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The transport of mRNAs into developing dendrites and axons
may be a basic mechanism to localize cytoskeletal proteins to
growth cones and influence microfilament organization. Using
isoform-specific antibodies and probes for in situ hybridization,
we observed distinct localization patterns for b- and g-actin
within cultured cerebrocortical neurons. b-Actin protein was
highly enriched within growth cones and filopodia, in contrast
to g-actin protein, which was distributed uniformly throughout
the cell. b-Actin protein also was shown to be peripherally
localized after transfection of b-actin cDNA bearing an epitope
tag. b-Actin mRNAs were localized more frequently to neuronal
processes and growth cones, unlike g-actin mRNAs, which
were restricted to the cell body. The rapid localization of b-actin
mRNA, but not g-actin mRNA, into processes and growth
cones could be induced by dibutyryl cAMP treatment. Using

high-resolution in situ hybridization and image-processing
methods, we showed that the distribution of b-actin mRNA
within growth cones was statistically nonrandom and demonstrated an association with microtubules. b-Actin mRNAs were
detected within minor neurites, axonal processes, and growth
cones in the form of spatially distinct granules that colocalized
with translational components. Ultrastructural analysis revealed
polyribosomes within growth cones that colocalized with cytoskeletal filaments. The transport of b-actin mRNA into developing neurites may be a sequence-specific mechanism to synthesize cytoskeletal proteins directly within processes and
growth cones and would provide an additional means to deliver
cytoskeletal proteins over long distances.
Key words: mRNA localization; actin isoforms; cytoskeleton;
growth cones; axonal transport; in situ hybridization

Elongating axons and dendrites terminate in growth cones, which
are specialized motile structures that respond to extracellular
cues and control neurite outgrowth. The cytoskeletal organization of the growth cone is unique from the perikarya both in its
protein composition and organization of cytoskeletal filaments.
Lamellipodia and filopodial protrusions of the growth cone contain bundles of actin filaments oriented with their barbed ends at
the plasma membrane (Gordon-Weeks, 1987). Several actin binding proteins have been localized within growth cones, such as
actin depolymerization factor (Bamburg and Bray, 1987), filamen, a-actinin (Letourneau and Shattuck, 1989), and myosins
(Bridgman and Dailey, 1989; Wang et al., 1996; Evans et al.,
1997). A major challenge of neuronal cell biology is to identify
how the protein composition of the growth cone differs from the
perikarya and to identif y mechanisms involved in this sorting and
assembly.
One mechanism to provide growth cones with a distinct cytoskeletal composition from the perikarya is to actively transport

specific proteins into processes and growth cones after their
synthesis within the cell body. For example, it generally has been
assumed that actin and tubulin are synthesized in the cell body
and transported by polymer sliding (Lasek, 1986) or monomer
and/or oligomer transport (Nixon, 1987; Okabe and Hirokawa,
1990; Sabry et al., 1995; Takeda et al., 1995). The transport of
mRNAs may provide an additional mechanism for the localization of newly synthesized cytoskeletal proteins and could promote their enrichment within a peripheral compartment via local
synthesis. The availability of mRNAs within processes and
growth cones could allow the neuron to circumvent the need to
transport newly synthesized proteins from the cell body, thus
providing the growth cone with autonomous control of its own
structure. Contemporary models for cytoskeletal transport have
not considered this alternative mechanism (Takeda et al., 1995;
Tanaka and Sabry, 1995).
Ultrastructural analysis has demonstrated the presence of
polyribosomes in growth cones of developing hippocampal neurons (Deitch and Banker, 1993). Isolated growth cones have been
shown to incorporate radiolabeled amino acids into proteins
(Davis et al., 1992). A heterogeneous population of mRNAs was
shown to exist in dendritic growth cones, which included
microtubule-associated protein, MAP2, and internexin (Crino
and Eberwine, 1997). We have developed digital imaging methods for in situ hybridization as a high-resolution approach to
reveal whether specific mRNAs are localized to growth cones of
developing neurons in culture. b-Actin mRNA previously has
been localized to the peripheral cytoplasm of non-neuronal cells
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(Cheng and Bjerknes, 1989; Sundell and Singer, 1991; Kislauskis
et al., 1993, 1994). Actin isoforms are sorted within the cytoplasm, and b-actin may have a specific role in regions of motile
cytoplasm (Herman and D’Amore, 1985; Otey et al., 1986; Shuster and Herman, 1995; Von Arx et al., 1995; Yao and Forte,
1995). We demonstrated that sequence-specific isoform localization patterns exist in neurons at both the mRNA and protein
levels. The b-actin isoform was found to be highly enriched within
growth cones. b-Actin mRNAs also were observed within growth
cones, and their localization into processes and growth cones was
a sequence-specific pattern and correlated spatially at high resolution with the presence of translational components and the
microtubular cytoskeleton.

