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Summary 

We have analyzed intracellular distributions of mRNAs 
for the cytoskeletal proteins actin, vimentin, and tubu- 
lin by in situ hybridization. Although polyadenylated 
RNA was homogeneously distributed throughout the 
cell, actin mRNA demonstrated a nonhomogeneous 
distribution in 95% of randomly selected chicken em- 
bryonic myoblasts and flbroblasts, as detected by iso- 
topic and nonisotopic techniques. Actin mRNA con- 
centrations were highest at cell extremities, generally 
in lamelllpodia, where grain densities were up to 16- 
fold higher than in areas near the nucleus. Vimentin 
mRNA, unlike actin mRNA, was distributed near the 
nucleus. Tubulin mRNA appeared most concentrated 
in the peripheral cytoplasm. These results demon- 
strate that cytoplasmic mRNAs are localized in spe- 
cific, nonrandom cellular patterns and that localized 
concentrations of specific proteins may result from 
corresponding localization of their respective mRNAs. 
Hence, actin mRNA distribution may result in in- 
creased concentration of actin filaments in lamellipo- 
dia of motile cells. 

Introduction 

The spatial distribution of specific mRNAs within intact 
cells has not been previously studied. In the work 
presented here we have used in situ hybridization to 
mRNAs for cytoskeletal proteins to address the possibility 
that mRNAs for different proteins exhibit characteristic 
patterns of localization. Knowledge of the intracellular dis- 
tribution of specific mRNAs is important for understand- 
ing cellular organization and function. In particular, local- 
ization of a given mRNA provides insight into the site of 
synthesis of the corresponding protein. A central question 
in cell biology concerns how newly synthesized proteins 
come to reside in their appropriate locations within the 
cell. While our understanding of how proteins are targeted 
to membranes or the nucleus has progressed rapidly in 
recent years (Goldman and Blobel, 1978; Maccecchini et 
al., 1979; Moreland et al., 1985; Redman and Sabatini, 
1966; Blobel, 1980), essentially nothing is known about 
how cytoplasmic proteins, constituting the bulk of the pro- 
teins in the cell, become localized at their site of function. 
Three mechanisms could serve to accomplish this local- 
ization: the protein may be transported after its synthesis 
is complete; the nascent chain may be transported during 
its synthesis; or, possibly, the protein may be synthesized 
close to the site of function due to localization of the corre- 

sponding mRNA. Fundamental to discriminating among 
these mechanisms is the question of whether mRNAs ex- 
hibit differential localization within cells and, if so, how this 
localization relates to the distribution of the corresponding 
protein. 

To determine whether mRNAs exhibit random or non- 
random distribution within cells, we have used an im- 
proved in situ hybridization methodology (Lawrence and 
Singer, 1985) optimized for the preservation of cellular 
morphology, RNA retention, and, consequently, preserva- 
tion of the native configuration of RNAs. So that we might 
readily relate mRNA distribution with protein distribution, 
we have focused on localization of mRNAs for the filamen- 
tous proteins actin, tubulin, and vimentin because these 
proteins have been extensively studied and exhibit well- 
characterized cellular distribution. These major constitu- 
ents of the cellular framework have preferred areas of lo- 
calization; for instance, actin filaments tend to grow at the 
periphery of cells, in areas such as ruffles, lamellipodia, 
or filopodia (Ishikawa et al., 1969; Buckley, 1981; Small, 
1981; and Stossel, 1984). In contrast, vimentin tends to en- 
case the nucleus more heavily (Small and Celis, 1978; 
Lazarides, 1980; Osborn et al., 1982; Holtzer et al., 1982; 
Steinert et al., 1984) and microtubules are found to as- 
semble from the organizing centers around the nucleus 
toward the cell boundaries (Brinkley et al., 1975; Osborn 
and Weber, 1976; Brenner and Brinkley, 1984). This cellu- 
lar framework serves to illustrate the problem confronted 
by the cell in sorting newly synthesized proteins to the ap- 
propriate location. Thus, these proteins provide a good ex- 
perimental system in which to study whether this asym- 
metric distribution of filaments may be effected by a 
localization of their corresponding messenger RNAs. 

Results 

To determine whether the intracellular distribution of 
mRNA is homogeneous, or whether mRNAs for different 
proteins exhibit distinct patterns of localization within the 
cell, chicken embryonic muscle or fibroblast cultures were 
hybridized in situ with cloned DNA probes for specific 
cytoskeletal mRNAs, as well as for total poly(A) RNA. Ex- 
cept where otherwise indicated, experiments employed 
3H-labeled probes and autoradiography for detection and 
quantitation. 

