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Neurotrophin-Induced Transport of a �-Actin
mRNP Complex Increases �-Actin Levels
and Stimulates Growth Cone Motility

The localization of specific mRNAs and polyribo-
somes within growth cones may permit a direct re-
sponse to external signals and rapidly influence cy-
toskeletal organization and outgrowth (Crino and
Eberwine, 1997; Bassell et al., 1998). The localization of
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the incipient axon correlated with the enrichment of �-actinAlbert Einstein College of Medicine
Bronx, New York 10461 protein to both types of growth cones (Bassell et al.,

1998). The population of mRNAs present within growth2 Department of Anatomy and Structural Biology
Albert Einstein College of Medicine cones was regulated by both age in culture and calcium

(Crino and Eberwine, 1997). �-actin mRNAs localizedBronx, New York 10461
rapidly to growth cones in response to NT-3, a response
which required microtubules and cAMP-dependent pro-
tein kinase A (Zhang et al., 1999a). These studies sug-
gest molecular interactions between cis-acting mRNASummary
localization sequence(s) and trans-acting factors that
are involved in regulation and cytoskeletal-dependentNeurotrophin regulation of actin-dependent changes

in growth cone motility may depend on the signaling of transport of mRNAs into developing processes and
growth cones.�-actin mRNA transport. Formation of an RNP complex

between the �-actin mRNA zipcode sequence and Zip- Specific mRNA-protein interactions that are involved
in the regulation of mRNA transport within neurons arecode Binding Protein 1 (ZBP1) was required for its

localization to growth cones. Antisense oligonucleo- unknown. The present study was undertaken to examine
the molecular mechanism and function underlying NT-tides to the zipcode inhibited formation of this RNP

complex in vitro and the neurotrophin-induced local- 3-regulated transport of �-actin mRNA in developing
neurons. RNA-protein interactions required for �-actinization of �-actin mRNA and ZBP1 granules. Live cell

imaging of neurons transfected with EGFP-ZBP1 re- mRNA trafficking to neuronal growth cones may bear
similarity to the mechanism of mRNA localization to thevealed fast, bidirectional movements of granules in

neurites that were inhibited by antisense treatment, leading edge of other motile cells. The localization of
�-actin mRNA in fibroblasts was shown to involve a 54as visualized by FRAP analysis. NT-3 stimulation of

�-actin protein localization was dependent on the nt sequence within the 3�UTR, termed the zipcode, that
was sufficient and necessary for localization (Kislauskis3�UTR and inhibited by antisense treatment. Growth

cones exhibited impaired motility in the presense of et al., 1994). Using the 54 nt zipcode to identify specific
RNA binding proteins by affinity purification, the RNAantisense. These results suggest a novel mechanism

to influence growth cone dynamics involving the regu- binding protein, Zipcode Binding Protein (ZBP1), was
isolated and cloned (Ross et al., 1997). It is currentlylated transport of mRNA.
unknown whether the complex between ZBP1 and the
�-actin zipcode is required for the cytoplasmic transportIntroduction
of �-actin mRNA in fibroblasts or neurons. In this study,
we show that ZBP1 is expressed in neurons and thatLocalization of specific mRNAs in neurons may provide

an important mechanism to promote the enrichment formation of an RNP complex is required for its dynamic
trafficking into the neurite. We further demonstrate thatof proteins at distinct subcellular sites and influence

neuronal function (Tiedge et al., 1999; Kiebler and Des- an essential function of �-actin mRNA transport is to
increase the local concentration of �-actin protein withinGrosiellers, 2000; Bassell and Singer, 2001). While con-

siderable study has been devoted to understanding the growth cones and stimulate persistent forward move-
ments in response to neurotrophin signals.implications of dendritic protein synthesis on synaptic

function (Steward and Schuman, 2001), recent studies
suggest that mRNA localization may also play a funda- Results
mental role in neuronal development during the period
of axonal and dendritic outgrowth. The localization of Antisense Oligonucleotides to the �-Actin
mRNA and translational components has been observed Zipcode Inhibit Localization of �-Actin
as neurites begin to differentiate in culture (Bassell et mRNA to Growth Cones
al., 1994; Kleiman et al., 1994; Tiedge and Brosius, 1996). We have previously described a starvation and stimula-
The localization of tau mRNA (Litman et al., 1993) and tion paradigm to study the rapid signaling of �-actin
tropomyosin-5 mRNA (Hannan et al., 1995) into the incip- mRNA localization to growth cones by NT-3 (Zhang et
ient axon correlates with the enrichment and function al., 1999a). We investigated whether antisense oligonu-
of their cognate proteins in axonal growth and polarity. cleotides to the 54 nt �-actin zipcode (Figure 1A) could

inhibit this signaling. Antisense oligonucleotides were
also used to a downstream 43 nt zipcode that was shown3 Correspondence: bassell@aecom.yu.edu

4 These authors contributed equally to this work. to have weak localizing activity (Kislauskis et al., 1994).
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Figure 1. Antisense to �-Actin Zipcodes Inhibits Signaling of �-Actin mRNA Localization to Growth Cones by NT-3

(A) Schematic illustration showing the position of the 54 nt and 43 nt �-actin mRNA localization sequences (zipcodes) within the 3�UTR
(Kislauskis et al., 1994). Two antisense oligonucleotides were designed to each of the zipcodes and used in combination. Coding region
(black), 3�UTR (green), zipcodes (red).
(B–E) In situ hybridization to detect �-actin mRNA (red) in neurons that were starved or stimulated with NT-3 in the presence of antisense or
reverse antisense oligonucleotides, as a control. Starved neurons did not show hybridization signal for �-actin mRNA in growth cones (B and
D; arrows). Addition of NT-3 (25 ng/ml) to the starvation medium for 30 min in the presence of the antisense oligonucleotides failed to show
�-mRNA localization in growth cones (C, arrow). In contrast, addition of NT-3 in the presence of the control oligonucleotides demonstrated
strong signaling of �-mRNA localization to distal neurites and growth cones (E, arrows).
(F) The percentage of cells which exhibited �-actin mRNA within growth cones.
(G) The measurement of the fluorescence intensity (mean pixel intensity) of �-actin mRNA signal within growth cones. Both methods demon-
strated a statistically significant increase in �-actin mRNA localization following NT-3 treatment, in the presence of the control oligonucleotides
(p � 0.01, Student’s t test).
(H) Northern Blot analysis of �-actin mRNA levels in normal culture conditions with N2 supplements, following starvation in MEM, 60 min in
NT-3, with or without antisense treatment.

