts and
myoblasts. The cells were then exposed to antibodies
against biotin followed by colloidal gold-conjugated
antibodies and then critical-point dried. Identification
of mRNA was possible using a probe fragmented to
small sizes such that hybridization of several probe
fragments along the mRNA was detected as a string of
colloidal gold particles qualitatively and quantitatively
distinguishable from nonspecific background. Exten-
sive analysis showed that when eight gold particles
were seen in this iterated array, the signal to noise

ratio was >30:1. Furthermore, these gold particles
were colinear, often spiral, or circular suggesting de-
tection of a single nucleic acid molecuie. Antibodies
against actin, vimentin, or tubulin proteins were used
after in situ hybridization, allowing simultaneous de-
tection of the protein and its cognate message on the
same sample. This revealed that cytoskeletal mRNAs
are likely to be extremely close to actin protein (5 nm
or less) and unlikely to be within 20 nm of vimentin
or tubulin filaments. Actin mRNA was found to be
more predominant in lamellipodia of motile cells,
confirming previous results. These results indicate that
this high resolution in situ hybridization approach is a
powerful tool by which to investigate the association of
mRNA with the cytoskeleton.

tures and its physiological significance has become an

important area of investigation in recent years. A num-
ber of workers have shown that messenger RNA is bound to
the cellular matrix since most of it is retained after detergent
lysis of the cell (Lenk et al., 1977; Farmer et al., 1978; Lenk
and Penman, 1979; Pudney and Singer, 1979, 1980; Fulton
etal., 1980; Ben-Ze'ev et al., 1981; van Venrooij et al., 1981;
Howe and Hershey, 1984; Jeffrey, 1984). More recently
Bonneau et al. (1985) have shown that actin messenger RNA
is associated with the cytoskeletal framework. Most of these
studies employed cellular fractionation and subsequent iso-
lation of nucleic acids. This association of mRNA with the
cytoskeletal framework is most likely of physiologic signifi-
cance since it appears to be required for translation (Ornelles
et al., 1986).

Our laboratory has emphasized in situ hybridization as a
means to investigate the expression and distribution of spe-
cific mRNA molecules within single cells. Using an in situ
hybridization protocol optimized for maintaining the struc-
tural integrity of the cell and the native configuration of RNA
(Lawrence and Singer, 1985), we investigated the intracellu-
lar distribution of specific mRNAs within intact cells and
provided evidence indicating that mRNAs for certain cyto-
skeletal proteins are localized within specific regions of the
cell (Lawrence and Singer, 1986). An initial approach using

T HE association of messenger RNAs with cellular struc-
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fluorescence detection of biotin-labeled actin DNA probes
(Singer and Ward, 1982) did not involve optimized protocols
and was not successful in identifying actin mRNA with a
high degree of certainty.

An understanding of the molecular mechanism(s) govern-
ing this mRNA localization may well require clarification of
the nature of mRNA association with the cytoskeleton, since
this may be the mechanism whereby mRNAs are held in
place within the cell. The investigation of mRNA-cytoskele-
ton association would be greatly facilitated by development
of an electron microscopic in situ hybridization methodol-
ogy. An ultrastructural study would provide a higher resolu-
tion view of the intracellular distribution of messenger RNA
molecules particularly as it relates to the disposition of the
well-studied cytoskeletal proteins.

We undertook to continue our investigation of cytoskeletal
mRNAs for actin, vimentin, or tubulin since we have ana-
lyzed these molecules in situ using nonisotopic as well as iso-
topic detection methods (Lawrence and Singer, 1985, 1986;
Singer etal., 1986, 1987; Lawrence et al., 1988). We wished
to extend our observations, using biotin-labeled probes, to
the resolution of the electron microscope. This resolution is
possible since the detection of biotin occurs directly at the
site of hybridization. Much previous work using biotin-la-
beled probes detected by indirect immunocytochemistry with
colloidal gold-labeled antibodies has been done by B. Ham-
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kalo and her associates (e.g., Hutchinson et al., 1982; Radic
et al., 1987) for high resolution studies on reiterated chro-
mosomal sequences. Recent work by Binder et al. (1986) has
employed in situ hybridization using biotinated probes to
lowicryl-embedded thin sections to detect mitochondrial
rDNA and small nuclear RNAs using antibiotin antibodies
and protein A-colloidal gold. Webster et al. (1987) have
reported the detection of Po mRNA in Schwann cells. Using
a whole-mount approach, we report here the detection of
specific messenger RNAs using the electron microscope and
their high-resolution localization within the cytoskeletal
framework. Furthermore, using labeling of protein and mes-
sage on the same sample, we have been able to correlate the
location of these messages with actin protein but not tubulin
or vimentin.