Localization of Actin mRNA 
Actin mRNA was localized with a full-length, 2 kb chicken 
)3-actin probe, which detects mRNAs for all actin isoforms 
because of homologies in the coding region (Cleveland et 
al., 1980). Autoradiographs of cells hybridized with this 
probe revealed that the distribution of actin mRNA was 
highly nonhomogeneous, with many cells exhibiting dis- 
crete areas of high grain density. Labeling patterns for 
cells with varying morphologies are illustrated in Figures 
lA-1C and Figure 2. In Figure lA, two cells have been jux- 
taposed to emphasize that cells with similar morphologies 
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Figure 1. Autoradiographs of Cells Hybridized In Situ with %-Labeled Probes to mRNAs for Cytoskeletal Proteins and to Poly(A) mRNA 

Shown are Giemsa-stained ceils at 2000x magnification. Specific activities of nick translated probes ranged from l-3 x lo7 cpmlng and exposure 
times were from 8-13 weeks. See Experimental Procedures for description. (A-C) actin probe: (D) vimentin probe; (E) tubulin probe; (F) 3H-labeled 
poly(U) probe (New England Nuclear, 5.1 Cilmmol). 

often showed similar labeling patterns. The highly labeled 
regions were consistently at the cell periphery, in lamel- 
lipodia, indicating that actin mRNA was concentrated in 
these parts of the cell. (We define a lamellipodium as a flat- 
tened protrusion extending from the cell body and often 
containing a ruffling membrane at its leading edge, as de- 
scribed by Bard and Hay, 1975.) In contrast to the labeling 
of the lamellipodia, the nuclear region generally exhib- 
ited little label. Typical distribution of actin mRNA is fur- 
ther illustrated in Figure 2A. The cell in the upper part 

of this figure shows the classic morphology of a motile cell, 
and the tamellipodium containing the apparent forward- 
leading edge (arrow) is highly labeled relative to the rest 
of the cell. At the opposite end of the cell there is a cell 
process, presumably undergoing retraction, that has 
elevated actin mRNA levels, but to a lesser extent than the 
larger lamellipodium. This unequal, bipolar distribution of 
actin mRNA was the most frequently observed patternin 
cells with this characteristic morphology (see also cells in 
Figures 1C and 2B). A highly pronounced and much more 
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Figure 2. Autoradiographs of Cells Hybridized In Situ with sH-Labeled Probe to Actin mRNA, Phase-Contrast Optics 

(A) Bipolar distribution of actin mRNA (2000x). The cell in the upper part of this photograph exhibits classical morphology of a cell in motion. 
arrow indicates the forward leading edge. 
(B) Low magnification view (800x) showing several cells in a field exhibiting localization of actin mRNA. Small arrows indicate a bipolar myol 
with symmetrical labeling. Large arrow indicates a fibroblast with three lamellipodia. each of which exhibits increased label. 

The 

olast 

symmetrical localization of actin mRNA was observed in 
a minor fraction of cells consisting of extremely elongated 
bipolar myoblasts, as shown by the cell at the extreme 
right of Figure 28 (small arrows). Cells with a more spread 
morphology frequently had several lamellipodia, each of 
which was densely labeled toward the outermost region 
of the projection (indicated by large arrow, upper left of 
Figure 28). As shown in Figure lB, high concentrations of 
actin mRNA were commonly observed in areas of cell con- 
tact. Grains were often concentrated at the base of thin 
processes extending toward another cell, while the pro- 
cess itself was essentially devoid of label (see arrow). 
Similar patterns of actin mRNA localization were ob- 
served regardless of whether cells were grown on plastic 
or glass. The only cells that characteristically exhibited 
relatively uniform grain distributions were myotubes and 
small mononucleated cells believed to be proliferative 
myoblasts. RNAase-treated controls or cells hybridized 
with a pBR322 plasmid lacking the actin insert showed no 
hybridization. 

We used two general approaches to verify that the non- 
homogeneous patterns of grain distribution observed af- 
ter in situ hybridizations to actin mRNA were not artifacts, 
either of hybridization or of autoradiographic detection of 
3H-labeled probes. First, we confirmed the peripheral dis- 
tribution of actin mRNA using alternative detection tech- 
niques, and second, we showed that the same detection 
technique (tritium) used with different probes produced 
results specific for the probes. 