Cultured neurons were removed from their coculture mRNA from localizing to growth cones in response to
NT-3 (Figure 1E).with astrocytes in a supplemented media and starved

in minimal essential medium (MEM) for three hours to To quantitate these observations, we used two meth-
ods described previously (Zhang et al., 1999a). In thedelocalize the endogenous �-actin mRNA (Zhang et al.,

1999a). Starved neurons were then treated with anti- first method, starved neurons were visually scored as
“localized” or “nonlocalized” for �-actin mRNA. Thesense (Figures 1B and 1C) or reverse antisense oligonu-

cleotides, as a control (Figures 1D and 1E). Addition number of neurons localized was increased by 35%
following NT-3 stimulation in the presence of the controlof antisense inhibited the signaling of �-actin mRNA

localization in response to NT-3 treatment (Figure 1C). oligonucleotides (Figure 1F). In contrast, there was not a
significant change when the antisense oligonucleotidesIn contrast, control oligonucleotides did not block �-actin
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were present during the NT-3 stimulation (Figure 1F). quence analysis of the amplified PCR fragment (0.5 kb)
showed that it was identical to the ZBP1 sequence fromThese data indicate an important role for the zipcode

in the stimulation of �-actin mRNA localization by NT-3. chick fibroblasts. Western blot analysis of chick fore-
brain cultures revealed the presence of a single bandThe same observation was obtained when performing

a statistical analysis of the average fluorescence inten- at the expected 66 kDa (Figure 2C) (Ross et al., 1997).
Hence, the results of the RT-PCR, sequence analysis,sity of the hybridization signal to �-actin mRNA within

individual growth cones (Figure 1G). There was a 23% and Western blot experiments indicated that ZBP1 was
expressed in cultured chick forebrain neurons.increase (p � 0.01) in the fluorescence intensity in stimu-

lated neurons compared to starved neurons in the pres- To determine whether ZBP1 was required for the for-
mation of the RNP complex with the �-actin zipcode,ence of the control oligonucleotides. There was no sig-

nificant difference between the fluorescence intensities the complex was crosslinked by UV irradiation and elec-
trophoresed. This method permitted analysis of the ap-for probes hybridized to �-actin mRNA in starved neu-

rons compared with neurons that were stimulated with proximate molecular weight of the RNA binding protein
that had been UV-crosslinked. A single band was ob-NT-3 in the presence of the antisense oligonucleotides.

Northern blot analysis provided further support that served that migrated at the expected mobility (Figure
2D). To verify that this band corresponded to ZBP1,antisense oligonucleotides to the �-actin zipcode had

a direct effect on mRNA localization, and did not result extracts were immunodepleted with anti-ZBP1 antibody
or with preimmune serum. The supernatant was thenin degradation or cleavage of �-actin mRNAs (Figure

1H). When neurons were starved in MEM, a reduction incubated with the zipcode probe as above. Immunode-
pletion with the specific antibody, but not with preim-in total cell �-actin mRNA levels was observed. Stimula-

tion of starved cells with NT-3 for 90 min resulted in an mune serum, resulted in a substantial decrease in the
amount of protein that was crosslinked to the zipcodeincrease in �-actin mRNA levels (Figure 1H) irrespective

of the presence or absence of antisense oligonucleo- (Figure 2E). These results indicate that ZBP1, expressed
in forebrain cultures, forms an RNP complex with thetides. These observations indicated that despite the in-

crease in �-actin mRNA levels following NT-3, the neu- �-actin zipcode.
rons were unable to localize these new �-actin mRNA
transcripts in the presence of the antisense oligonucleo- ZBP1 and �-Actin mRNA Colocalize in Granules
tides. that Appear Coincident with Microtubules

To determine the spatial location of this RNP complex,
Antisense Oligonucleotides to the �-Actin Zipcode ZBP1 and �-actin mRNA were visualized using double
Inhibit the Formation of an RNA-Protein label in situ hybridization and immunofluorescence. We
Complex In Vitro observed abundant distribution of ZBP1 and �-actin
We postulated that antisense oligonucleotides dis- mRNA within the cell body, processes, and growth
rupted �-actin mRNA localization by inhibiting the for- cones, and localized in the form of spatially distinct
mation of a complex between the �-actin zipcode and particles or granules (Figure 3A). Higher magnification
a trans-acting factor that was necessary for the active revealed significant colocalization of the ZBP1 with
transport of �-actin mRNA. The 54 nt �-actin zipcode �-actin mRNA (Figure 3A, a, b, and c).
was used to characterize a RNA-protein complex in vitro Similar granules were observed when neurons were
and study the effects of antisense oligonucleotide on transfected with a ZBP1 fusion protein with enhanced
complex formation. The zipcode formed a stable com- green fluorescent protein (EGFP). EGFP-ZBP1 was
plex on nondenaturing gels that was not observed with abundant within the cell body, as was also observed
a mutated sequence (Figure 2, left two lanes) (Ross et for �-actin mRNA (Figure 3B). EGFP-ZBP1 and �-actin
al., 1997). The formation of this zipcode-protein complex mRNA granules clustered together within the central
could be inhibited by competition with excess unlabeled domain of the growth cone (Figure 3B, lower arrows),
zipcode (data not shown) or with increasing concentra- whereas neither EGFP-ZBP1 nor �-actin mRNA was ap-
tions of antisense oligonucleotides (Figure 2A, middle preciable within the peripheral margin of the growth
lanes). A control oligonucleotide did not inhibit formation cone. Colocalization was also observed within the neu-
of the complex (Figure 2A, right three lanes). Therefore, rite (Figure 3B, upper white arrow). EGFP-ZBP1 could
the antisense inhibition of complex formation in vitro be observed within the neurite at sites devoid of �-actin
suggested that this interaction was required in vivo for mRNA (Figure 3B, white arrowhead). It is possible that
�-actin mRNA localization. the overexpression of EGFP-ZBP1 could promote for-

mation of granules lacking in �-actin mRNA. Granules
of �-actin mRNA were also observed at sites lackingZBP1 Is Expressed in Forebrain Neurons and Forms

a Complex with the �-Actin Zipcode EGFP-ZBP1 (Figure 3B, black arrow), although these
granules may colocalize with the endogenous ZBP1. TheThe RNA binding protein, Zipcode Binding Protein-1