MATERIALS AND METHODS
Cell culture. The method of neuronal culture has been described in detail
(Goslin and Banker, 1991) and modified for use with cortical neurons in
our laboratory (Kosik and Finch, 1987). C erebral cortex was dissected
from embryonic day 19 rats and digested with 0.25% trypsin in HBSS.
Tissue was washed twice in HBSS, placed in minimal essential media
(M EM) with 10% fetal bovine serum, and mechanically dissociated by
pipetting. Neurons were plated at low density (3000 cells/cm 2) on polyL-lysine-coated coverslips (0.1 mg /ml, overnight) and cultured for 4 d.
After neurons had attached to the substrate (4 hr), coverslips were
inverted onto a monolayer of astrocytes. The coculture of neurons with
glia using this sandwich technique has been observed previously to
promote neuronal development (Goslin and Banker, 1991). Astrocytes
were prepared from postnatal day 1 rat cortex by culturing dissociated
cortex in M EM with 10% horse serum on untreated tissue culture plates.
Under these conditions neurons will not attach to the substrate, and the
major cell type cultured is GFAP-positive T ype-1 astrocytes. The coculture was maintained in glutamate-free M EM with N2 supplements,
which included transferrin (100 mg /ml), insulin (5 mg /ml), progesterone
(20 nM), putrescine (100 mM), and selenium dioxide (30 nM). In addition,
extra glucose (600 mg / l), sodium pyruvate (1 mM), and ovalbumin (0.1%)
were used.
To induce b-actin mRNA transport, we cultured cells for 4 d as
described above and then transferred them to M EM for 3 hr. Dibutyryl
cAM P (db-cAM P) was added to the medium at concentrations of 5, 10,
25, and 100 mg /ml for periods of 10, 20, 30, 45, 60, and 120 min. Then
neurons were fixed in paraformaldehyde (4% in PBS with 5 mM MgC l2 )
for 15 min at room temperature.
Construction of hemag glutinin (HA)–actin cDNA and transfection. Fulllength b-actin cDNA containing all coding and untranslated sequences
was subcloned into a Rous sarcoma virus (RSV) vector for transfection
studies (K islauskis et al., 1993, 1994). Advantages of this vector are the
powerf ul and promiscuous transcriptional activity of the Rous sarcoma
virus long-terminal repeat and SV40 processing signals (small T intron
and polyadenylation signal), which allow efficient expression of the reporter in eukaryotic cells. T wo sequences of the HA epitope tag (Wilson
et al., 1984) were subcloned into the b-actin cDNA directly upstream of
the 39-untranslated region (UTR). The tag encodes for nine amino acids
and was subcloned into f ull-length actin cDNA by using PCR to introduce restriction sites such that the tag was inserted close to the translation termination codon. Sequence analysis confirmed that the HA tag
was in the proper reading frame with b-actin.
To establish a working transfection protocol, we evaluated several
published methods for transfer efficiency, toxicity, and effects on endogenous mRNA and protein localization. The best results were obtained
with a modification of the recently developed lipofection method with
N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl sulfate
(DOTAP) (Boehringer Mannheim, Indianapolis, I N), developed for use
with primary neuronal cultures (Kaech et al., 1996; Marsden et al., 1996).
Briefly, 2 mg of DNA (in 50 ml of 0.15 M NaC l and 20 mM H EPES, pH
7.4) and 5 ml of DOTAP (in 50 ml of NaC l / H EPES) were mixed together
at room temperature. Recently trypsinized cells (1 3 10 6, 200 ml of
M EM) were mixed with the DOTAP/ DNA suspension at 37°C for 1 hr.
Then the transfected cells were plated on poly-L-lysine-coated coverslips
in the presence of 10% FBS for 2 hr and transferred to N2 media, as
described. The cells were cultured for 4 d and then fixed. A transfection
efficiency of ;1–3% was observed, using a monoclonal antibody to HA
(Boehringer Mannheim). This approach was nontoxic to the neurons
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because transfected cells had identical morphology, localization of microfilaments, microtubules, b-actin protein, and mRNA.
Probe preparation. Amino group modified oligonucleotides were made
on a DNA synthesizer, having modification at five positions within the
sequence. Ten oligonucleotide sequences (50 bases each) complementary
to b-actin or g-actin 39-untranslated sequences (Nudel et al., 1983; Brown
et al., 1990) were chemically labeled with digoxigenin or biotin succinimide ester (Boehringer Mannheim). To ensure isoform specificity, we
selected probes from unique regions within the 39-UTR. Oligonucleotide
probes also were made to adult rat 18S ribosomal RNA. Oligonucleotide
probes complementary to b-galactosidase mRNA were used as a control.
Oligo-dT [50 nucleotides (nt)] was labeled with biotin or digoxigenin to
probe poly(A 1) mRNA, as described previously (Bassell et al., 1994).
Probes were purified by using a 20 ml G-50 column, and the collected
fractions were blotted onto nitrocellulose and detected with an antidigoxigenin or streptavidin alkaline phosphatase conjugates (Boehringer
Mannheim). Positive fractions were lyophilized, combined, and resuspended in water.
Hybridization. C ells were washed in PBS containing 5 mM MgC l2 and
then equilibrated in 40% formamide (Sigma), 13 SSC, and 10 mM
sodium phosphate, pH 7.0, at room temperature for not more than 10
min. Probe mixture (15 ng) was dried down with Escherichia coli tRNA
(10 mg) and sonicated salmon sperm DNA (10 mg) and then suspended
in 10 ml of 80% formamide containing 20 mM sodium phosphate, pH 7.0.
Probes were mixed with 10 ml of hybridization buffer (20% dextran
sulfate, 23 SSC, 0.4% BSA, and 20 mM sodium phosphate, pH 7.0).
Coverslips were placed cell-side-down on Parafilm containing 20 ml of
probe mixture and hybridized for 3 hr at 37°C. After hybridization,
coverslips were washed for 20 min in 40% formamide/13 SSC at 37°C
and then were given three 10 min washes in 13 SSC on a rotary shaker
at room temperature.
The specificity of actin mRNA probes was demonstrated with both
positive and negative controls. The peripheral localization of b-actin
mRNA in lamellae of fibroblast-like cells present in the cortical culture
(data not shown) was similar to previous studies in fibroblasts from chicken
embryos (Kislauskis et al., 1993, 1994). No signal was obtained when actin
oligonucleotide probes were omitted from the hybridization or when
digoxigenin- or biotin-labeled oligonucleotide probes to b-galactosidase
mRNA were used (data not shown). As an alternative negative control, the
hybridization signal with labeled actin probes was eliminated by competition with an excess amount of unlabeled actin probe (data not shown).
Immunofluorescence. Digoxigenin-labeled probes were detected by using a monoclonal antibody to digoxigenin conjugated to C y3 (Jackson
ImmunoResearch, West Grove, PA) and viewed with a C y3 filter
(Chroma Technology, Brattleboro, V T). Biotin-labeled probes were detected by using streptavidin – C y5 and viewed with a C y5 filter (Chroma
Technology). Rabbit polyclonal antibodies to EF1a (Sanders et al., 1996)
and 60S ribosomal proteins (Horne and Hesketh, 1990) were detected
with donkey antibody to rabbit IgG conjugated to C y5 (Jackson ImmunoResearch). F-actin was detected by using tetramethylrhodamine isothiocyanate (TRI TC)-labeled phalloidin (Molecular Probes, Eugene,
OR). The b-actin isoform was detected by using an affinity-selected
anti-b-actin IgG that was depleted of all other isoactin cross-reactivity by
selective absorption, as described in Hoock et al., 1991. b-Actin also was
detected by using a monoclonal antibody (Sigma). g-Actin was detected
by using a polyclonal antibody from rabbit specific for the N terminus of
g-actin (obtained from J. C. Bulinski, Columbia University, New York,
N Y). Microtubules were detected by using a monoclonal antibody to
tubulin (Amersham, Arlington Heights, IL) or a rabbit polyclonal antibody (Accurate Antibodies, Westbury, N Y). All secondary antibodies
were affinity-purified donkey antibodies to mouse or rabbit IgG conjugated to fluorochrome (Jackson ImmunoResearch). Fluorochrome separation for C y3 and FI TC was achieved via a FI TC filter equipped with
an emission barrier between 520 and 560 nm. Antibody incubations were
for 1 hr at 37°C in Tris-buffered saline (TBS) with 1% BSA and 0.1%
Triton X-100 and were followed by several washes in buffer on a rotary
shaker. Immunofluorescence was viewed with an Olympus-BX60 microscope equipped with a 603 Plan-Neofluar objective and Nomarski (differential interference contrast; DIC) optics.
Dig ital imag ing microscopy —two-dimensional. C ells were viewed as
above, using a 100 W mercury arc lamp, and filtered with HiQ bandpass
filters (Chroma Technology). The images were captured with a cooled
CCD camera (Photometrics, T ucson, AZ) with a 35 mm shutter and
processed by Metamorph 2.0 (Universal Imaging, Media, PA) running on
a 486DX2 processor (Intel). For analysis of hybridization intensity within
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processes, 50 neurons were randomly selected under the fluorescein
filter, which displayed immunostaining for tubulin. After each selection
the cartridge was shifted to the rhodamine filter to visualize actin
mRNA. Images were captured under both fluorescein and rhodamine