Similar patterns of actin mRNA distribution were ob- 

served using three alternative methods for detection of hy- 
bridized probe. Two nonisotopic methods were employed 
whereby the probe was labeled by incorporation of bio- 
tinylated nucleotides and the hybridized probe was de- 
tected either histochemically, using a reaction in which 
biotinylated alkaline phosphatase is conjugated to strept- 
avidin (Leary et al., 1983; Singer et al., in press), or by 
fluorescence, using fluorescein-labeled avidin (fluores- 
cein-avidin) (Singer and Ward, 1982). Detection of actin 
mRNA by alkaline phosphatase staining is shown in Fig- 
ure 3A: the staining is darkest at what appears to be the 
forward-leading edge of the cell. Essentially no staining 
was observed in control samples that were treated identi- 
cally except that the probe was pBR322 lacking the actin 
insert (Figure 3B). Localization of actin mRNA using 
fluorescein-avidin for detection yielded similar results, 
with prominent staining frequently observed in cell projec- 
tions and extremities (see Figure 3C). This fluorescence 
pattern contrasts with the much more generally dispersed 
fluorescence produced by acridine orange, which stains 
total RNA (Fulton et al., 1980) (Figure 3D). In some cells 
acridine orange fluorescence was less intense in the 
lamellipodia, presumably due to decreased cell thickness 
in these regions. In addition to the hybridizations by 
nonisotopic methods, hybridizations were performed with 
an actin probe labeled with 3% which has a longer path 
length of radioactive emission than does 3H; in principle, 
actin mRNA from the entire cell would be detected. The 
presence of heavily labeled lamellipodia in many cells 
was still evident with 35S-labeled probes, although the 
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Figure 3. Nonisotopic Detection of Actin mRNA In Situ, 2000x Magnification 

(A) The actin probe was biotinated and hybridization was detected using the alkaline phosphatase method (see Experimental Procedures). 
(6) Same as (A) except a biotinated control probe (pBR322 without actin insert) was used. 
(C) Hybridization of biotinated actin probe detected using fluorescein-avidin. Epifluorescence optics. 
(D) Total RNA stained with the fluorescent acidophilic dye, acridine orange. Epifluoresence optics. 

resolution was lower than with sH-labeled probes (data 
not shown). These observations with alternative detection 
methods, coupled with the results presented below, sup- 
port the conclusion that the localized grain distributions 
resulting from in situ hybridizations with actin cDNA 
probes represent actual intracellular distributions of actin 
mRNA. A more defined resolution of message distribution 
within the three-dimensional architecture of the entire cell 
would require analysis of sectioned cells. 

Localization of Poly(A) mRNA, Vimentin mRNA, 
and Tubulin mRNA 
Using 3H-labeled probes and autoradiographic detection, 
we compared the intracellular distribution of actin mRNA 
with that of other messages in identical cell cultures. The 
distribution of total poly(A) RNA was evaluated using a 
tritiated poly(U) probe (New England Nuclear). As can be 
seen in Figure lF, the distribution of grains over chicken 
myoblasts and fibroblasts was generally uniform after hy- 

bridization with the poly(U) probe, in marked contrast to 
the often highly localized distribution observed for actin 
mRNA. Hybridization to poly(A) RNA resulted in essen- 
tially equivalent grain densities over the central and pe- 
ripheral regions of the cell, while lamellipodia only rarely 
exhibited significantly increased grain densities. This rel- 
atively uniform distribution of poly(A) RNA is consistent 
with the generalized distribution of total RNA observed 
with acridine orange staining, as described above. Control 
hybridizations with a tritiated poly(A) probe produced little 
label above background. The consistent difference in 
results between hybridizations with the poly(U) probe and 
the actin probe demonstrates that the observed localiza- 
tion of actin mRNA is specific for this particular message 
and is distinct from the general distribution of poly(A) and 
total RNA within the cell. 