Materials and Methods
Cell Culture

Skeletal myoblasts and fibroblasts were isolated from the pectoral muscles
of 12-d-old chicken embryos and cultured by standard techniques. Cells
were plated in Costar six-well tissue culture plates at a density of 2 X
10°/well containing grid assemblies: carbon-formvar coated EM grids on
22-mm circular coverslips. Grids were London 200 mesh or honeycomb
gold finder types (Ernest E Fullam, Inc., Schenectady, NY). Carbon rods
and formvar were purchased from Tousimis Research Corp. (Rockville,
MD). Grid assemblies were made by floating a formvar film onto glass cov-
erslips supporting four to nine gold grids. After drying, the formvar is stabi-
lized with a thin layer of carbon. Grid assemblies in multiwell dishes were
sterilized by gamma irradiation from a Cesium-137 source in an Atomic
Energy of Canada Ltd. (Kanata, Ontario, Canada). All pretreatments and
washes were performed in the six-well tissue culture plates.

3-d-old cultures were extracted and fixed by a modification of the method
of Lenk et al. (1977). Cells were briefly washed with isotonic buffer (0.3
M sucrose, 0.1 M NaCl, 10 mM PIPES, 3 mM MgCl,, 10 M leupeptin
(Sigma Chemical Co., St. Louis, MO), 1:40 dilution of Vanadyl complex
(4 mM adenosine, 0.2 M VaSO4, pH 7), then extracted for 90 s in the same
buffer pilus 0.5% Triton X-100 followed by another brief wash in the first
buffer and then fixed with 4% glutaraldehyde in PBS, 5 mM magnesium and
passed through an ethanol series (30, 50, and 70% for 5 min each). Each
solution was removed by aspiration. Cells were stored in 70% ethanol at
4°C until used. To preserve microtubules, all solutions were used at room
temperature and EGTA was included to eliminate calcium.

Hybridization

Cell pretreatments and hybridization conditions were the same as Lawrence
and Singer (1985). Briefly, cells on grid assemblies were rehydrated in PBS
with 5 mM MgCl, for at least 10 min, followed by 0.1 M glycine, 0.2 M
Tris, pH 7.4 for 10 min. Afterwards cells were kept in S0% formamide, 2 X
S8C at 37°C for 15 min before hybridization. For ribonuclease controls, 100
pl of a 100-pg/ml solution of RNase A in 2X SSC was applied to samples
for 1 h at 37°C before the 50% formamide 2x SSC prehybridization treat-
ment. Probes used were biotinylated by nick translation (Langer et al., 1981)
and were ~100-200 nucleotides in length. Cells were hybridized in buffer
containing 50% formamide, 2x SSC with 100 ug/ul each of tRNA and
sheared salmon sperm DNA, 1% BSA, and 1 xg/ml of probe. The nucleic
acid components were heated to 90°C for 5 min in 100% formamide before
adding the other components.

Each experiment consisted of at least one grid assembly per sample, so
that a minimum of four grids are examined using each probe or sample treat-
ment (e.g., RNAse treatment). Within each experiment, identical treatment
with identical reagents was provided to each sample with the exception of
the variable to be tested.

Each grid assembly was placed cell-side down onto a 10-ul drop of the
hybridization mixture on parafilm, covered with an additional sheet of
parafilm to prevent drying, and incubated for 3 h in a humidified 37°C cham-
ber. After hybridization each coverslip was gently removed from the
parafilm and placed in individual wells of a clean multiwell dish containing
2.5 ml of 50% formamide, 2X SSC, and washed on a rotating shaker for
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30 min or more followed by 50% formamide, 1x SSC, and finally 1x SSC,
each for 30 min. The cells were left in 1X SSC overnight at 4°C to be stained
the next day with antibodies.

Antibody Staining

Grids were pretreated with 8% BSA, RNase-free (Boehringer Mannheim
Diagnostics, Inc., Houston, TX) TBS, pH 7.4, for 10 min, Excess fluid was
removed with bibulous paper and each grid was transferred to 100-ul drops
of the primary antibody staining solution: rabbit anti-biotin (Enzo Bio-
chem, Inc., New York, NY) diluted 1:100 in 1% BSA, 1% Triton X-100,
TBS, pH 7.4 (BTTBS) and incubated for 2.5 h at room temperature. Wash-
ing was performed for 30 min on a stirring platform with 3 ml/grid of the
same buffer. Grids were then drained and placed on 100-ul drops of 10-nm
gold-labeled goat anti-rabbit antibody (GAR GIO; Janssen Life Science
Products, Piscataway, NJ) diluted 1:100 in the same buffer and incubated at
room temperature for 1-2 h followed by two 30-min washes in BTTBS and
then TBS.

For double labeling of either actin, vimentin, or tubulin protein with ei-
ther actin, vimentin, or tubulin mRNA, mouse monoclonals against actin,
vimentin, or tubulin (Amersham Corp., Arlington Heights, IL) were in-
cluded with the antibiotin first antibody and 5-nm gold-labeled goat
anti-mouse (GAM IgG G5GAM IgM G5 for antiactin, all from Janssen
Life Science Products) was included with the second antibody. Antibodies
were spun in a clinical centrifuge for 15 min before use.

Electron Microscopy

Cells grown and processed as described above were then critical-point dried
and observed with a JEOL 100S or 100CX electron microscope at an ac-
celerating voltage of 100 kV.