filters.
Image processing by Metamorph was used similarly to evaluate colocalization of actin mRNA and EF1a or 60S ribosomal proteins. In these
experiments, actin mRNA was detected with TRI TC as described above,
and rabbit polyclonal antibodies to EF1a (Sanders et al., 1996) or the 60S
ribosomal subunit (Horne and Hesketh, 1990) were detected in fluorescein or C y5.
Dig ital imag ing microscopy —three dimensional. C ells were viewed with
a Nikon Diaphot 300 microscope and 603/1.4 objective equipped for
epifluorescence and modified to obtain images along the z-axis (Fay et
al., 1989; C arrington et al., 1995). Images at each focal plane (100 or 250
nm steps) were acquired with a thermoelectrically cooled CCD camera
(model 220, Photometrics). This resulted in acquisition of an image set of
the cell in three dimensions (composed of 20 optical sections). Pixels had
an x and y dimension of 100 nm. Changes in position of the focus (to
control z-axis positioning) were effected by a computer-controlled stepper motor (L udl), using feedback from an eddy current sensor. We then
switched to a computer-controlled piezoelectric positioning device from
Scanalytics, which provided highly accurate movements of the objective
(10 nm). The data presented in Figures 6 and 7 used this technology. The
duration of exposure of the specimen to the excitation source was
controlled by a computerized shutter. Image acquisition software was
written by the Biomedical Imaging Group for use with this workstation
and has been described previously (Fay et al., 1989; C arrington et al.,
1995).
To visualize the punctate distribution of b-actin mRNA in neurons at
a high resolution, we deconvolved the optical sections, using a point
spread f unction derived from a latex bead (0.19 mm in diameter with
attached fluorochromes). A point spread f unction was obtained with the
603 objective, which was the only objective used in this analysis. This
process removes the out-of-focus light for each image and reassigns
photons to their original point sources, resulting in higher sensitivity and
resolution. This process is based on the regularization theory and is
formulated to obtain an estimate of the molecular distribution inside a
cell, which represents a balance between finding the estimate that represents a least-squares best fit to the data and an estimate that is
smoothest, as defined by the L 2 norm. This algorithm has been described
in considerable detail (Fay et al., 1989; C arrington et al., 1995). The
estimate of molecular distribution was found by using this theory in an
interactive manner; typically, satisfactory restorations took 50 iterations
(f urther iterations produced no detectable improvement in the clarity
within the image). For double-label experiments, actin mRNA was
detected with C y3, and tubulin protein was detected with fluorescein.
Then the two images from the same section were superimposed. Both
three-dimensional image sets were registered along x–y–z-axes by using
beads present in the mounting medium with fluorescein and rhodamine
attached on the same beads, which were used as fiduciary markers to
ensure a precise correspondence of pixel coordinates between the RNA
and protein images.
Previous estimates of detection efficiency of nonisotopic methods used
in our lab indicate that ;60% of the actin mRNAs are being detected
(Singer et al., 1989). The hybridization of multiple oligonucleotide
probes to a target mRNA molecule, detected with fluorochromeconjugated antibodies, gives a very high density of fluorescent signal that
can be distinguished from nonspecific background by digital microscopy
(Taneja et al., 1992). Using this method, we detected 200 – 400 signals
(granules) within growth cones. Because the fluorescent signal of each
granule is considerably above noise levels, mRNAs that are less abundant, e.g., ,100 granules, also should be amenable to this technology.
Electron microscopy. C ells were washed briefly in HBSS and transferred to glutaraldehyde (2.5% in 0.1 M cacodylate, pH 7.5) for fixation at
room temperature for 15 min. Samples were post-fixed with 1% osmium
tetroxide, followed by uranyl acetate, dehydrated through a graded series
of ethanol, and embedded in L X112 resin (Ladd Research, Burlington,
V T). Ultrathin sections were cut parallel to the monolayer on a Reichert
Ultracut E, with uranyl acetate, followed by Reynold’s lead citrate.
Neurons were identified at low magnification with a transmission electron
microscope (JEOL 1200EX) at 80 kV.
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RESULTS
Enrichment of the b-actin isoform within growth cones
The use of primary neuronal cultures to study mRNA and protein
localization permits direct visualization of individual cells and
their complete sets of processes. Shortly after the neurons have
attached to the substrate, they extend actin-rich lamellae. These
lamellipodia consolidate to form a relatively symmetric array of
minor neurites. Within the first 24 hr one of the minor neurites
becomes significantly longer than the others and begins to assume
the morphology of an axon. Within the next few days the other
neurites develop the tapering and branching characteristics of
dendrites. This type of culture system has been used previously to
study the localization and sorting of mRNAs and cytoskeletal
proteins to dendrites and/or axons and has demonstrated similar
distributions to those observed in vivo (Matus et al., 1981; Kosik
and Finch, 1987; Garner et al., 1988; Kleiman et al., 1990). We
have described the use of cerebrocortical cultures to study the
segregation of most poly(A 1) mRNA to the somatodendritic
compartment (Bassell et al., 1994).
To visualize b-actin and g-actin proteins within neurons, we
used isoform-specific polyclonal antibodies (Otey et al., 1986;
Hoock et al., 1991) for immunofluorescence localization. In the
somatodendritic compartment, b-actin labeling was highly enriched in the distal tips of minor neurites and growth cones, but
only weak staining was observed within the cell body and proximal
segments (Fig. 1C). Within axonal growth cones, b-actin protein
was highly enriched within the peripheral margin of the growth
cone and a subset of filopodia (Fig. 1G). In contrast to b-actin,
g-actin was distributed throughout the cell body, all processes, and
filopodia (Fig. 1 A,E). The distribution for g-actin resembled the
distribution of phalloidin labeling throughout the cell.
The distribution of b-actin within processes and growth cones
also was studied in optical sections acquired with a cooled CCD
camera. This approach permitted comparison of signal intensity
differences between the cell body, the thickest region of the cell,
and the comparatively thinner neuronal processes. b-Actin was
not apparent within the cell body, and signal was confined solely
to distal neurites and growth cones in optical sections (100 nm)
(Fig. 2 A). In axonal growth cones (Fig. 2 B) b-actin was present in
the peripheral region, whereas only a weak signal was observed in
the central region of the growth cone. b-Actin also was localized
to filopodia that projected from other segments of the axon but
was virtually absent in the axonal shaft itself (Fig. 2 B). b-Actin
labeling overlapped in part with phalloidin staining, as indicated
by the appearance of white/yellow pixels, which suggests that both
labels occupy the same pixel element (100 nm each side). b-Actin
labeling at the extreme ends of filopodia or distal neurites did not
colocalize with phalloidin (green pixels), perhaps because of the
presence of short b-actin oligomers associated with the membrane that are not labeled by phalloidin (Shuster and Herman,
unpublished data) or a localized pool of unpolymerized actin
(Cao et al., 1993).
The isoactin-specific antibody used to localize b-actin recognizes the N terminus, which differs from g-actin in six amino acids
(Hoock et al., 1991). It is possible that the observed binding of the
b-actin-specific antibody may not reflect the actual distribution of
b-actin within the cell. Cytoplasmic actins are modified posttranslationally and interact with distinct actin binding proteins
(Herman, 1993; Shuster and Herman, 1995). b-Actin within
growth cones could be in a modified form that is favorably
recognized by the antibody. In consideration of these issues,
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Figure 1. Localization of actin isoforms within
cultured neurons. Cortical neurons cultured for 4 d
were double-labeled with an isoform-specific antibody to b-actin or g-actin (lef t column) and phalloidin–TRITC (right column). A, B, g-Actin was
distributed throughout the cell body (arrow) and
neurites and resembled phalloidin staining. C, D,
Localization of b-actin at tips of minor neurites
(arrowhead). Low levels of b-actin were observed in
the cell body (arrow). Phalloidin labeled actin filaments throughout the cell body (arrow) and minor
neurites (arrowhead). E, F, g-Actin was distributed
throughout the axon and growth cone, as was phalloidin staining. G, H, b-Actin was enriched within
axonal growth cones (arrows). Only weak labeling
was observed in the axon shaft. Not all filopodia
were labeled (arrowheads) despite the presence of
F-actin (phalloidin). Scale bar, 8.5 mm.