The labeling patterns observed in cells with diverse 
morphologies are best described in qualitative terms. 
However, we wished to derive a means of quantitatively 
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Table 1. Quantitative Summary of mRNA Distribution 

Message 

POSY@) 
Actin 
Vimentin 
Tubulin 

Average LI’ % of Cells 

(Range) with LI > 2.1 

1.4 (1 .o-2.8) 6 
5.9 (1.1-16.3) 95 
3.7 (1.1-8.4) 72 
2.4 (1 .O-4.5) 56 

% of Cells with Highest 
Grain Density over Nucleus 

22t 
0 

89 
2 

% of Cells with Highest 
Grain Density over Lamellipodia 

28t 
100 

8 
67 

* LI = Localization Index = 
Number of grains in most densely labeled region 

Number of grains in least densely labeled region’ 
where grain counts were performed at 1000 x magnification in 

areas representing 6 (wm)2. Averages are based upon data from a minimum of 50 cells taken from two or more independent experiments. 
t As indicated by the low LI for poly(A), observed increases in grain densities were not significant (see text). 

representing and comparing the degree to which different 
messages are localized within cells. Grain counts were 
performed using 1,000x magnification on an ocular grid 
where one grid square was equivalent to six square 
micrometers. The most densely and least densely labeled 
regions of the cell were determined in areas correspond- 
ing to one grid square. The ratio of the highest grain den- 
sity to lowest grain density in a given cell is referred to as 
the Localization Index (LI) in Table 1. By definition, this 
index is always greater than or equal to 1.0. An in- 
dex of 1.0 indicates perfectly uniform grain distribution 
throughout a cell, whereas increasingly higher indices in- 
dicate increasing degrees of localization. Of the probes 
tested, hybridization of a poly(U) probe resulted in the 
most homogeneous distribution of grains, yielding an av- 
erage LI of 1.4 for 50 randomly selected cells. This con- 
trasts with the striking localizations observed for actin 
mRNA, for which this ratio averaged 5.9 for randomly 
selected single cells, with a range of 1.1 to 16.0. We also 
analyzed the percentage of cells in the population that 
showed nonuniform distribution of an mRNA. Using the 
range and average LI for cells hybridized for poly(A) RNA, 
we adopted the criterion that an LI of 2.1 or above indi- 
cated nonrandom grain distribution. Hence, only 6% of 
cells hybridized for poly(A) RNA exhibited nonhomogene- 
ous distribution, as indicated in Table 1. The distribution 
of highest grain densities for poly(A) RNA, 22% over the 
nucleus and 28% over the lamellipodium, is consistent 
with a random grain distribution since these numbers ap- 
proximate the fractions of the cell area represented by 
these structures. For actin mRNA, 95% of randomly 
selected cells showed localization by the criterion stated 
above. In cells hybridized for actin mRNA, the highest 
density of label was never over the nucleus but was in 
100% of the cells over the lamellipodium, generally in the 
outermost region of the structure. 

We next evaluated the distribution of messages for pro- 
teins comprising two other major components of the 
cytoskeleton, intermediate filaments and microtubules. 
Cells were hybridized with 3H-labeled probes for either 
chicken vimentin or chicken tubulin. A representative ex- 
ample of the distribution of vimentin mRNA is presented 
in Figure 1D and quantitative results are presented in Ta- 
ble 1. In striking contrast to actin mRNA, vimentin mRNA 
was centrally located, with the highest density of grains 
over the nucleus. Label was frequently evident as clusters 

over a region of the nucleus near, but not over, the nucleo- 
lus. As indicated in Table 1, the average LI for vimentin in 
randomly selected cells was 3.7, and 72% of the cells were 
judged, by the same criterion used above, to have a non- 
uniform distribution of message. The important difference 
between vimentin mRNA and actin mRNA distribution 
was that in 89% of cells hybridized with the vimentin 
probe, the nuclear region exhibited the densest label, 
whereas this was not true for virtually any of the cells ana- 
lyzed for actin mRNA hybridization. 

Tubulin mRNA exhibited more regionalization than 
poly(A) RNA, with an average LI for randomly selected 
cells of 2.4 and with 56% of the cells exhibiting non- 
homogeneous distribution. The pattern was similar to that 
of actin mRNA in that grain densities were higher over the 
cytoplasm. Label in the nuclear region was occasionally 
observed for tubulin mRNA. In general, localizations of 
tubulin mRNA were less pronounced. This is represented 
quantitatively by the difference in LI between these two 
messages (Table 1). As illustrated in Figure lE, after hy- 
bridization with a chicken a-tubulin probe, grains were dif- 
fuse but densest over lamellipodia in 67% of cells. Often 
there were two areas of increased grain density in oppo- 
site parts of the cell, although the striking localizations ob- 
served for actin mRNA were not paralleled in tubulin 
samples. 