(ZBP1), was isolated and cloned from chick embryo fi- EGFP vector lacking the ZBP1 insert, used as control,
showed diffuse fluorescence within processes but didbroblast cultures using affinity purification with the �-actin

zipcode (Ross et al., 1997). We sought to determine whether not reveal granules (not shown).
Previous work has shown that �-actin mRNA granulesZBP1 was expressed in cultured forebrain neurons, and

formed the RNA-protein complex with the �-actin zip- colocalized along microtubules within growth cones
(Bassell et al., 1998). We investigated whether ZBP1code. The expression of ZBP1 was demonstrated using

RT-PCR and sequence analysis of poly (A) mRNA iso- granules also displayed a similar association. ZBP1 and
tubulin colabeling often revealed ZBP1 granules thatlated from chick forebrain cultures (Figure 2B). Se-
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Figure 2. ZBP1 Forms an RNP Complex with
the �-Actin Zipcode in Cultured Neurons

(A) A specific RNA-protein complex was ob-
served with the 54 nt zipcode, but not with
the 54 nt mutated zipcode (lanes 1 and 2).
Formation of RNA-protein complexes with
the �-actin zipcode was significantly inhib-
ited by increasing concentration (from 1 to 5
pmol) of the antisense oligonucleotides, but
not by the control oligonucleotides.
(B) Expression of ZBP1 in cultured forebrain
neurons shown by RT-PCR and sequence
analysis (within the amplified 486 nt se-
quence, red). RBD, RNA binding domain.
NLS, nuclear localization sequence. KH, do-
main showing homology to hnRNP K.
(C) Western Blot analysis of chick forebrain
cultures using anti-ZBP1 (VgRBP) antibody
(Zhang et al., 1999c) showed a single band
at approximately 66 kDa.
(D) UV crosslinking of neuronal culture ex-
tracts identified a protein of approximately 66
kDa that was bound to the 32P-labeled
zipcode.
(E) Immunodepletion of neuronal culture ex-
tracts with anti-ZBP1(VgRBP) antibody signifi-
cantly reduced the formation of the RNA-pro-
tein complex with �-actin zipcode as in (D).

aligned along microtubules within growth cones (Figure area (�1 �m). We analyzed granules that moved in per-
sistent anterograde or retrograde trajectories, for dis-3C, arrowheads). These results suggest that ZBP1 and

�-actin mRNA granules were present within neuronal tances of at least a few microns (Figures 4B and 4C;
blue and magenta arrows). A series of the individualprocesses and growth cones. The proximity of these

granules to microtubules further suggests that this com- frames is shown in Figures 4D and 4E to illustrate the
movement of granules in Region I (Figures 4A and 4B),plex might be actively transported.
as an example (Quicktime movie can be viewed as Sup-
plementary Material on the Neuron website, http://Fast Transport of ZBP1 Granules

within Neuronal Processes www.neuron.org/cgi/content/full/31/2/261/DC1).
Granule movements were analyzed in consecutiveWe investigated whether ZBP1 granules had dynamic

behavior characteristic of fast transport. Live cell im- frames, and the instantaneous velocity for each granule
was plotted over the time period the granule was trackedaging revealed retrograde and anterograde movements

of EGFP-ZBP1 granules (Figure 4). One of the many (Figure 4F). Six granules (from the thirteen shown in
Figures 4A–4C) illustrated the different types of granuleneurons imaged live is shown in Figure 4A . Two regions

of interest are expanded (Figure 4B is Region I; 4C is displacements and trajectories. Some granules moved
persistently retrograde (Figure 4F: RI/G5) or anterogradeRegion II). Numerous motile ZBP1 granules, which var-

ied in size, were observed within these processes (Fig- (Figure 4F: RI/G7). Some granules moved in one direc-
tion, and paused for a prolonged period before resumingures 4B and 4C; blue and red arrows). We also observed

a population of stationary or oscillatory particles (Figure movement (Figure 4F: RI/G1). Bidirectional movement,
both persistent and oscillatory, was also observed.4B, white arrows). The oscillatory particles did not move

in a specific net direction for a measurable distance, but These bidirectional granules often moved anterograde
or retrograde and then reversed their direction (Figureexhibited short displacements within a small segmented
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Figure 3. Localization of ZBP1 and �-Actin
mRNA Granules within Neuronal Processes
and Growth Cones

(A) ZBP1 (green) and �-actin mRNA (red) were
localized within granules within neuronal pro-
cesses and growth cones (top panel). Higher
magnification of three regions (a, b, and c)
showed colocalization of ZBP1 and �-actin
mRNA within numerous granules (arrows).
Phase optics are shown in lower panel.
(B) Neurons were transfected with EGFP-
ZBP1 and fixed for in situ hybridization to
�-actin mRNA (red). The overlaid images
showed the colocalization or clustering of
EGFP-ZBP1 with �-actin mRNA in the pro-
cess and growth cone (arrows). EGFP-ZBP1
was also observed at sites that lacked �-actin
mRNA signal (white arrowhead), as well as
�-actin mRNA granules which had no appar-
ent staining for EGFP-ZBP1 (black arrow).
Right panel: overlay on DIC optics.
(C) ZBP1 granules delineate several microtu-
bules, labeled with anti-tubulin (green), within
the central domain of the growth cone (arrow-
heads in enlarged inset). Right panel: DIC
optics.