b-actin cDNA was epitope-tagged at the C terminus with two HA
sequences and transfected into cortical neurons. The antibody
used to detect the chimeric b-actin recognizes the nine amino
acid HA sequence. In transfected cells, HA-actin was highly
localized to growth cones of both minor processes and axons and
was virtually undetectable within the cell body (Fig. 3A,C).

b-Actin mRNA isoforms are preferentially localized to
processes and growth cones
The ability to detect two mRNA species by using different probes
allowed for direct visualization of mRNA sorting within the same
cell. Considerable methodological development was required to
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Figure 2. Localization of b-actin protein visualized in optical sections via image processing. Cortical neurons cultured for 4 d were double-labeled with
phalloidin (rhodamine) and an isoform-specific antibody to b-actin (fluorescein). Images were superimposed after restoration and then registered (see
Materials and Methods). Shown here is a single optical section (250 nm) from the z-series. A, Phalloidin labeled actin filaments throughout the cell body
and neurites, whereas the b-actin isoform was concentrated within the distal tips of minor processes. The overlap is indicated by the presence of white
pixels. B, In distal axons, phalloidin labeling is distributed throughout the neurite and growth cone, whereas the b-actin isoform is localized to the
peripheral margin; note the apparent fibrillar distribution within filopodia. Scale bar, 10 mm.

ensure that both probes were hybridized and detected with the
same efficiency. Several monoclonal and polyclonal antibodies to
digoxigenin, antibodies to biotin, and avidin reagents, along with
several fluorochrome-conjugated antibodies, were screened for
their ability to detect poly(A 1) mRNA in samples hybridized
simultaneously with biotin-labeled oligo-dT (50 nt) and
digoxigenin-labeled oligo-dT (50 nt) probes. This approach enabled the detection of poly(A 1) mRNA by double-label fluorescence, e.g., biotin probe detected in C y2 and digoxigenin probe
detected in C y3. The presence of several discrete foci of
poly(A 1) RNA in the nucleus, as well as discrete RNA granules
in the cytoplasm, allowed visual assessment of whether the two
detection methods resulted in morphologically similar fluorescent
signals within cells (data not shown). The selected method detected digoxigenin by using monoclonal antibody conjugated to
Cy3 (Jackson ImmunoResearch) and biotin by using streptavidin
conjugated to C y5 (Jackson ImmunoResearch). Another feature
of the double-label in situ hybridization methodology is that the
probes were chemically labeled by coupling hapten to modified
amino groups in the probe (see Materials and Methods). Each

probe used was exactly 50 nt in length and contained exactly five
haptens. This approach limited the variability in detection efficiency, which can result from end labeling by using terminal
transferase.
To investigate the distribution of actin mRNA isoforms within
neuronal processes and/or growth cones, we labeled oligonucleotide probes to isoform-specific 39-UTR sequences with either
biotin- or digoxigenin-modified nucleotides, as described above.
In addition, b- and g-actin probes were of the same length and
guanine and cytosine (GC) content. Via the double-labeling
approach b- and g-actin mRNAs exhibited similarities as well as
differences in their intracellular distribution. Hybridization to
both b- and g-actin mRNA was highly punctate, suggesting the
presence of RNA granules similar to that observed in other cell
types (for review, see Bassell and Singer, 1997). Both mRNAs
were present within the cell body (Fig. 4 A,B). The hybridization
signal within the cell body was similar between the b- and g-actin
probes. This suggests that b- and g-actin mRNA are of comparable abundance within the cell body. However, b-actin mRNAs
frequently were localized to the cell body and processes, whereas
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Figure 3. Localization of HA– actin protein. Cortical neurons were transfected with an RSV vector containing b-actin bearing an HA epitope tag. A,
Detection of HA–actin within the growth cone of a minor process (arrow). B, Differential interference contrast (DIC) optics. C, Detection of HA–actin
within an axonal growth cone (arrow) near another neuron. D, DIC optics. E, Schematic drawing showing the location of the HA sequences between
the coding region and the 39-UTR. Scale bar, 10 mm.