We conclude that the three mRNAs investigated, each 
corresponding to a different component of the cytoskele- 
ton, exhibit patterns of intracellular distribution that are 
distinct from one another as well as from that of total 
poly(A) mRNA. Actin mRNA is localized toward the cell pe- 
riphery, whereas vimentin mRNA is most concentrated 
near the nucleus. Tubulin mRNA is less sharply localized, 
but it appears to be more concentrated in areas peripheral 
to the nucleus than is poly(A) RNA. 

Actin mRNA Localization: Relationship to Cell 
Motility or Myogenesis? 
The pattern of localization for actin message is particu- 
larly noteworthy, because it so closely and consistently 
mimics the well-documented peripheral distribution of 
growing actin filaments in the lamellipodia of motile cells 
(Pollard and Korn, 1971; Goldman et al., 1976; Lazarides, 
1976; Wolosewick, 1984; Wang, 1984). Quantitation of the 
amounts of actin mRNA in different parts of the cell re- 
vealed that, in some cells, as much as 80% of the mRNA 
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detected was in the outer lamellipodia, which represent 
less than 25%-300/o of the cell’s area. For example, in the 
cell at the left of Figure lA, 62% of the grains reside in a 
distal region of the lamellipodium that represents only 14% 
of the cell area. Because lamellipodia are flattened pro- 
cesses, and the thinnest region of the cell is at the periph- 
ery, this area represents significantly less than 14% of the 
cell’s volume. 

This heavy enrichment of actin message in intracellular 
regions known to be involved in cell locomotion, for which 
actin polymerization provides the major mechanical force, 
suggests that localization of actin mRNA may be related 
to cell motility. Since all of the above observations were on 
myogenic cultures containing myoblasts and fibroblasts, 
we analyzed pure fibroblast cultures to confirm that actin 
mRNA localization is not strictly a function of myogenic 
differentiation. Essentially the same peripheral distribu- 
tion of actin mRNA was observed in cultures of motile em- 
bryonic fibroblasts, which yielded an average LI of 4.3 with 
86% of the cells exhibiting a nonhomogeneous distribu- 
tion of this message. In addition, we analyzed cultures of 
rat L8 myoblasts, less motile cells which fuse into myo- 
tubes only at confluence. These cells exhibited a much 
more generalized distribution of actin mRNA, with a ten- 
dency for the thin periphery of cells to exhibit fewer grains 
than the rest of the cell. These results provide further sup- 
port for the suggestion that localization of actin mRNA at 
the cell periphery is closely related to cell motility and is 
not strictly a property of cells that are undergoing myo- 
genie differentiation. 

Discussion 

The work presented here establishes for the first time that 
mRNAs exhibit specific and distinct patterns of intracellu- 
lar localization in intact somatic cells. In particular, our 
results define differences in the spatial distribution of the 
mRNAs for actin, vimentin and tubulin in intact cultured 
cells and therefore indicate that these intracellular pro- 
teins may be synthesized in specific cellular regions. 
These observations have implications for the relationship 
of protein synthesis, and hence gene expression, to cell 
structure and motility. Some of these considerations are 
discussed below. 

We feel that the observed distributions of mRNA are 
morphologically and physiologically significar,I in that 
they are related to cell polarity and, most likely, to cell mo- 
tility. Actin mRNA is greatly enriched in the lamellipodia 
and projections of 95% of cultured cells. Since up to 80% 
of actin mRNA is concentrated in the structures, it is rea- 
sonable to assume that these cellular projections are sites 
of increased actin synthesis, although no evidence is 
presented here on the translatability of the localized 
mRNA. Much evidence indicates that these are the struc- 
tures where the polymerization of actin filaments, one of 
the major mechanical forces responsible for cell move- 
ment, is occurring (Pollard and Korn, 1971; Goldman et al., 
1976; Lazarides, 1976; Huang et al., 1978; Stossel, 1984; 
Wang, 1984; Wolosewick, 1984). Current models of actin 
filament assembly are generally based on the polymeriza- 

tion of preexisting monomer pools (Allen and Taylor, 1975; 
Bray and Thomas, 1976; Tilney, 1976; Pollard and Craig, 
1982; Taylor et al., 1982; Stossel, 1984). Therefore, the 
polymerization of actin at the cell periphery may be signifi- 
cantly facilitated by the localized synthesis of new actin 
monomers. Our observation of an asymmetric, bipolar dis- 
tribution of actin mRNA in most cells is consistent with 
suggested models of actin assembly in cell movement in 
which actin polymerization and synthesis are most active 
at the forward protruding edge of the cell, but are also in- 
creased in the rear of the cell where actin filaments facili- 
tate cell retraction (Taylor et al., 1982; Hay, 1985; Wang, 
1984). The most distinct and dramatic localizations we ob- 
served are for actin mRNA in chicken embryonic myo- 
blasts and fibroblasts, both highly motile cell types. We 
have observed a less peripheral distribution of actin 
mRNA in less motile L8 rat myoblasts. All of these obser- 
vations suggest a possible relationship between the local- 
ization of actin message and cell motility. 