4F: RI/G3, RII/G1). One granule (RII/G2) possessed both Neurotrophin Regulation of ZBP1 Localization
and Movement Is Inhibited by Antisensepersistent and oscillatory bidirectional movements (Fig-

ures 4C and 4F). This granule moved both anterograde The binding of ZBP1 to the �-actin zipcode may be
necessary for the formation of an RNP complex that isand retrograde and had brief irregular periods when it

oscillated. actively transported into neuronal processes. Therefore,
we hypothesized that antisense to the �-actin zipcodeThe mean instantaneous velocities ranged from 0.37

�m/s to 1.2 �m/s, and the average velocities ranged (which disrupts RNP complex formation) may prevent
the localization of ZBP1 into processes. Accordingly,from 0.31 to 1.2 �m/s per granule. Other neurons imaged

showed a comparable range of velocities (data not cultured neurons were subjected to starvation and sub-
sequent stimulation in the presence of control or anti-shown). There were no statistically significant differ-

ences between anterograde and retrograde rates. The sense oligonucleotides (see Figure 1). ZBP1 granules
were delocalized by starvation and relocalized followinganterograde distances ranged between 1.36 and 6.76

�m, and the retrograde distances were between 1.10 NT-3 exposure. Antisense oligonucleotides inhibited the
localization of ZBP1 granules to processes and growthand 5.58 �m. These data demonstrate that ZBP1 gran-

ules exhibit dynamic anterograde and retrograde move- cones in response to NT-3 stimulation of starved cells
(Figures 5A and 5B). ZBP1 was largely confined to thements consistent with bidirectional fast transport.
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Figure 4. EGFP-ZBP1 Forms Granules which Exhibit Dynamic Anterograde and Retrograde Movements within Live Neurons

(A) EGFP-ZBP1 was observed in the form of granules (displayed in black) that were distributed throughout the neurites. Two regions of interest
are indicated within blue (RI) and magenta (RII) boxes.
(B) Higher magnification view of RI. EGFP-ZBP1 granules were noted of varying sizes. The larger granules frequently were stationary or
oscillatory, and accumulated at branch points or bifurcations between neurites (white arrows). The smaller granules were more motile, and
exhibited dynamic anterograde and retrograde movements. Six motile granules were tracked in a short neurite which projected from the
bifurcation (1–6, blue arrows; see also Quicktime movie as supplemental data on the Neuron website). Three other granules were tracked in
an adjacent neurite (7–9, blue arrows). The arrows indicate the net direction of each trajectory.
(C) Higher magnification view of RII shows four granules (1–4, magenta arrows) that were tracked in a retrograde direction.
(D and E) Examples of EGFP-ZBP1 granule (shown in green) movements from (B) with high temporal resolution. (D) Granule 1, anterograde
movement, white arrow indicates initial location, green arrow movement at depicted times. (E) Granule 2, retrograde movement, red arrow
indicates movement at depicted times.
(F) EGFP-ZBP1 granules exhibiting bidirectional movements. Instantaneous velocities (between two consecutive frames) of each granule were
plotted versus the time period that the granule could be tracked (movements of six granules are plotted).
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Figure 5. Antisense Oligonucleotides to the �-Actin Zipcode Inhibit the Localization of ZBP1

Cultured neurons were starved in MEM for 4 hr and then stimulated with NT-3 for 10 or 60 min in the presence of either antisense or control
oligonucleotides. ZBP1 (green, detected by antibodies) was prominent in the cell body but not appreciable in distal neurites or growth cones
after the starvation assay (not shown). Addition of NT-3 to the starvation medium for (A) 10 or (B) 60 min, in the presence of the antisense
oligonucleotides, failed to show ZBP1 localization in distal segments and growth cones, although granules were observed within the proximal
segment (arrows). In the presence of the control oligonucleotides, addition of NT-3 for (C) 10 or (D) 60 min demonstrated strong induction of
ZBP1 localization to distal neurites and growth cones (arrows). (E) Quantitation of cells in (A)–(D) showed significantly higher fluorescence
(pixel) intensities for ZBP1 in (C) and (D) than (A) and (B). (*, p � 0.05 for 10 min treatment; p � 0.01 for 1 hr treatment). (F) Cells transfected
with EGFP-ZBP1 showed an increase in fluorescence intensities in proximal portion of the neurites with increased time in NT-3, in the presence
of control oligonucleotides. As in (E), a reduction in ZBP1 fluorescence intensities was observed in the neurite over time when treated with
antisense.

cell body, but was occasionally observed within the oligonucleotides (Figure 6). The rate of recovery after
photobleaching an area within the neurite (see boxedproximal segment of neurites (Figure 5B). ZBP1 levels

within the proximal neurite were substantially higher in area of cell in inset) was faster in the presence of the
control oligonucleotides compared to the antisense.cells treated with control oligonucleotides (Figures 5C

and 5D). Quantitative analysis of pixel intensities from Representative neurites for each treatment show the
recovery at t � 60 and t � 300 seconds after bleachingboth endogenous ZBP1 fluorescence (Figure 5E) and

EGFP-ZBP1 transfection (Figure 5F) revealed reduced (Figures 6A–6H). The mean percent recovery at each
time point was plotted for both control and antisenselevels of ZBP1 within processes and growth cones fol-

lowing antisense exposure. The paucity of ZBP1 gran- treatment (Figure 6I; n � 8 cells for each treatment).
While cells treated with the reverse-antisense oligonu-ules in distal neurites and growth cones was identical to

that observed previously for �-actin mRNA localization cleotides recovered almost fully within 4 min (Figures
6A–6D and 6I), EGFP-ZBP1 localization in the presencefollowing antisense treatment (Figure 1). These results

indicate that inhibition of �-actin mRNA localization by of zipcode antisense barely reached 40% after 5 min
(Figures 6E–6H and 6I). The calculated half-maximal timeantisense oligonucleotides also prevents the localiza-

tion of ZBP1. required for recovery was �70 s for control treatment
versus �695 s for the antisense, almost a 10-fold differ-To more directly determine the effect of antisense

treatment on ZBP1 kinetics, we used FRAP (fluorescent ence in rate (see Experimental Procedures for calcula-
tion). The differences in kinetics were apparent even atrecovery after photobleaching) on EGFP-ZBP1 trans-

fected neurons in the presence of antisense or control early time points (Figures 6C and 6G; t � 60 s). Granules
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Figure 6. Effects of Zipcode Antisense on EGFP-ZBP1 Granule Movements into Photobleached Neurites Following NT-3 Stimulation

Cells were pretreated with either control (A–D) or antisense (E–H) oligonucleotides to the �-actin zipcode. Distribution of EGFP: (A and E)
before photobleaching in a neurite that extends from cell body (inset), (B and F) immediately after photobleaching (t � 0), (C and G) 60 s, (D
and H) 300 s. The neurite from the control treatment shows a rapid, almost full recovery of fluorescence whereas the neurite from the antisense
treatment shows a slow, incomplete recovery of fluorescence. Granules moving into the neurite translocate more distal (d) in the control
compared to the antisense, where they remain more proximal (p) to the cell body. (I) Time course of EGFP-ZBP1 translocation in either control
(triangles) or antisense (squares) oligonucleotide-treated neurons.