g-actin mRNAs were confined to the cell body (Fig. 4 D,E). It is
unlikely that these different localization patterns could be attributable to differences in the tightness of binding of probes. As
discussed above, the probes were of identical length, GC content,
and hapten incorporation. This pattern also was observed with a
different set of b and g probes complementary to a more distal
part of the 39-UTR (data not shown) or when the detection
scheme was reversed, e.g., b-actin probe labeled with biotin. We
conclude that the presence of b, but not g, within distal processes
and growth cones reflects sorting of specific mRNA sequences
within the cell.
The amount of hybridization signal for b-actin varied among
growth cones, and the morphology of the growth cone correlated
with the extent of actin mRNA signal. A weak hybridization signal
was observed in spindly growth cones that lacked a lamellar morphology (data not shown). In contrast, growth cones with a flattened lamellar morphology and defined central and peripheral

regions had a strong signal. Large axonal growth cones with well
spread lamella contained the strongest hybridization signal, showing even greater intensity than the cell body. Actin mRNAs frequently were detected in axonal growth cones after neurites had
differentiated into axonal and dendritic processes (Fig. 4 E). Actin
mRNA in distal axons and growth cones was often .100 mm from
the cell body (Fig. 4 E). Lamellar growth cones of minor neurites,
which had not differentiated into dendrites, also were observed to
contain actin mRNA. In contrast, actin mRNAs were not detectable within axons or dendrites beyond the proximal segment after
several additional days in culture, when very few growth cones were
present (data not shown; also see Kaech et al., 1997). This suggests
a correlation between b-actin mRNA localization and growth
cone-directed neurite outgrowth.
We observed that b-actin mRNA levels within processes and
growth cones could be reduced over a few hours by changing the
media from N2 supplements to MEM (Fig. 5A). This brief de-
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Figure 4. Intraneuronal distribution of b-actin and g-actin mRNA. Cortical neurons were cultured for 4 d, at which time most neurons have
distinguishable axonal and dendritic processes. A, Hybridization of biotinated probes to g-actin mRNA within the cell body (arrow). B, Hybridization
of digoxigenin-labeled probes to b-actin mRNA within the cell body (arrow). C, Differential interference contrast (DIC) microscopy of the cell body
(arrow), minor neurites, and a single axon. The axon is considerably longer than the minor neurites and cannot be photographed in entirety at this
magnification. Shown here is the initial segment. D, Absence of g-actin mRNAs from the axonal growth cone (arrow). E, L ocalization of b-actin mRNA
within the axonal growth cone (arrow). F, DIC image of axonal growth cone (arrow) from this axon. The axon in this cell is ;150 mm in length. Scale
bar, 10 mm.

privation of N2 supplements did not result in adverse effects on
neuronal morphology or cytoskeletal integrity, as judged by DIC
microscopy or immunofluorescence staining for actin and tubulin.
The objective was to have the cells in a quiescent state and
sensitive to signal transduction mechanisms, which can promote
localization of b-actin mRNA. Treatment of these N2-deprived
cells with db-cAM P, a membrane-permeable analog of cAMP,
resulted in a dramatic efflux of b-actin mRNA into processes and
growth cones. An increase of b-actin mRNA within the proximal
segment of processes could be observed after 15 min in db-cAMP
(Fig. 5C). An increase of b-actin mRNA within growth cones was
observed as early as 30 min. After 1 hr, axonal growth cones
contained levels of b-actin mRNA that exceeded their level in
cells grown in N2-supplemented media (Fig. 5E). These responses were elicited by .85% of the cells. An identical response
was observed with forskolin treatment (data not shown). The
rapid transport of b-actin mRNAs within processes was still
observed by previous treatment of the cells with actinomycin D,
suggesting that preexisting b-actin mRNA can be recruited into
processes (data not shown). b-Actin mRNAs transported into
processes may have originated from the nucleus and /or cell body.
g-Actin mRNAs were not observed to be transported into processes during db-cAM P treatment, which provides further evidence for the hypothesis that the localization of mRNAs from the
cell body into processes is a sequence-specific pattern unlikely
due to leakage of mRNAs from the cell body (Fig. 5G).

The distribution of b-actin mRNA within processes is
in granules that correlate spatially with microtubules
To visualize the punctate distribution of b-actin mRNA in neu-