Similarly, the nuclear localization of vimentin mRNA 
suggests a relationship between the site of synthesis of 
this protein and its functional disposition within the cell, 
since intermediate filaments are most concentrated 
around the nucleus (Small and Celis, 1978; Lazarides, 
1980; Osborn et al., 1982; Holtzer et al., 1982; Steinert et 
al., 1984). The observed clustering of grains in a region 
of the nucleus resulting from hybridization to vimentin 
mRNA is consistent with the existence of a proposed inter- 
mediate filament organizing center in this area (Eckert et 
al., 1982). Another possibility is that these clusters may 
represent hybridization to a messenger RNA that is as- 
sociated with the nucleus and is highly homologous to 
vimentin; such amino acid homology has been recently 
reported for nuclear lamins (McKeon et al., 1986). We are 
currently investigating distribution of vimentin mRNA in 
more detail. 

Our results imply that some molecular mechanism ex- 
ists whereby the mRNAs for different proteins are differen- 
tially sorted within a cell. One possibility is that the mRNA 
is sorted by some signal on the nascent polypeptide 
chains, in a manner analogous to membrane proteins 
(Blobel and Sabatini, 1971; Blobel and Dobberstein, 1975; 
Blobel, 1980). For instance, the nascent actin polypeptide 
could have an affinity for the tips of growing actin fila- 
ments. An alternative model would suggest that the local- 
ization of the mRNA is directly dependent on its nucleo- 
tide sequence and is not mediated by protein synthesis. 
For instance, distribution of mRNA might conceivably be 
achieved via some sequence-recognition ribonucleopro- 
tein complex that confers localization on mRNA. Since the 
mRNA sequences of the well-conserved actin family differ 
primarily in their untranslated regions (Cleveland et al., 
1980; Ordahl et al., 1980) these sequences could possi- 
bly contain information for intracellular localization. This 
may have implications for the role of actin isoform gene 
expression during development. 

A structural system exists within the cell that may serve 
to sequester or transport messages. Much evidence indi- 
cates that cytoplasmic mRNAs are translated while as- 
sociated with the cytoskeletal framework of the cell (Lenk 
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et al., 1977; Fulton et al., 1980; Cervera et al., 1981; Bon- 
neau et al., 1985). A nonrandom distribution of actin 
mRNA has been reported in the ascidian, Styela (Jeffrey 
et al., 1983; Jeffrey, 1984); actin mRNA is more heavily 
concentrated in the ectoplasm and myoplasm of ascidian 
eggs and remains with the triton-insoluble cellular frame- 
work. Cell fractionation studies have shown that myelin 
basic protein mRNA is translated on non-membrane- 
bound polyribosomes, which are enriched in the myelinat- 
ing processes of oligodendrocytes and which may be held 
in place by association with cytoskeletal elements (Col- 
man et al., 1982). Quantitative studies in our laboratory 
(unpublished data) have shown that 600/o-75% of actin 
mRNA and 85%-100% of tubulin and vimentin mRNA re- 
main with the triton-insoluble cytoskeletal framework. 
Therefore, it is likely that the mechanism whereby these 
mRNAs are held in a particular intracellular location in- 
volves attachment to the cytoskeleton, although the mech- 
anism whereby specific mRNAs are recognized and dif- 
ferentially localized remains to be determined. 