entering the bleached zone generally moved more dis- sense and the distribution of �-actin was assessed by
immunofluorescence. Antisense treatment completelytally (see Figure 6D, d) into the neurite with control oligo-

nucleotide treatment than did granules in the antisense- inhibited the stimulation of �-actin protein localization
within growth cones in response to NT-3 (Figure 7A). Intreated cells (see Fig. 6H, p). These results indicate that

antisense oligonucleotides significantly reduced the contrast, NT-3 stimulation in the presence of control
oligonucleotides resulted in a 75% increase in �-actinmotile fraction of ZBP1 in neurites, by approximately

60% compared to controls. Therefore, RNP complex protein content within growth cones compared to levels
of starved neurons (Figure 7A). These results demon-motility may be regulated by the association of ZBP1

with the �-actin zipcode. strate that inhibition of �-actin mRNA localization has a
direct effect on localized �-actin protein levels, presum-
ably by reducing local synthesis of the �-actin isoformNT-3 Stimulation of �-Actin Protein Localization

Is Dependent on the 3�UTR and Inhibited within growth cones.
Another approach to assess the role of the �-actinby Antisense

�-actin mRNA localization may provide a mechanism to 3�UTR sequence in the localization of �-actin protein
within growth cones was to transfect EGFP-�-actin fu-locally elevate �-actin protein and promote growth cone

protrusion. In order to determine whether �-actin protein sion constructs with or without the zipcode and then
analyze the concentration of EGFP-�-actin proteinlevels within growth cones were reduced over time, fol-

lowing impaired �-actin mRNA localization, starved neu- within growth cones. The presence of the �-actin 3�UTR
resulted in a statistically significant increase in EGFP-�-rons were stimulated with NT-3 in the presence of anti-
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Figure 7. Concentration of �-Actin Protein within Growth Cones Following NT-3 Stimulation Is Dependent on Sequences within the �-Actin
3�UTR

(A) Neurons were starved for 3 hr and treated with NT-3 in the presence of antisense or control oligonucleotides for 90 min and then stained
for �-actin by immunofluorescence. Antisense treatment inhibited the enrichment of �-actin protein within growth cones whereas the control
treatment resulted in a 75% increase in the fluorescence intensity for �-actin protein (Student’s t test: p � 0.01 when “control” group was
compared to “control/NT-3” group).
(B) Neurons were transfected with �-actin-EGFP fusion constructs, with and without the �-actin mRNA 3�UTR, and then starved for 3 hr and
treated with NT-3 for 90 min. Higher levels of �-actin-EGFP fluorescent intensity were observed within growth cones from the construct that
contained the �-actin 3�UTR compared to the construct without the 3�UTR (p � 0.01).

actin fluorescence intensities in the growth cone (Figure cones moved in a persistent forward direction. Before
and after traces of growth cone shapes at initial and7B). In contrast, the 3�UTR deletion construct resulted

in significantly lower EGFP-�-actin fluorescence intensi- final time points within the time lapse are also presented
(Figures 8C–8F). These data indicate that growth conesties within growth cones following NT-3 treatment (Fig-

ure 7B). We have also obtained similar findings using with reduced �-actin mRNA and protein levels exhibited
impaired motility and dynamics in response to NT-3epitope-tagged �-actin constructs where deletion of the

�-actin zipcode from the 3�UTR reduced �-actin protein stimulation.
localization within growth cones (data not shown).

Discussion
Retractive Behavior of Growth Cones
with Reduced Levels of �-Actin cis-Acting Elements and trans-Acting Factors

Involved in Neuronal mRNA LocalizationmRNA and Protein
Growth cones with reduced levels of �-actin mRNA and The results of our present study have demonstrated

that the formation of a sequence-specific RNP complexprotein would be expected to exhibit impaired move-
ment in response to NT-3. Starved neurons were either between the �-actin zipcode and Zipcode Binding Pro-

tein (ZBP1) is required for mRNA transport within devel-treated with antisense or control oligonucleotides and
then stimulated with NT-3 for 1 hr. Growth cone move- oping neurons. Other cis-acting sequences and possible

trans-acting factors involved in mRNA localization withinments of live neurons were analyzed by time lapse phase
microscopy. Growth cones treated with the control oli- neurons have begun to be characterized. Sequences

within the 3�UTR have been shown to be important forgonucleotides exhibited persistent forward movements
in response to NT-3 whereas growth cones from anti- the dendritic localization of CaMKII� mRNA (Mayford et

al., 1996; Rook et al., 2000; Mori et al., 2000) and MAP2sense treated cells exhibited predominantly retractive
behavior (Figure 8). mRNA (Blichenberg et al., 1999) and the localization of

tau mRNA into the developing axon (Behar et al., 1995).To quantitate these observations, we used motion
analysis software (see Experimental Procedures) to cal- Proteins have been isolated for their affinity to 3�UTR

sequences within tau (Behar et al., 1995) and MAP2culate the displacements of each growth cone over 60
consecutive frames within a time lapse. In Figure 8A, mRNAs (Rehbein et al., 2000), although the identity and

sequence of these proteins are unknown. In oligoden-the mean displacement of the growth cone during the
time lapse is shown for four antisense-treated cells and drocytes, the localization of myelin basic protein mRNA

granules into processes was shown to involve a 21 ntfour control cells. Antisense-treated growth cones re-
tracted at an average rate of �0.31 �m/min., whereas RNA transport sequence (RTS) (Ainger et al., 1997) that

is recognized by the RNA binding protein, hnRNP A2control growth cones moved forward at an average rate
of 0.17 �m/min. (Figure 8A). The distance each growth (Hoek et al., 1998; Munro et al., 1999). The RTS was also

shown to act as a translational enhancer (Kwon et al.,cone moved during a 15 minute time course following
NT-3 stimulation is plotted in Figure 8B. Growth cones 1999). Point mutations in the RTS that eliminated binding

to hnRNPA2 were also impaired in mRNA transporttreated with antisense exhibited persistent retractive
displacement over time, whereas control-treated growth (Munro et al., 1999). The use of antisense to knockdown
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Figure 8. Retractive Behavior of Growth Cones Observed Following Zipcode Antisense Treatment