rons at a high resolution and sensitivity, we used digital imaging
microscopy (DIM) to capture a series of optical sections and
restore them by the reassignment of photons to their original
point sources (Fay et al., 1989; Carrington et al., 1995). This
approach revealed the punctate or granular nature of actin
mRNA. These granules were present in the cell body and extended into distal neurites and growth cones. Also, these granules
were present in the cell body and extended into distal tips of
minor neurites (Fig. 6 A,B). The density of b-actin mRNA granules within distal tips and growth cones was of comparable visual
intensity to the cell body, and there was no evidence that the
signal decreased in a proximodistal gradient. On the contrary, the
signal within growth cones often exceeded signal intensity within
the cell body. Within larger axonal growth cones, b-actin mRNA
granules were concentrated within the central region (Fig. 6 D,
arrow), although a few granules also were observed in the peripheral margin (Fig. 6 D, curved arrow). The size and quantity of
actin RNA granules within growth cones were estimated by DIM
analysis. The majority of granules (52%) occupied a volume of
less than three voxels (100 nm on a side). Large axonal growth
cones contained between 300 and 500 actin RNA granules (Fig.
6 D, showing one optical section).
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Figure 5. Transport of b-actin mRNA into processes after
treatment with db-cAM P. Cortical neurons cultured for
4 d in N2 supplements were transferred to M EM for 3 hr.
Cells were fixed and hybridized with digoxigenin-labeled
probes specific to b-actin mRNA. Probes were detected by
using fluorochrome-conjugated antibodies, and images
were acquired with a cooled CCD camera (see Materials
and Methods). A, b-Actin mRNA was detected in the cell
body, but the signal no longer was observed in growth
cones (arrow). C, After 15 min in db-cAM P, b-actin
mRNA granules were observed in processes (arrow) but
were not yet detectable within growth cones (arrowhead).
Shown here is a signal within an axonal process. E, After
1 hr, b-actin mRNA granules were observed within growth
cones. Shown here is a hybridization signal within the
distal axon (arrowhead) and growth cone (arrow). G,
g-Actin mRNA was confined to the cell body (arrow). No
signal was observed within the axonal growth cone (arrowhead). Shown here is a cell after 1 hr of treatment with
db-cAMP. B, D, F, H, DIC optics. Scale bar, 10 mm.
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Figure 6. Visualization of b-actin mRNA by
three-dimensional digital imaging microscopy.
To visualize actin mRNA in cortical neurons (4
d in culture) with higher resolution than conventional epifluorescence microscopy, we took
a series of optical sections (100 or 250 nm) from
each cell and f urther processed them by using
deconvolution algorithms and applying a point
spread f unction (Fay et al., 1989). A, Localization of b-actin mRNA within a single optical
section (250 nm) of a cell body and minor
processes (unprocessed image). The fluorescence intensity within the neurite shaft was low.
A concentration of b-actin mRNA was observed within the growth cone. B, The same
image after restoration. A punctate distribution
was observed throughout most of the processes.
Note the concentration of b-actin mRNA
within one of the growth cones (arrow). C, D)
L ocalization of b-actin mRNA within an axon
and its growth cone. The cell body is at the top
of the image, and the axon extends downward,
terminating in an elaborate growth cone. Note
the concentration of b-actin mRNA granules
within the central domain (arrow) and few
granules within peripheral regions (curved
arrow). Scale bar, 10 mm.

b-Actin mRNA granules within growth cones colocalized with
tubulin protein, as suggested by the presence of white pixels after
FITC (tubulin) and TRI TC (mRNA) images were superimposed
(Fig. 7). Because both b-actin mRNA and microtubules are
heavily concentrated within the central region of the growth cone,
it is possible to conclude inappropriately that there is a nonrandom association. One could argue that the mere density of both
signals in this region could result fortuitously in a coincidence
between fluorochromes. We therefore used image processing to
measure the distance between each granule and the microtubule
and performed a statistical analysis that compared the observed
signals with randomized signals. After image acquisition and
restoration, the images were thresholded to separate the signal

from the background. The mRNA granules were converted into
individual voxels by thresholding (defining minimum pixel intensity) the mRNA image and then replacing each RNA granule by
one voxel at its brightest location. This reduced the size of each
actin RNA granule to 100 nm on a side (Fig. 7). The microtubule
data also were thresholded to remove background fluorescence,
resulting in the appearance of more distinct filament-like structures. We then calculated the distance from each actin mRNA
voxel to the nearest voxel in the microtubule image. A histogram
was produced that described the shortest measured distance between an mRNA granule and the nearest microtubule (Fig. 8).
The majority of actin mRNA granules (77%) occupied the same
or adjacent voxel as tubulin (Figs. 7, 8). Actin mRNA granules
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Figure 7. Colocalization of b-actin mRNA with microtubules. b-Actin mRNA was detected with rhodamine, and tubulin protein was detected with
fluorescein; then the two processed images were superimposed. Pixels that contained both fluorochromes appeared white in optical sections, whereas red
pixels denote probe that is not within the same pixel as anti-tubulin ( green pi xels). The majority of b-actin mRNA granules colocalized with microtubules
(white pixels). Scale bar, 5 mm.

were observed less frequently at distances f urther away from
microtubules. Granules that were located within the peripheral
margin of the growth cone were frequently not within the same
pixel as tubulin (red granules). The quantitative colocalization
analysis suggested that a majority of granules that occupied the
same voxel or adjacent voxel as tubulin were ,200 nm from the
microtubule.
Then the distance between actin mRNA granules and microtubules within the growth cone was compared with the distance
between randomly distributed signals and microtubules (Fig. 8).
The total three-dimensional data set of actin mRNA signals was
randomized within the same volume occupied by actin mRNA
(including central and peripheral regions of growth cones).
Ninety-nine such random sets were created and analyzed. This
produced 99 histograms, which yielded a measure of the statistical variability inherent in the histogram measurements. The difference of each histogram from an average reference histogram
was calculated by computing the sum of the squares of the
differences between the two curves. The actual data histogram
had a larger difference than did the histograms from randomly
distributed signals. Of these randomly distributed signals 24%
was localized within the same or adjacent voxel as tubulin, com-

pared with 77% for b-actin RNA. This statistical analysis demonstrated, with 99% confidence, that b-actin mRNA granules
were significantly closer to microtubules in growth cones than
randomly positioned signals (Fig. 8). Therefore, despite the high
density of microtubules within the growth cone, randomly distributed signals frequently were found in voxels that did not contain
anti-tubulin and were at least 200 nm away from the microtubule.
This method of statistical analysis was applied to three cells
imaged in three-dimensional format for actin mRNA and tubulin
protein. A similar type of nearest neighbor analysis and comparison to randomized signals was done previously to show that the
majority of poly(A 1) mRNA colocalized with microfilaments in
fibroblast cells (Taneja et al., 1992).
Various controls were taken to avoid overestimation of the cell
volume during randomization. The total actin RNA threedimensional data set that was obtained from 20 sections was
randomized within the central 10 sections. This reduced the cell
volume by 50%, which would ensure that randomized signals
would be further restricted to the region with the highest microtubule content, yielding a conservative statistical analysis (Fig. 8).
As another control for variations in cell volume, the statistical
analysis also was performed with cell border tracings, which were
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Figure 8. Distance between b-actin
mRNA granules and microtubules, as
compared with randomized signals. The
distance of b-actin mRNA (brightest voxels) to the nearest tubulin voxel was compared with a randomized distribution.
This analysis was performed on a threedimensional data set from 100 nm optical
sections. The mean and SD of the random
distribution are shown. The observed distribution of b-actin mRNA is significantly
closer to the microtubules than a random
distribution.