Our ability to detect intracellular distribution of mRNAs 
by in situ hybridization may be a function of the particular 
hybridization method employed. The technique used was 
previously optimized such that steps that would tend to 
disrupt cellular morphology or cause degradation and 
diffusion of mRNAs (e.g., proteinase and acid treatment, 
long hybridization times) have been eliminated or mini- 
mized (Lawrence and Singer, 1985). This improved meth- 
odology is likely to be essential for preserving the native 
distribution of mRNAs and may produce results qualita- 
tively different from those obtained previously. In earlier 
work describing the fluorescence detection of biotinylated 
probes, which preceded the development of this improved 
hybridization methodology, specific localization of actin 
mRNA was not observed (Singer and Ward, 1982). In the 
current work, most of our analysis employed tritiated 
probes and autoradiography for detection, since this 
method reproducibly provided the best combination of 
sensitivity, quantitation, and resolution. The l-2 pm track 
length of tritium decay (Rogers, 1979) is advantageous not 
only because of increased resolution compared with other 
radionuclides, but also because it minimizes differences 
in labeling due to differences in cell thickness. Hence we 
observed homogeneous grain distributions after hybrid- 
ization to poly(A) mRNA despite differences in cell thick- 
ness, and we detected higher concentrations of actin 
mRNA at the cell periphery even though this is generally 
the thinner region of the cell. However, interpretations of 
autoradiographic labeling patterns from tritiated probes 
must take into consideration the short path length of this 
radioisotope, since molecules in the more ventral regions 
of the cell may escape detection. Although similar local- 
ization of actin mRNA was confirmed using alternative de- 
tection techniques that detect probe throughout the entire 
cell, resolution of mRNA distribution in the dorsoventral 
axis would require sectioned material. Current work in our 
laboratory using biotinylated probes for electron micro- 
scopic detection will provide further information on mes- 
sage distribution and its association with cellular compo- 
nents. 

Experimental Procedures 

cell Culture 
Skeletal myoblasts were isolated from the pectoral muscle of IPday 
chicken embryos and cultured by standard techniques. Cells were 
plated at a density of 2 x 106/100 mm plate in minimum essential 
medium, 10% heat inactivated fetal calf serum, and 2% chicken se- 
rum. Cells were plated into dishes containing glass or plastic cover- 
slips previously autoclaved in 0.5% gelatin. Ceils were fixed after 2-3 
days of incubation, when cultures consisted of a mixture of fibroblasts, 
undifferentiated myoblasts, and early myofibers. Coverslips containing 
cells were rinsed twice in Hank’s balanced salt solution and fixed for 
15 min in 4% paraformaldehyde (Fisher) in phosphate-buffered saline 
with 5 mM MgCls. To make up the fixative, paraformaldehyde was dis- 
solved in PBS with low heat for 2-4 hr, MgCl2 was then added, and 
the solution was filtered. After fixation, cells were placed in 70% etha- 
nol at 4OC until later use. A large number of coverslips with cells of uni- 
form density were prepared from each cell culturing so that parallel 
samples could be examined with different probes. 

Pmbes and Nick Translation 
The actin probe consisted of a full-length (2 kb) transcript-coding re- 
gion for chicken 8-actin inserted into pBR322 (Cleveland et al., 1980). 
This probe hybridizes with the mRNAs of different actin isoforms under 
the hybridization conditions employed. The vimentin probe contained 
a 750 base doublet of chicken vimentin cDNA cloned into the same 
plasmid (Zehner and Paterson, 1983). The tubulin probe contained 
1400 bp of cDNA for chicken a-tubulin in pBR322 (Cleveland et al., 
1980; Valenzuela et al., 1981). The control probe used was pBR322 
without any insert. 

Plasmid DNA was routinely nick translated using three 3H-labeled 
nucleotide triphosphates (New England Nuclear, 54-100 Cilmmol). 
Specific activity of 3H-labeled probes ranged from 1 x 10’ to 3 x 10’ 
cpmlpg. For probes nick translated with 35S-dCTP, the specific activity 
ranged from 1.7 x lOa to 2.9 x lOa cpm/pg. For nonisotopic detec- 
bon. probes were labeled by nick translation with biotinylated dUTP 
(Enzo Biochemical). The probe fragment length after nick translation 
was approximately 300-800 nucleotides for radioactive probes and 
150-300 nucleotides for biotinylated probes. Probe fragment size was 
controlled by varying the amount of DNAase (Worthington) in the nick 
translation reaction, and the size was monitored using 1.5% alkaline 
agarose gel electrophoresis. For probes labeled with radioisotopes, 
probe size was determined by autoradiography of gels treated for fluo- 
rography (Enhance, New England Nuclear). Biotinylated probes were 
sized using alkaline phosphatase detection of probes transferred to 
nitrocellulose (see below). 