Starved neurons were either treated with antisense oligonucleotides to the �-actin zipcode or control oligonucleotides and then were stimulated
with NT-3 for 1 hr. Forward movements were observed in control-treated growth cones, whereas antisense-treated growth cones exhibited
retractive behavior. (A) Mean growth cone displacements (error bars indicate standard deviation, n � 4). Antisense-treated growth cones
retracted at an average rate of �0.31 �m/min., whereas control growth cones moved forward at an average rate of 0.17 �m/min. (B) Individual
growth cone displacements from (A) over time for antisense-treated cells (violet) and control cells (magenta). (C–F) Overlap illustrating the
growth cone retraction from antisense-treated (C and D) or extension from control oligonucleotide-treated (E and F) cells (green � initial point,
red � final point). The key in the upper right of each panel identifies each cell in (B). The initial and final time points for each frame are
indicated by the triangles in (B). See also Quicktime movie as supplemental data on the Neuron website (http://www.neuron.org/cgi/content/
full/31/2/261/DC1).

hnRNP A2 levels resulted in impaired transport of mi- growth cones. FRAP analysis revealed a 10-fold reduc-
tion in ZBP1 movements into the neurite in the presencecroinjected myelin basic protein mRNA (Ainger et al.,

1997). of antisense. While we were unable to directly assess
the effects of antisense on the movements of �-actin
mRNA in real time, owing to technical difficulties withActive Transport of an mRNP Localization

Complex in Neuronal Processes microinjection of fluorescent zipcode sequences, the
data presented do suggest a model in which the forma-Our observations are consistent with a trafficking func-

tion for ZBP1. ZBP1 and �-actin mRNA colocalized in tion of an RNP localization complex is an essential step
in the active transport of �-actin mRNA granules intogranules within neuronal processes and growth cones.

Inhibition of RNP complex formation between the �-actin the neurite. The interaction between ZBP1 and the �-actin
zipcode may be necessary for subsequent binding tozipcode and ZBP1, using antisense, decreased the lo-

calization of �-actin mRNA and ZBP1 into neurites and accessory factors, possibly motor molecules, as ZBP1
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could be an adaptor between the mRNA and a motor. anterograde movements, possibly by affecting the bal-
Further questions to address include whether interac- ance between plus end- and minus end-directed move-
tions between the �-actin zipcode and ZBP1 are also ments of mRNA along microtubules. In support of this
important for mRNA anchoring or translation within model, the distal translocation of SYTO14-labeled RNA
growth cones once the mRNAs are localized. granules was stimulated by the neurotrophin, NT-3

The role of actin and microtubule-based motors in (Knowles and Kosik, 1997). Furthermore, KCl depolariza-
mRNA transport have begun to be elucidated in yeast tion promoted an anterograde shift in the number of
and Drosophila oocytes, respectively (Long et al., 1997; motile GFP-tagged CaMKII� mRNA 3�UTR granules
Bertrand et al., 1998; Schnorrer et al., 2000; Brendza et within dendrites (Rook et al., 2000). With regard to
al., 2000; Wilkie and Davis, 2001). In cultured fibroblasts, growth cones, the anterograde movements are likely
actin filaments (Sundell and Singer, 1991) and myosin involved in the delivery of �-actin mRNA from the cell
IIB (Latham et al., 2001) are important mediators of regu- body to the distal growth cone. We speculate that retro-
lated �-actin mRNA localization. However, in neurons, grade movements might be important to affect the redis-
observations of an association of ZBP1 and �-actin tribution of mRNA within the neurite, for example, by
mRNA (Bassell et al., 1998) and tau mRNA with microtu- shifting sites of �-actin synthesis to filopodia or growth
bules (Litman et al., 1994) are more consistent with a cones that sprout collateral branches. Retrograde
microtubule-dependent transport mechanism. The mech- movements may also relate to the possible function of
anism of �-actin mRNA transport in neurons may bear ZBP1 as a shuttling protein (Y. Oleynikov et al., submit-
similarity with oocytes, as the transport of Vg1 RNA to ted) since it has putative nuclear localization and export
the vegetal cortex of Xenopus oocytes involves microtu- sequences. Thus, a population of retrograde move-
bules (Yisraeli et al., 1990), and the RNA binding protein, ments may reflect the transport of ZBP1 granules (with-
VgRBP or VERA, which happens to be the Xenopus out �-actin mRNA) back to the nucleus where it can
homolog of ZBP1 (Elisha et al., 1995; Havin et al., 1998; complex with new �-actin mRNA transcripts.
Deshler et al., 1998). Conservation in localization mecha-
nisms between oocytes and neurons was also evident Localization of �-Actin mRNA and Protein Affects
by observations that rat tau mRNA sequences injected Growth Cone Movement
into oocytes localized to the vegetal cortex (Litman et Growth cone motility and directed outgrowth in re-
al., 1996). sponse to extracellular signals, such as neurotrophins,

The fast bidirectional transport of a �-actin mRNA/ are achieved by regulation of the actin cytoskeleton
ZBP1 complex in developing neurites at rates of 1 �m/s (Okada et al., 2000). The polymerization of actin within
is analogous to the fast bidirectional transport of mem- the growth cone is supported by an anterograde flux of
brane bound vesicles and organelles (Hirokawa, 2000), actin monomer (Okabe and Hirokawa, 1991). The avail-
suggesting possible involvement of both kinesin and ability of actin monomers for polymerization may pro-
dynein motors. Dynamic movements have also been vide an important mechanism to regulate actin dynamics
described for other mRNA sequences or RNP com- and growth cone motility. One means to deliver actin
plexes in neural cells. In oligodendrocyte processes,

monomers to growth cones is by slow transport of a
myelin basic protein mRNA granules move at a unidirec-

mobile, unassembled form of actin (Okada et al., 2000).
tional rate of 0.2 �m/s, or oscillate at branch points