Biotination of Probe

During nick-translation with biofinated nucleotide the full-length beta actin
(1.8 kb) in pBR322 is reduced to fragments that averaged <200 nucleotides
per molecule. Incorporated into this probe was a biotinated analogue to
thymidine (biotin-11-dUTP; Enzo Biochem). Biotin-specific activity was
measured by incorporating phosphorus-labeled cytidine triphosphate into
the probe simultaneously with biotinated nucleotide. Assuming the bioti-
nated nucleotide was incorporated at 80% the rate of the equivalent unla-
beled nucleotide (Langer et al., 1981) and that the total incorporation of
dCTP was equimolar to TTP, we calculate that the nick-translated probe was
substituted ~2-10% with biotinated nucleotides.

Results

Actin Messenger RNA Associated with the
Cytoskeleton: Quantitative Considerations

Analysis by In Situ Hybridization Using Isotopically La-
beled Probes. In this work, our approach has been to use
whole mounts of Triton-extracted cells for in situ hybridiza-
tion. We have previously described methods for obtaining
morphologically well-preserved cytoskeletons from devel-
oping muscle cells (Pudney and Singer, 1979, 1980; Singer
and Pudney, 1984). The permeability of the cell to the probe
and antibodies is enhanced by this method and the cytoskele-
ton is easily visualized in its entirety because of the removal
of surrounding cytosolic material which reduces contrast.
Furthermore, the use of whole, critical-point dried cells al-
lows the entire message complement to be examined; a thin-
sectioning procedure would reduce the signal.

It was first necessary to determine quantitatively the extent
to which actin mRNA is retained within the cytoskeletal
framework of extracted cells, and to ascertain the optimal
conditions for extraction and fixation. Previous work from
our laboratory has shown that paraformaldehyde fixation
provides some advantages over glutaraldehyde fixation for in
situ hybridization to unextracted cells (Lawrence and Singer,
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1985). Since glutaraldehyde fixation is generally used for
electron microscopic investigations of Triton-extracted cells
(Pudney and Singer, 1979), we wished to compare the effects
of these two fixatives. In addition we wished to determine the
most appropriate extraction time for retention of mRNA and
ultrastructural visualization of the cells. To determine the
effect of different extraction times and fixation conditions, we
employed the rapid, quantitative approach outlined in our
previous work (Lawrence and Singer, 1985) where *P-la-
beled probes were hybridized in situ to cell cultures and then
counted by Cerenkov radiation directly in a scintillation
counter. This approach allows quantitation of the average
amount of probe hybridized per cell.

Cytoskeletons were prepared by treatment with 0.5% Tri-
ton X-100 in isotonic buffer for varying lengths of time up
to 90 s. After the treatment, the coverslips were fixed in ei-
ther paraformaldehyde (4 %) or glutaraldehyde (4 %) for 15
min. The samples were hybridized with *2P-labeled actin
recombinant plasmid or with the plasmid alone as a control.
The hybridization to the samples was measured and the data
presented in Fig. 1. It can be seen that with paraformalde-
hyde-fixed cells, a progressive loss of hybridization to actin
mRNA occurs as a function of extraction. Glutaraldehyde-
fixed cells not treated with Triton show a much lower hybrid-
ization than paraformaldehyde-fixed cells, as has been ob-
served previously (Lawrence and Singer, 1985; Singeretal.,
1986; Singer et al., 1987). However, after short times of ex-
traction (10-20 s), an increase in hybridization is seen where
the signal approaches the level originally obtained with un-
extracted paraformaldehyde-fixed cells. This supports our
previous conclusion, originally derived using proteinase
digestion, that glutaraldehyde can presumably cross-link the
nucleic acids and protein so extensively that it can be difficult
for the probe to hybridize. The Triton extraction apparently
removes enough soluble protein so that cross-linking does
not prevent the probe access to the target molecules. Triton-
extracted cells apparently have too little soluble protein left
to be sufficiently fixed by paraformaldehyde for retention of
mRNA during the hybridization procedure. Hence, we found
glutaraldehyde to be a more appropriate fixative for in situ
hybridization to mRNA in extracted cells. We chose 90 s of
Triton treatment so that the maximal amount of soluble mate-
rial would be removed from the cells, allowing better micro-
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scopic visualization of the mRNA bound to the cellular ma-
trix. With this time in Triton, 70% of the actin messages are
still bound to the cytoskeletal framework of chicken myoblast
and fibroblast cells even after the rigorous treatment neces-
sary for in situ hybridization. This confirms the results of
Bonneau et al. (1985) using CV-1 cells. We have found that
even more tubulin and vimentin messenger RNA remains
bound to the cytoskeleton (90%, data not shown). Therefore,
this treatment affords us a combination of mRNA retention
and soluble protein extraction suitable for visualization by
whole-mount electron microscopy. .