Hybridization 
The details and derivation of the hybridization protocol have been pub- 
lished elsewhere (Lawrence and Singer, 1985). The salient features of 
this method are that cell treatments that remove cellular constituents. 
such as proteinase, acid, or acetic anhydride, have been omitted and 
that incubation in the hybridization solution is short (3 hr) so that any 
possible diffusion of mRNA is minimized. Cells fixed in paraformalde- 
hyde and stored in 70% EtOH, as indicated above, were rehydrated in 
phosphate-buffered saline plus 5 mM MgClp for ten min, followed by 
0.1 M glycine, 0.2 M Tris-HCI, pH 7.4, for 10 min. Cells were then placed 
in 50% formamide (Fluka), 2x SSC (0.3M sodium chloride in sodium 
citrate buffer) for 10 min at 6oOC prior to hybridization. The probe, E. 
coli 1RNA, and salmon sperm DNA were lyophilized and then 
resuspended in formamide and melted at 9OaC for ten minutes. Just 
prior to placing on the cells, the probe, tRNA, and DNA were combined 
with the hybridization mix so that the final probe concentration was 1 
&ml and the final hybridization solution consisted of 50% formamide 
2x SSC, 0.2% BSA, 10 mM vanadyl sulfate ribonucleoside complex 
(Berger and Birkenmeier, 1979), 10% dextran sulfate (Sigma), and 1 
mg/ml each of the E. coli tRNA and salmon sperm DNA. For hybridiza- 
tions with 35S, 10 mM DTT was added to the hybridization solution. 
Cells on coverslips were incubated in 20 ~1 of hybridization solution for 
3 hr at JPC by putting coverslips cell side down on parafilm. After hy- 
bridization, coverslips were placed in 10 ml Coplin jars (VWR) and 
rinsed three times with shaking for 30 min each in 2x SSC, 50% for- 
mamide at 3PC; lx SSC, 50% formamide at 37°C; and lx SSC at 
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room temperature. Control samples were incubated in 100 pglml 
RNAase in 2x SSC for 1 hr at 3PC prior to hybridization. 

Detection of Hybridization 
Samples hybridized with 3H- or 35S-labeled probes were dehydrated 
through 70%, 95%, and 100% ethanol and air dried. Coverslips were 
mounted cell side up on slides using Permount. To facilitate compari- 
sons, samples hybridized with different probes were mounted together 
on one slide and dipped into Kodak NTB-2 emulsion in complete dark- 
ness. Air dried slides were placed in lighttight boxes with Drierite and 
were stored at 4OC. Exposure times for 3H-labeled probes were from 
8-12 weeks and for 35S-labeled probes were from 3-12 days. Slides 
were processed through D-19 developer for 5 min, 1% acetic acid for 
30 set, Kodak Fixer for 5 min, and a water rinse for 30 min. Slides were 
immersed for 20-30 minutes in a freshly prepared solution of 5% 
Giemsa stain (BDH Chemicals) in 0.05 M Tris-HCI, pH 6.8. Alterna- 
tively, slides were stained with the DNA fluorochrome DAPI (4’- 
6’diamidino-2-phenylindole) for 10 min at 1 pglml in PBS. For staining 
of total RNA, slides were incubated in 0.1% acridine orange for 15 min 
in lx PBS, 3 mM EDTA, pH 8.0, and then rinsed in running water for 
1 hr. Slides were viewed through a Zeiss ICM photomicroscope 
equipped with epifluorescence optics. Grain counts were performed 
using 1,000x magnification. Photographs were taken with either TriX 
ASA 400 or Ektachrome 50 film. 

For detection of probes labeled with biotin, two alternative tech- 
niques were employed. For fluorescence detection, samples hybrid- 
ized with biotinylated probe were reacted with 2 Kg/ml of fluorescein- 
avidin in 4x SSC for 30 min (Singer and Ward, 1982). Samples were 
then rinsed for 1 hr in PBS, mounted in antibleach mounting medium, 
and viewed with epifluorescence optics. Alternatively, biotinylated 
probes were detected by a calorimetric reaction using alkaline phos- 
phatase (Leary et al., 1983; Singer et al., in press). Samples hybridized 
with biotinylated probes were reacted with streptavidin and then with 
a biotinylated alkaline phosphatase complex (Bethesda Research 
Laboratories). The streptavidin provides a bridge between the bio- 
tinylated DNA and the biotinylated enzyme. Alkaline phosphatase is 
then detected by incubation of cells in a mixture of 5-bromo+chloro-3- 
indolyl phosphate and nitro blue tetrazolium, which produces a dark 
purple precipitate at sites of hybridization. 
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