decreased by four pixels. Even when the RNA signals were
randomized only within the central region of the growth cone
(not permitted to enter the microtubule-deficient peripheral region), the distribution of randomly distributed RNA still did not
colocalize with microtubules under these volume restrictions.
We also analyzed RNA and tubulin colocalization over a wide
range of threshold values. The lowest threshold value was chosen
subjectively such that any lower threshold would include too much
background, connecting objects when they should not be connected. The highest threshold was one such that objects started to
disappear from the image. The data pair discussed in this paper
were examined at 49 different threshold combinations. All threshold combinations showed (to a 99% confidence level) that the
mRNA distribution was not random with respect to the distribution of microtubules. Similar statistical analyses have been applied to other biological systems (Taneja et al., 1992).

formamide treatment. However, it was possible to colocalize
b-actin mRNA with components of the polyribosomal complex
via digital imaging microscopy. b-Actin mRNA granules colocalized with the punctate labeling of EF1a and ribosomal proteins
(Fig. 10), suggesting that RNA granules are associated with
translational components. The distribution, spacing, and morphology of groups of granules mirrored the pattern of EF1a (Fig.
10 A,B, arrows) or 60S ribosomal proteins (Fig. 10C,D, arrows),
suggesting a direct correlation. Some of the punctate label for
ribosomal proteins and elongation factor did not colocalize with
actin RNA, perhaps suggestive of polyribosomes that encode
other mRNA species (Fig. 10, arrowheads).

Spatial correlation of b-actin mRNA with protein
synthesis components in growth cones

growth cones and filopodia of developing dendritic and axonal
processes. These results were obtained by using both an isoformspecific antibody to b-actin and transfection of epitope-tagged
b-actin. The localization of g-actin, in contrast, was not preferentially sorted away from the perikarya and was distributed
throughout the neuron. These results suggest that growth cones
may be enriched for microfilaments composed of the b-isoform
and imply that a sorting mechanism is necessary to achieve this
spatial segregation. Both protein and mRNA transport mechanisms may function to localize newly synthesized b-actin to distal
neurites and growth cones. One mechanism could be transport of
actin monomers or small oligomers after their synthesis in the cell
body (Okabe and Hirokawa, 1990). Because b-actin mRNA
within the neuron was observed in the cell body as well as in the
processes, a population of b-actin protein could be transported
into the neurite post-translationally. One then would have to
assert that the inability to detect b-actin protein in the cell body
or proximal neurite occurred because the transported form of

Cortical neurons cultured for 4 d on coverslips were fixed in
glutaraldehyde and processed for electron microscopy (see Materials and Methods). Analysis of thin sections revealed the presence of polyribosomes within growth cones (Fig. 9). It was frequently possible to identif y a particular neurite as an axon on the
basis of its long and thin morphology. Polyribosomes were more
prominent just at the end of the axon or within the growth cone
palm (Fig. 9) and rarely were observed within the peripheral
region or filopodia. Polyribosomes at the end of the process
frequently were juxtaposed to microtubules, as were mitochondria. Polyribosomes within the growth cone palm frequently were
observed adjacent to microtubules and only rarely were associated with other cytoskeletal structures at the base of filopodia,
possibly microfilaments. It was not possible to visualize polyribosomes after in situ hybridization and immunogold labeling because of the loss of ultrastructural morphology resulting from

DISCUSSION
Actin mRNA and protein isoform localization
The b-actin isoform was shown to be highly enriched within
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Figure 9. Ultrastructural visualization
of polyribosomes within growth cones.
Cortical neurons were grown on coverslips and processed for thin sectioning
parallel to the monolayer, as described in
Materials and Methods. A, An axonal
growth cone viewed at low magnification.
Polyribosomes are observed in the distal
segment of the axon and central region of
the growth cone. An area of interest (arrow) adjacent to filopodia is photographed at higher magnification in B to
visualize the proximity of a polyribosome to a microtubule (arrow). C, C entral region of a growth cone from another
neuron that contains polyribosomes in
clusters (arrowhead) and between microtubules (arrow). D, A large axonal
growth cone from a third cell with polyribosomes near microtubules (arrowhead)
and in clusters between microtubules (arrow). Note other membranous organelles
and mitochondria. Scale bar, 0.5 mm.

Figure 10. Colocalization of b-actin mRNA and translational components. Shown are double labeling for b-actin mRNA (rhodamine) and EF1a or 60S
ribosomes (fluorescein). A, EF1a and ( B) b-actin mRNA in the distal field of an axonal process and its terminal branches. Punctate fluorescence for
EF1a colocalized with b-actin mRNA granules (arrows). Image processing indicated that b-actin mRNA and EF1a occupied the same pixel coordinates.
Note the identical spacing between the punctate distribution patterns in both rhodamine (b-actin mRNA) and fluorescein (EF1a). A granule containing
EF1a does not colocalize with b-actin mRNA (arrowheads). C, D, Ribosomal subunit (60S) and actin mRNA in an axonal growth cone. C, Cluster of
four granules that contain 60S protein (arrow) and ( D) actin mRNA (arrow). A granule containing the 60S subunit does not contain actin mRNA
(arrowheads). Scale bar, 5 mm.

actin was inaccessible to both types of antibodies used (b-actin,
HA tag). In this model the localization of b-actin mRNA into
processes would provide a second mechanism for cytoskeletal
delivery. An alternative model is that b-actin mRNAs are not
translated until they leave the cell body. They could be translated
during transport or, perhaps, not until they reach the growth
cone, permitting the enrichment of the b-actin isoform within the
peripheral margin of growth cones. An example of this type of