Analysis by In Situ Hybridization Using Colloidal Gold
Antibody Detection. The isotopic experiments above indi-
cated a signal/noise ratio of 50:1 for hybridization to actin
mRNA. This demonstrated that the extraction, fixation, and
hybridization parameters used provided a strong hybridiza-
tion signal appropriate to pursue further experiments using
nonisotopic detection of biotin-labeled probes. The use of
nonisotopic detection would be expected to reduce the sig-
nal/noise since each additional step has potential to introduce
background and to diminish efficiency of detection. In initial
experiments several different sources of antibiotin and gold-
labeled secondary antibodies were screened, at different di-
lutions, to identify those which, upon visual inspection, pro-
duced the best signal. Gold-conjugated avidin was also
tested, but, from the source tested, this reagent produced es-
sentially no signal. Best results were obtained with the use
of antibiotin primary antibody followed by gold-labeled sec-
ondary antibody, as described in Materials and Methods.
The quantifiable nature of the gold detection particles (as
with silver grains in autoradiography) afforded us the oppor-
tunity to undertake a more rigorous analysis of signal to

THE BASIS OF SIGNAL TO NOISE ENHANCEMENT FOR THE
DETECTION OF HYBRIDS BY ELECTRON MICROSCOPY
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Figure 2. Schematic showing the basis for detection of bona fide
signal from mRNA-biotinated DNA hybrids. The schematic pre-
sented here explains the iterative detection of a mRNA molecule
using a biotinated DNA probe cut into small fragments so that each
segment hybridizes independently. When the antibody detection of
the biotin groups results in a string of colloidal gold particles, this
distinguishes the signal from the noise generated by nonspecific
sticking, either of probe or of antibody. The antibody detection of
the biotin is not intended to represent the actual mode by which anti-
bodies recognize determinants.
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noise. The most straightforward approach is to count the
gold particles over cells on experimental (biotinated actin
probe) samples compared to that over cells on negative con-
trol samples (biotinated pBR322 probe hybridized under
identical conditions). Quantitation of overall gold densities
for a least 12 cells in four experiments demonstrated an aver-
age signal/noise ratio of >6:1. This was observed even though
each experiment used different preparations of probes and
antibodies. Therefore, >80% of the total gold particles on the
actin slide represent hybridization to actin mRNA, providing
good experimental material for investigation of the ultra-
structural distribution of actin mRNA.

Further inspection of gold particle distribution and theo-
retical consideration of the labeling and detection made it
apparent that individual sites of hybridization could be
identified with very high confidence (>97%). This was a key
element for data analysis, since our intent was to visualize
hybridization with nanometer resolution at the high-magni-
fication of the electron microscope. The strategy devised
is outlined in Fig. 2, and derives from the assumption that
many small probe molecules hybridize along the larger mRNA
template, resulting in a tightly clustered array of gold parti-
cles qualitatively distinct from adventitious noise. Many
probe molecules will hybridize at random positions depen-
dent on the target mRNA. Subsequent detection of biotin by
indirect immunocytochemistry could result in as many col-
loidal gold particles as biotin molecules, thereby producing
an iterated array of electron-dense 10-nm images represent-
ing the templating of the target molecule. Noise, however,
would have different characteristics because any nonspecific
sticking of the small probe molecules or of the antibodies
would be very unlikely to form an array of gold particles,
since they would be individual events independent of the
mRNA molecules. Hence the signal would be expected to be
both quantitatively and qualitatively different than noise.

The data in Fig. 3 illustrates the results of analyzing sev-
eral hundred images of these gold particles compiled from
at least 10 cells (and at least two different experiments). The
background levels and arrays of gold particles resulting from
nonspecific sticking of probe was evaluated in control sam-
ples reacted with a biotinated pBR322 probe of the same
specific activity and size as the actin probe. Antibody back-
grounds were measured by the absence of probe in the pro-
tocol. The number of colloidal gold particles, as well as the
number of clusters per cellular area, was significantly less
in control samples reacted with biotinated pBR322 probe
than with pBR 322 containing the actin insert (Fig. 3 A). Fig.
3 B shows a graph of the percentage of gold particles in each
cluster size for the probe plus or minus actin sequences. It can
be seen in these figures that the presence of actin cDNA in
pBR 322 increases the number and percentage of colloidal
gold clusters in each size category compared to control sam-
ples. The largest amount of gold particles with either probe
are single and have a density of almost four gold particles
per square micron for the experimental probe and about one
and one-half for the control probe. As the number of parti-
cles in a cluster increases, progressively fewer clusters are
found using the pBR 322 probe compared to the actin probe.
It is evident that hybridization with the actin sequence yields
a significant number of larger-sized (greater than six) cluster
groups. This results in a proportional increase in signal-to-
noise ratio (i.e., number of clusters in each size category for
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actin probe divided by the number for the pBR 322 probe
alone) which begins at ~3:1 for individual particles and in-
creases logarithmically to 30:1 for clusters of eight colloidal
gold particles (Fig. 3 C). When as many as eight particles
are seen in a cluster, the probability is 97% that this signal
represents actin messenger RNA. It should be noted that the
noise level using biotinated pBR 322 is approximately the
same as when the probe is eliminated, indicating that almost
all the clusters are aggregates of antibodies rather than detec-
tion of nonspecific probe sticking (data not shown). These
aggregates disappear when the primary antibody is omitted
indicating that the secondary antibody is not producing the
clusters. Since the largest category of colloidal gold particles
are singles rather than doubles, this indicates that most of the
nonspecifically bound first antibody is detected by only a sin-
gle secondary antibody. This may result from the large col-
loidal gold moiety attached which prevents more than one
secondary antibody from detecting the primary antibody.
These observations are reflected in the schematized drawing
in Fig. 2. Finally another type of negative control sample was
performed in which samples were digested in RNase A pre-
vious to hybridization. For all experiments using RNase (at
least five), the amount of hybridization using the actin probe
was reduced; the number of gold particles in each cluster size
was decreased compared to the cells not exposed to RNase.
In addition, a reduction in total gold signal as well as in clus-
ter size was detected on several occasions when the control
probe was used on the RN Ase-treated cells. This may be due
to the additional washing in the RNase treatment.