The work presented here has indicated that another
(Ainger et al., 1993). The persistent unidirectional move-

mechanism to influence local actin content withinments were dependent on microtubules and kinesin
growth cones is to transport �-actin mRNA directly into(Carson et al., 1997). RNA granules detected by the vital
neuronal processes. This view is consistent with previ-fluorescent dye, SYTO14, moved in anterograde and
ous analysis in fibroblasts that delocalization of �-actinretrograde directions in neurites at rates of 0.1 �m/s
mRNA can reduce cell migration and polarization (Kis-(Knowles et al., 1996). The CaMKII� 3�UTR coupled with
lauskis et al., 1997). �-actin mRNA localization wouldGFP formed granules that exhibited oscillatory, unidi-
specifically concentrate the �-actin isoform, which hasrectional anterograde and unidirectional retrograde
been suggested to be the preferred isoactin for the re-movements in hippocampal dendrites (Rook et al.,
arrangements of the actin cytoskeleton that occur in2000). The RNA binding protein, Staufen, when fused to
response to signaling at the membrane (Shuster andGFP, exhibited granules that moved in dendrites at rates
Herman, 1995; Bassell et al., 1998). �-actin could havebetween 0.1–0.2 �m/s (Kohrman et al., 1999) and also
higher binding affinities to actin binding proteins in-associated with microtubules (Kiebler et al., 1999). Of
volved in de novo nucleation, uncapping, or severinginterest, the rates for ZBP1 granules appear to be faster
of actin filaments. In support of this, disruption of cellthan Staufen, suggesting the possibility that different
polarity appears to be mediated through the localizationRNA binding proteins may be associated with different
of actin nucleation sites which are disrupted by anti-motors. The kinesin superfamily, for example, exhibits
sense to the �-actin zipcode (Shestakova, et al., 2001).a wide range in rates and cargo binding characteristics

It has been known that neurotrophins can act as long(Hirokawa, 2000).
range chemoattractants and that actin dynamics under-An important area of future work will be to understand
lie these directed movements (Gallo and Letourneau,how signal transduction pathways might influence dynamic
1998; Paves and Saarma, 1997). �-actin mRNA and con-bidirectional movements of mRNP complexes. Activa-
sequent protein localization may specifically promotetion of trk receptors by NT-3 could result in phosphoryla-
persistent forward movements of neurite growth cones.tion of ZBP1 and subsequently promote the anterograde
Altered regulation of �-actin mRNA localization couldtrafficking of ZBP1 into the neurite. It is possible that

neurotrophin signaling could promote predominantly have dramatic consequences on the ability of a growth
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1 hr at room temperature in Tris-buffered saline (TBS) with BSAcone to exhibit persistent directed movements in response
(1%) and Triton X-100 (0.1%). Coverslips were mounted with gelvatolto external signals. Instead of exhibiting persistent for-
with n-propyl gallate (6 mg/ml) as an anti-bleaching agent.ward movements, in response to NT-3, the antisense-

treated growth cones exhibited retractive behavior.
Therefore, our work suggests that �-actin mRNA local- Fluorescence Microscopy and Quantitative Digital Imaging

Cells were viewed with a Nikon Eclipse inverted microscopeization may be an essential downstream target of the
equipped with a 60� Plan-Neofluar objective, phase optics, 100 Wneurotrophin signaling pathway, important for main-
mercury arc lamp, and HiQ bandpass filters (ChromaTech). Imagestaining proper growth cone guidance and persistence
were captured with a cooled CCD camera (Quantix, Photometrics)of targeting. Further characterization of the mechanism
using a 35 mm shutter and processed using IP Lab Spectrum (Scan-

involved in local �-actin synthesis and its effect on actin alytics). Growth cones were selected randomly using phase optics
organization and dynamics will provide new insights into and a fluorescence image of �-actin mRNA (in situ hybridization),
our understanding of the complex factors affecting �-actin protein, or ZBP1 (immunofluorescence) was then acquired.

Exposure times were kept constant and below gray scale saturation.growth cone motility. Likewise, the continued study of
Quantitative analysis for mRNA and protein localization withinZBP1 and its involvement in the microtubule-dependent
growth cones was analyzed using fluorescence (pixel) intensitiestransport of �-actin mRNAs and possibly other localized
within growth cones as described previously (Zhang et al., 1999a).

mRNAs will provide new insight into the function of The perimeter of 10 to 30 growth cones, for each experimental
mRNA transport as a novel mechanism to rapidly pro- variable, were first traced from the phase image using IP Lab soft-
mote the sorting of cytoskeletal proteins within neuronal ware to identify a region of interest (ROI). The total fluorescence

intensity was then divided by area to obtain mean pixel intensity.processes.
For quantitative analysis of �-actin mRNA localization using a visual
scoring method, 100 cells per coverslip were analyzed for eachExperimental Procedures
cell culture condition. Cells were scored as “localized” if several
granules were observed, and scored as “nonlocalized” if the signalNeuronal Culture, Neurotrophin Stimulation,
was not distinguishable from background levels (hybridization withand Antisense Treatment
control probe).We have previously described the use of primary cultures of embry-

onic chick forebrain as a model system to study �-actin mRNA
localization within growth cones (Zhang et al., 1999a). Forebrain

EGFP-ZBP1 Transfections and Live Cell Imagingwas dissected from 8-day chick embryos, trypsinized, dissociated,
The chick ZBP1 coding sequence (Ross et al., 1997) was insertedand plated on poly-L-lysine (0.2 mg/ml, 16 hr) and laminin (0.02 mg/
into the downstream cloning site of Enhanced Green Fluorescenceml, 12 min) coated coverslips in minimal essential medium (MEM)
Protein (EGFP) in the pEGFP-C1 expression vector with a CMVwith 10% FBS for 2 hr. Cells were inverted onto a monolayer of
promoter (Clonetech) and transfected into freshly dissociated fore-astrocytes in N2-conditioned medium with serum (2% FBS) and
brain neurons using the lipid reagent, DOTAP (Boehringer Manheim)cultured for 4 days at 37	C in 5% CO2. The cells were then fixed in
(Kaech et al., 1996). Neurons were plated on poly-L-lysine and lami-paraformaldehyde (4% in PBS) at room temperature for 15 min.
nin coated coverslips in the presence of 10% FBS for 2 hr, trans-We have previously described a starvation and stimulation assay
ferred to N2 media, and cultured for 4 days as described above.to study the rapid signaling of �-actin mRNA localization to growth
Coverslips were transferred to a sealed environmental chamber (Bi-cones by NT-3 (Zhang et al., 1999a). This method involved removing
optechs Focht Chamber) in Leibovitz L-15 medium (Gibco BRL) withthe neurons from their coculture with astrocytes in a conditioned
N2 supplements in order to maintain CO2. Imaging of live neuronsmedium with N2 supplements, and starving them in MEM for 4 hr,