mechanism has been demonstrated in Drosophila oocytes, where
nos mRNA is translated when it is localized at the posterior pole
and not from unlocalized RNA distributed throughout the oocyte
(Gavis and Lehman, 1992). Sequences within the 39-UTR have
been implicated in localization-dependent translation (Gavis and
Lehman, 1992).
Future work will clarif y how protein transport and mRNA
transport mechanisms contribute to the sorting of b-actin
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protein to growth cones; at the present time it is unclear as to
their individual contributions. In this report we present the
first evidence for the presence of b-actin mRNAs within developing dendritic and axonal growth cones. Growth cones
were shown to contain polyribosomes, providing morphological evidence that protein synthesis does occur. Under digital
imaging microscopy, b-actin mRNA within growth cones colocalized with components of the polyribosomal complex, suggesting the local synthesis of b-actin protein. The observed
localization of b-actin mRNA into growth cones could not be
attributed to diff usion or the presence of a “leaky barrier” of
mRNA from the cell body for the following reasons. First,
b-actin mRNAs demonstrated a statistically nonrandom association for microtubules within growth cones. Second, the
localization of actin mRNA into growth cones was a sequencespecific pattern. b-Actin mRNA was observed in growth cones,
whereas g-actin mRNA was restricted to the cell body. Furthermore, g-actin mRNA transport was not affected by dbcAM P as was b-actin, f urther suggestive of sequence specificity in the RNA localization signal. Sequence differences in the
untranslated regions between g- and b-actin mRNAs could be
involved in mediating this response. The 39-UTR has been
shown to confer differences between b- and a-cardiac actin
mRNAs in developing muscle cultures (K islauskis et al., 1993).
b-actin mRNAs have been shown previously to be localized to
the leading edge of myoblasts, whereas cardiac and g-actin
mRNAs are perinuclear (Hill and Gunning, 1993; Kislauskis et
al., 1993). The enrichment of b-actin at the cell periphery is
consistent with a specific f unction for this isoform in regions of
motile cytoplasm (Hoock et al., 1991; Hill and Gunning, 1993).
b-Actin may be the predominant isoform at submembranous
sites, where it binds ezrin, and b-actin polymerization dynamics
could be sensitive to signaling events across the membrane (Shuster and Herman, 1995). In neurons, immunohistochemical localization of b- and g-actin in tissue sections of developing rat brain
has shown that b-actin protein is specific to growing axons and is
deplete in mature neurons (Weinberger et al., 1996). Actin and
tubulin have been found in a cDNA library from squid axoplasm
(Kaplan et al., 1992) and more recently in biochemical fractions
of rat sympathetic axons (Olink-Coux and Hollenbeck, 1996).
The axonal synthesis of actin was demonstrated by analysis of
proteins synthesized after radiolabeled amino acid incubation
(Koenig and Adams, 1982; Koenig, 1989, 1991). Here we report
on the intracellular localization of mRNA and protein isoforms
within processes and growth cones of differentiating mammalian
neurons growing in culture.

RNA granules and microtubules
The distribution of b-actin mRNA within processes and growth

cones was highly granular. In situ hybridization studies have
revealed similar nonhomogeneous patterns for a variety of
mRNAs, including “punctate” actin mRNA (Sundell and Singer,
1990), “island-like structures” of X lsirt RNA (K loc et al., 1993),
formation of bicoid RNA “particles” (Ferrandon et al., 1994), and
“granules” of myelin basic protein mRNA (Ainger et al., 1993).
RNA granules in oligodendrocytes and neurons colocalized with
translational components, suggesting the presence of a supramolecular complex that could contain many mRNA molecules (Barbarese et al., 1995; Knowles et al., 1996).
In neurons, microtubules play a dominant role in the maintenance of poly(A 1) mRNA within neuronal processes (Bassell et
al., 1994) and in the transport of RNA granules containing

J. Neurosci., January 1, 1998, 18(1):251–265 263

poly(A 1) mRNA (Knowles et al., 1996). These results obtained
in neuronal cells are in contrast to the predominant involvement
of microfilaments in both the transport and anchoring phases of
b-actin mRNA from the nucleus to the fibroblast lamellae (Sundell and Singer, 1991), which have structural and functional
similarities to neuronal growth cones. In this study we show an
association of b-actin mRNA with microtubules within growth
cones. Although we cannot discriminate between those mRNAs
that are being transported versus those that have been anchored,
it is likely that microtubules are involved in some component of
b-actin mRNA localization in neurons. It is possible that b-actin
mRNA granules can interact with both microfilaments and microtubules and that the preferential usage of a particular filament
system is characteristic of the specific cell type. This mechanism
could involve cis-acting elements within the actin mRNA 39-UTR
that interact with a set of cell type-specific RNA binding proteins
and/or motor proteins that promote preferential usage on one
filament system (Bassell and Singer, 1997).

Implications of localized b-actin synthesis
Actin protein within growth cones is highly dynamic, and there is
rapid exchange between monomer and F-actin (Okabe and Hirokawa, 1990, 1991; Sanders and Wang, 1991). Actin polymerization within growth cones proceeds by the addition of monomer at
the barbed end adjacent to the plasma membrane, which is
followed by a retrograde flow of actin and its disassembly at the
rear (Small et al., 1978; Forscher and Smith, 1988; Okabe and
Hirokawa, 1991). Because these filaments are relatively short, the
amount of time a monomer spends in this cycle could be ,1 hr,
inferred from measurements that use fluorescence recovery after
photobleaching (Okabe and Hirokawa, 1991). Once actin filaments are disassembled in the central region of the growth cone,
monomers could diffuse away, become recycled, or be incorporated into the cortical cytoskeleton of the axonal shaft (Okabe
and Hirokawa, 1991; Sanders and Wang, 1991). This dynamic
cycle may necessitate a local mechanism to replenish the G-actin
pool.
Quantitative imaging analysis with deconvolution of optical
sections estimated that there were between 300 and 500 actin
RNA granules within a large axonal growth cone. Because the
granules may contain more than a single actin mRNA, it is
possible that the number of actin mRNA molecules is considerably higher. If ribosomes are spaced apart by 15 nucleotides and
move at a rate of five amino acids per second (Darnell, 1995), we
estimate that one actin monomer could be synthesized per second
per mRNA (Kislauskis et al., 1997). Therefore, 30,000 actin
monomers could be synthesized locally per minute (assuming one
mRNA per granule). If one assumes that the growth cone may
contain 10 7 molecules (actin concentration of 50 mM; growth cone
volume of 1 pl), local synthesis could contribute 10% of the total
actin content in 1 hr. This number would be higher if granules
contain more than one mRNA molecule (Barbarese et al., 1995;
Knowles et al., 1996). Therefore, it is reasonable to expect that
maximal rates of actin polymerization during stimulated process
outgrowth could depend on local synthesis. This hypothesis has
been tested in fibroblasts, where cells having localized b-actin
mRNA were more motile, and delocalization of b-actin mRNA
from lamellae could reduce motility (Kislauskis et al., 1997). The
active transport of b-actin mRNA into growth cones, perhaps in
response to physiological signals, may play a role in the localization of specific cytoskeletal proteins to growth cones during
process outgrowth. This mechanism may be as essential to neu-
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ronal asymmetry as the post-translational transport of cytoskeletal complexes from the perikarya.
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