Analysis of Individual Clusters of Gold

When the individual clusters were examined, it became evi-
dent that there were additional qualitative differences be-
tween the mRNA probe and the control probe. In the case
of the actin probe, for instance, significant numbers of
clusters were found where the gold particles were not simply
in an aggregate, but rather in a characteristic array with rela-
tively constant spacing, and a linear dimension proportional
to the number of gold particles involved. This is consistent
with the actin probe hybridizing to a template. Examples of
the visualization of individual clusters denoting hybrids are
given in Fig. 4. These micrographs show the arrangement of
gold particles in clusters for which the number of particles
is such that it represents bonafide hybridization to an mRNA
molecule. The structure of the cluster appears at times to be
circular (Fig. 4, a, b, and ¢), at other times to be spiral (c,
d, and f), and less often linear (#). In many cases, circular
arrangements are actually spiral when examined by stereo
microscopy.

Fig. 4, e-h shows examples of clusters denoting actin
mRNA as in a-d, except that the sample has also been ex-
posed to monoclonal antibodies to actin which have been de-
tected by indirect immunocytochemistry using 5-nm colloi-
dal gold. This allows the high-resolution visualization of
both the message and its cognate protein in the same area.
It is evident that actin protein is distributed throughout the
area occupied by the messenger RNA. The association of the
messages with the cytoskeleton can be seen clearly in these
preparations. In almost all cases examined, the messenger
RNA detected sits astride several filaments, very often at the
base of, or along, a long, single filament the diameter of actin
filaments (6 nm; see Fig. 4 a). In Fig. 4 d, actin message sits

2346



% PARTICLES PER CLUSTER

NUMBER /SQ MICRON

o
T

SIGNAL TO NOISE RATIO

T

2
COLLOIDAL GOLD PARTICLES/CLUSTER

6

NUMBER OF COLLOIDAL GOLD PARTICLES
PER CLUSTER

L 1 i ! 1
8 [} 12 ol 2 4 6 8 10

NUMBER OF COLLOIDAL GOLD PARTICLES
PER CLUSTER

Figure 3. (A) Histogram showing the relationship between colloidal gold particles per unit area and the number of particles per cluster.
&, beta-actin; ®, pBR322 or antibodies alone. (B) Graph showing the data in 4 as a logarithmic plot for the various clusters expressed
as a percentage of total particles counted (exceeded 5000). There were rarely any clusters of nine or more seen in the controls. 0, pBR322
probe. @, actin probe. (C) Signal to noise ratio expressed as a logarithmic plot relative to numbers of colloidal gold particles per cluster.
The scatter increases as the cluster size gets larger, as they represent increasingly smaller numbers. The noise level diminishes essentially
to zero at cluster sizes greater than eight so that the signal-to-noise ratio becomes incalculable.

on a cellular filopodium; in Fig. 4 g, on a strand connecting
two actin cables. When antibodies to actin are used in con-
junction with the message, it is possible to see a small 5-nm
particle abutting 85% of the messages within 5 nm or less
(Fig. 4, e and g, arrows). These 5-nm particles were not seen
in conjunction with the actin probe when a different (nonac-
tin) antibody is used (see below). It is possible that this
represents a nascent chain, or a recently released protein
from the polyribosome. However, when messages other than
actin were detected in conjunction with actin antibodies
these 5-nm colloidal gold particles were also seen close to
the message indicating that in the majority of the cases, it is
not a nascent chain but rather an actin protein close to the
message (see below).

Double-Label Visualization of Actin, Tubulin, and
Vimentin Messages Correlated with Actin, Vimentin,
or Tubulin Proteins

It was of interest to investigate further whether there was a
functional correlation between the proximity of actin anti-
bodies and actin messages, i.e., whether actin messenger
RNA is associated specifically with its own filaments. The
methodology presented here was used to explore the general
relationship of cytoskeletal messages to their proteins with
high resolution. We investigated cells hybridized to either a
probe containing actin, vimentin, or tubulin sequences as
well as the vector (pBR322) alone and used either an actin,
vimentin, or tubulin antibody to correlate proximity of each
of the proteins with either of the messages. Examples of
some of the results are shown in Fig. 5. The vimentin anti-
body used was shown by electron microscopy (Fig. 5 a) to
be specific for vimentin filaments and bundles. Fig. 5 b
shows the detection of actin message at the lateral edge of a
cell combined with vimentin antibodies and Fig. 5 ¢ shows
vimentin message (arrowhead) combined with vimentin an-
tibodies. In this micrograph, the message is very near the nu-
cleus, which is just off to the left. This perinuclear position,
which was more common for vimentin than actin messages,
is consistent with our previous observation which showed,
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by in situ hybridization and subsequent autoradiography, that
vimentin message tends to be detected more consistently
near the nucleus (Lawrence and Singer, 1986). Fig. 5 d
shows a cell hybridized with a vimentin probe which was
large (400-600 nucleotides) and shows two rows of gold par-
ticles, perhaps indicating that networks were formed as was
suggested to be a result of using larger probes (Lawrence and
Singer, 1985). This particular experiment showed a number
of these parallel arrays of gold particles as well as cruciform
and branched structures. This preparation was also exposed
to antiactin antibodies represented by the small gold parti-
cles. The actin protein can be seen in close proximity to the
vimentin message. Fig. 5 e shows a double-label experiment
for tubulin mRNA and tubulin protein. Two labeled microtu-
bules can be seen traversing the field. Tubulin mRNA is as-
sociated with other cellular material, possibly a stress fiber.

To quantitate the association of each message with each of
these three filamentous proteins, the protein detected (5-nm
particles) using each antibody was assessed within 5 nm of
each message. The total number of messages examined in
this way reflects “nearest neighbor” proximity of each protein
to each message (see Table I). A great majority (88%) of all
the actin or vimentin messages examined, lay close to an an-
tibody for actin protein (at least 5 nm in distance). The tubu-
lin messages were closely associated with actin protein 70%
of the time. Nonspecific noise was generated using the vector
alone, and the rare clusters were found to be near actin on
significantly less occasions (46%). This may be due to the
density of actin protein labeling within the cell and hence the
probability that a random cluster would fall near an actin
protein. However, in contrast, no more than 7.8% of these
same messages lay on a filament composed of or containing
vimentin or tubulin. The slightly elevated percentage ob-
tained when tubulin and vimentin messages were correlated
with their respective proteins could possibly reflect the de-
tection of nascent chains rather than presence of a filamen-
tous protein.

Additionally, the distance to the nearest 5-nm particle
from a message was measured as an indication of the general
nearness of each individual protein to either of the messages.
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Table 1. Association of Cytoskeletal Message with
Cytoskeletal Proteins

Probe
Antibody Actin Vimentin Tubulin 322
Actin 88.0 89.0 70.0 46.0
(n = 52) (n =27 (n =39 (n = 50)
Vimentin 0 7.8 2.1 3.7
(n =11 (n = 51 (n =47 (n =27
Tubulin 4.2 4.8 6.5 3.2
(n =24) (n = 21) (n = 31 (n = 31)

The frequency with which actin, vimentin, or tubulin protein is found near ac-
tin, tubulin, or vimentin message is represented as the frequency that 5-nm par-
ticles are within 5 nm of a message. Cells probed with either a vimentin,
tubulin, actin, or a pBR 322 biotinated sequence and identified by the presence
of more than five (10-nm) particles in a cluster were then analyzed for the near-
ness of 5-nm particles denoting antibodies to actin, vimentin, or tubulin. Based
on the examination of duplicate samples and two different individuals to ana-
lyze the results.

The results from the analysis of several hundred negatives in-
dicated that actin protein is as much as 40 times closer to ac-
tin, tubulin, or vimentin messages (averages <10 nm away)
than either vimentin or tubulin protein is around either mes-
sage (averages from 211 to 79 nm away, respectively). This
absence of vimentin or tubulin protein from areas near either
vimentin, actin, or tubulin mRNAs as well as the absence
of messages in areas of vimentin or microtubule labeling in-
dicate that these are unlikely to be the cytoskeletal compo-
nent with which these mRNAs associate or by which it is
localized. Conversely, actin protein is more likely to be in
the proximity of any of the messages examined.

Cellular Location of the Messages

To gain a perspective as to the placement of cytoskeletal mes-
sages within entire cells, as was described initially by
Lawrence and Singer (1986), several cells were assembled
by montage at a magnification of 25,000 (one cell occupied
~10 square feet at this magnification) and the gold clusters
all marked and categorized according to cluster size. A frac-
tion of one of these cells is represented in Fig. 6. When the
complement of gold particles is calculated for the entire cell
and the background level subtracted for each cluster size, an
approximation of 900 actin messages is obtained for this cell.
When only “high confidence” messages are examined (i.e.,
greater than six particles per cluster, denoted by stars in Fig.
6), these are more concentrated in the lamellipodia of the cell
(65 % of the messages). Two cells, analyzed for hybridization
to tubulin and vimentin mRNAs showed a perinuclear local-
ization (65% of the messages), consistent with previous
work cited above. Two smaller cells analyzed for actin mRNA
showed similar localization to the first cell, although the
message count was approximately half (~400 actin mRNAs
per cell).

Discussion

This work reports the visualization of messenger RNA mole-
cules within the cytoskeletal framework using double-label
in situ hybridization and subsequent electron microscopy.
The confidence in this interpretation is made possible by the
iterative detection of colloidal gold-conjugated antibodies
characteristic of a bona fide hybridization signal, compared
to the nonspecific sticking of DNA probe or of the antibod-
ies. It illustrates the high resolution capabilities of the bioti-
nated nonisotopic analogue of dUTP originally described by
Langer et al. (1981), since the biotinated probe is detected
close to the site of hybridization unlike isotopic labeling
where the detection occurs at a site distant from the actual
hybridization (see also, ultrastructural detection of bioti-
nated probes by Hutchinson et al., 1982; Binder et al., 1986;
Webster et al., 1987).

The visualization of the mRNAs reported here is distinct
from single-copy detection since it represents only one of
many messages that are present in high abundance in the
cell. A low abundance message would be difficult to detect,
and hence this is a high resolution, but not a high sensitivity
approach.

Do the colloidal gold clusters represent the detection of in-
dividual messenger RNA molecules? We believe each cluster
corresponds to an individual messenger RNA. The evidence
for this is as follows. First, the analysis of cluster sizes is con-
sistent with a single molecular target. If messages were in
the form of “packets” of more than one message, we would
not expect to see colinear arrangements of gold particles but
rather clumps of gold particles. Furthermore, the expected
number of antibody molecules that would fit along a probe
hybridizing to a 1.8-kb message at approximately one every
50 nucleotides (based on 150 A between antigen-binding
sites) would be as much as 36. In fact we rarely detected
clusters this large of gold particles consistent with our detec-
tion of smaller portions of single molecules. Finally, the use
of a probe for the much larger myosin heavy chain mRNA
(5.9 kb) results in significantly larger clusters (Silva et al.,
1989), consistent with the single mRNA as target hypothesis.

Second, the curvilinear conformation of the clusters in
Triton-extracted cells is consistent with a templating by a tar-
get comprising a single strand of nucleic acid, such as would
occur during hybridization. This conformation of messenger
RNA has been suggested previously by the work of Chua et
al. (1976) where ribosomes were seen to be packed in “hex-
agonal arrays” in tissues subjected to standard electron mi-
croscopic protocols. Recent work by Christensen et al. (1987)
shows that membrane-bound ribosomes have almost the ex-
act conformation even in the diameter of the circle formed
as shown by the messenger RNAs visualized in this work,
and suggests that there may be an association between the 3’
and 5’ ends of the message. Although cytoskeletal messages
would be expected to be associated with nonmembrane-
bound polyribosomes, our similar observations of the struc-

Figure 4. Sampler of actin mRNA hybrids and actin protein simultaneously detected by 5- and 10-nm colloidal gold antibodies and visualized
in the electron microscope. {a-h) Various conformations of hybridized mRNAs seen in association with the cytoskeleton. (a, c, and g)
mRNAs associated with vertices of filaments. (b and ¢) Ring configurations. (¢, d, and f) Coiled configurations. (e, g, and &) Antibody
staining detected within 1 nm of the messages (small, white arrowheads in e and g). (d) Coiled mRNA hybrid on a cable that was within

an extracted lamellipodium. Bar, 100 nm.

Singer et al. EM Visualization of Cytoskeletal mRNAs

2349



Figure 5. Double labeling in situ hybridization to detect messages with various proteins and visualized by electron microscopy. (@) An-
tivimentin antibodies detected with 5-nm colloidal gold secondary antibodies, staining a cytoplasmic vimentin cable (originated from the
nucleus). (b) Beta—actin mRNA hybrid in a cell also stained with antivimentin antibodies detected with 5-nm colloidal gold. (c) Vimentin
mRNA hybrid (arrowhead) adjacent to nucleus (not shown) in a cell stained also with antivimentin antibodies. (d) Vimentin mRNA hybrid
in a cell also stained with antiactin antibodies. {¢) Tubulin mRNA hybrid in a cell also stained with antitubulin antibodies. Bar, 100 nm.

ture of the hybridized messages supports this possibility. The  within a few specific cells, after examination of the cell in
mRNA may have this conformation imposed on it by the na- its entirety at a magnification of 25,000 and obtained for one
ture of its attachment, for instance to a helical filament. cell ~900 actin messages (two other cells averaged 400).

Finally, we have counted the number of actin messages =~ When compared to the results of Lawrence and Singer (1985)
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Figure 6. Montage of a cell after hybridization to biotinylated actin
c¢DNA probe and detection by indirect immunocytochemistry. A
fraction of a cell is shown here, after reduction from a magnification
of 25,000. The triton extraction reveals the cytoskeletal filament sys-
tem, in particular, the leading edge, or lamellipodium. Clusters of
six particles and greater are denoted by stars. Less than six particles
are denoted by circles. Bar, 2 um.

where an average of ~1,200 messages per cell were detected
isotopically, it appears that this high resolution methodology
is reasonably efficient in detecting individual messages, after
correcting for the 70% of the actin messages retained after
Triton extraction.

We have described in a previous work (Lawrence and
Singer, 1986) that the distribution of actin messenger RNA
is toward the periphery of the cell, preferentially in those
regions involved in cell motility, such as lammellipodia. In
the work presented here on Triton-extracted cells, we have
noted similar concentrations of actin mRNA at these same
sites. Reconstruction of entire cells by montage elucidated
the message distributions throughout the cell and confirmed
the above reference (~65% of the messages in these periph-
eral regions). Conversely only 35% of tubulin or vimentin
messages were found in lamellipodia. The finding that mes-
senger RNAs are not only bound to the cytoskeletal matrix
in some way (see introduction of article), but are also local-
ized to a specific region of this cellular compartment implies

Singer et al. EM Visualization of Cytoskeletal mRNAs

that a mechanism(s) of attachment exists which allows for
specificity as to where on the cytoskeleton specific mRNAs
are bound. The mechanism(s) governing the association of
mRNAs with the cytoskeleton may be related to the mecha-
nism(s) whereby specific mRNAs are concentrated in dis-
crete cellular regions. Hence, the work presented here using
double-labeling techniques for simultaneous detection of
mRNA and protein is relevant for understanding both of
these mechanism(s) by suggesting the association of cyto-
skeletal nRNAs with actin containing structures and the lack
of association with the vimentin or tubulin containing struc-
tures. The proximity of actin protein to the cytoskeletal mes-
sages suggests that microfilaments are most likely to interact
with these messages. Alternatively, the messages may inter-
act with some actin-associated protein(s). Because of the
ubiquity of actin throughout the cytoplasm, the probability
that a probe will stick within 5 nm of microfilaments, based
on random chance, is significant (46 %). However, the proba-
bility is greater (70-89%) that mRNA for vimentin, actin,
or tubulin will be near actin microfilaments. Furthermore,
we searched vimentin filaments and microtubules for indica-
tion of message association and found a significantly lower
association (<7.8%). Because of the diffuse and weak nature
of the monoclonal antibody labeling, it was difficult to un-
equivocally identify microfilaments or vimentin fibers, al-
though microtubules were more easily identified. These
results suggest that it is unlikely that vimentin or tubulin are
the cytoskeletal components with which the majority of their
messages is directly associated. Their association with actin
protein, as judged by antibody labeling, is strengthened by

TWO POSSIBLE MECHANISMS FOR mRNA LOCALIZATION

A Nascent chain localization

Figure 7. Scheme by which cytoskeletal messenger RNAs may be
associated with the cytoskeleton and localized to particular fila-
ments and to regions of the cell. (4) The mRNA becomes as-
sociated with the cytoskeleton due to the affinity of its nascent ¢hain
with a polymerizing filament, e.g., actin nascent chains may have
an affinity for actin filaments. (B) The message associates to a fila-
ment system through a sequence on the mRNA (e.g., on the 3’ end
of the message), possibly in association with a ribonucleoprotein
complex. Translation results in a higher concentration of the syn-
thesized protein around the site of attachment of the message to the
filament. Evidence presented in this work indicates that while A
may be true for actin message, B is more likely for vimentin, tubu-
lin, and is also possible for actin message.
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the observation that many of these messages are associated
with what appear to be 6-nm filaments. This is further sup-
ported by previous work from several laboratories which
investigated the association of polyribosomes with the cyto-
skeleton by either fractionation methods or direct visualiza-
tion by electron microscopy and suggested that they were
associated with microfilaments rather than intermediate fila-
ments or microtubules (Bloemendal et al., 1979; Pudney and
Singer, 1979; Lenk et al., 1979; Toh et al., 1980; Traub and
Nelson, 1982; Ramaekers et al., 1983; Bird and Sells, 1986).
Recent work by Ornelles (1986) indicates that cytochalasin,
an actin-disrupting agent, displaces mRNA from the cyto-
skeleton. Isaacs and Fulton (1987) have indicated a cotrans-
lational assembly of nascent myosin heavy chains with the
cytoskeleton which is disrupted by cytochalasin. Further ul-
trastructural work in conjunction with additional approaches
should clarify the message-cytoskeletal relationship still fur-
ther (e.g., polyclonal antibodies to identify smaller actin or
vimentin filaments or other actin associated proteins, or use
of cytoskeletal perturbing drugs).

The possible mechanisms for specific localization of an
mRNA, which have been discussed in a previous publication
(Lawrence and Singer, 1986), involve targeting to a cellular
region either by the nascent chain or by a nucleotide se-
quence on the mRNA itself (see Fig. 7). If vimentin or tubu-
lin mRNAs are associated with actin, this would suggest that
their attachment was not via an affinity of the nascent chain
for its homopolymer (Fig. 7 A4) although alternatively the na-
scent chain may have an affinity for actin filaments. Previous
work has suggested that messenger RNA itself is attached
directly to the cytoskeleton even after dissociation of the
polyribosomes (Lenk et al., 1977; Cervera et al., 1981) a re-
sult consistent with the interpretation that the nascent chain
is not involved in the association. Since vimentin or actin
messages are concentrated in distinct regions of the cell
(e.g., vimentin mRNA around the nucleus and actin mRNA
in lamellipodia; Lawrence and Singer, 1986), how could this
be possible if they are both associated with microfilaments?
Possibly, some combination of the two proposed mechanisms
exists (e.g., actin by Fig. 7 A and vimentin by Fig. 7 B), or
possibly an initial role of the nascent chain in localization of
the message followed by an attachment of the message to the
nearest actin filament. Nonetheless the methodology em-
ployed in this work allows a direct approach toward dissecting
the role of cytoskeletal elements in message association or
localization. Presumably refinements in this methodology will
clarify these problems further. For instance, development of
a thin-sectioning approach to in situ hybridization will allow
even greater ultrastructural resolution (Silva et al., 1989).
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