and then treated with NT-3 (25 ng/ml) (Austral Biologicals). Phospho- was performed using a TILL Photonics Imaging System with a Poly-
rothioate-modified oligonucleotides were added to the MEM me- chrome II monochromator and high resolution Imago CCD camera.
dium (12.5 �M each) for the last 2 hr of the starvation period. A Cells were imaged at an exposure rate of 0.324 s for each frame.
mixture of four antisense oligonucleotides were used which were A 200-frame stack was acquired (resolution of 111.7 nm/pixel)
complementary to both the 54 nt and 43 nt zipcodes (Figure 1A) and was inverted and scaled with NIH Image (Scion Image). A macro
(Kislauskis et al., 1994). As a control, each of these sequences was was written which outputs the x and y coordinates of the granule
synthesized in the reversed 5�–3� orientation. Neurons were then centroid and the frame number into a tab-delimited text file which
stimulated with NT-3, in the presence of antisense or control oligo- was used in Microsoft Excel to calculate granule velocities between
nucleotides, for 10 to 90 min and then fixed. frames.

Fluorescence recovery after photobleaching (FRAP) analysis of
EGFP-ZBP1 was done on cultured forebrain neurons subjected toIn Situ Hybridization with Digoxigenin-Labeled Probes
the starvation/stimulation paradigm using NT-3. Images were cap-Six amino-modified oligonucleotides (50 nt) complementary to
tured (488 nm excitation) using a laser scanning confocal micro-3�UTR sequences of chick �-actin mRNA were synthesized on a DNA
scope (BioRad Radiance 2000). Transfected cells were randomlysynthesizer and chemically labeled using digoxigenin succinamide
selected and subregions of the neurite, usually the proximal seg-ester (Roche Molecular Biochemicals) as described previously. In

situ hybridization for �-actin mRNA was completed as previously ment, were bleached with full intensity laser until the EGFP signal
described (Bassell et al., 1998). The digoxigenin-labeled oligonucle- was almost fully eliminated (�30 s). Recovery was imaged at low
otide probes were detected by immunofluorescence using Cy3- laser power, and cells were examined for 5 min, imaging every 10
conjugated monoclonal antibody to digoxigenin and Cy3-conju- s. Percent recovery was determined by subtracting arbitrary average
gated anti-mouse antibody (Jackson Immunoresearch) as described background values outside the cell from average values from the
previously (Zhang et al., 1999a). Coverslips were mounted with gel- whole neurite or selected subregions from within the neurite at any
vatol with n-propyl gallate (6 mg/ml) as an anti-bleaching agent. given time point, then dividing this by the difference in fluorescence

intensity of the selected region before bleaching and the average
background values (Ispot�Ibkgd(post-bleach)/Ispot�Ibkgd (pre-bleach).Immunofluorescence
Each of the traces was calculated from an average percent recoveryFor detection of endogenous proteins, we used monoclonal anti-
of n � 8 cells at each time point, starting at 30 s post bleach. Half-bodies to �-actin and tubulin (Sigma), rabbit anti-VgRBP antibody
maximal time points for each treatment were calculated by using(provided by Nancy Standart) (Zhang et al., 1999c), rabbit anti-HCC
the regression equations derived from the best-fit curve of the recov-antibody (provided by Eng Tan) (Zhang et al., 1999b), and rabbit
ery time points and calculating for 50% recovery (y � 0.5). A similaranti-ZBP1 antibody. All secondary antibodies were affinity-purified
approach has been used to measure translocation kinetics of CaMKIIdonkey antibodies to mouse or rabbit IgG conjugated to a fluoro-

chrome (Jackson Immunoresearch). Antibody incubations were for subunits in dendrites (Shen and Meyer, 1999).
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Live Cell Imaging of Growth Cone Motility Following for 8 min, digested with RNase T1 (1U, 10 min), and incubated with
heparin (5 mg/ml, 10 min). 32P-labeled RNA-protein complexes wereAntisense Treatment

Coverslips were transferred to a closed chamber (Bioptechs Focht first resolved in a nondenaturing 4% polyacrylamide native gel and
visualized by autoradiography. Radiolabeled bands were excised,Chamber) following the starvation/stimulation paradigm in the pres-

ence of either antisense or control oligonucleotide and NT-3 stimula- incubated in SDS sample buffer (2 hr, at 37	C), analyzed by 10%
SDS-PAGE, and labeled proteins were detected by autoradiog-tion for 1 hr as described above. Time lapse microscopy was per-

formed using a cooled CCD camera (Quantix, Photometrics) and IP raphy.
For the immunodepletion assay, antibodies (10 �l) against ZBP1Lab software. Each growth cone was randomly selected and imaged

for 15 min following NT-3 application. Four frames were acquired (VgRBP) (Zhang et al., 1999c) were incubated (2 hr at 4	C) with
neuronal culture extracts (20 �l) with gentle agitation. Protein A-aga-each minute for a total of 60 frames. Growth cone displacement

was defined as the distance traversed by the distal edge of the rose (Roche Molecular Biochemicals) suspension was added to a
mixture of neuronal extracts and antibody complexes and incubatedgrowth cone palm in each frame of the time lapse sequence and

analyzed automatically using a script written within IPLab software overnight (4	C). Complexes were centrifuged (12,000 � g, 20 s) and
the supernatant was incubated with radiolabeled RNA (20 min atthat measured optical density and morphometric characteristics

of the growth cone. The signal from filopodia was eliminated by room temperature) and UV crosslinked as above.
differential thresholding as they contributed excessive fluctuations
in the analysis. Displacement was measured along a straight line Western Blot
extended from a line best fit to the cylindrical axis of the 10 to 15 Neuronal culture extracts (10 �l) were resolved by 12% SDS-PAGE,
�m portion of the neurite closest to the growth cone in the first and fractionated proteins were transferred to Hybond ECL nitrocel-
frame of the time lapse sequence. lulose membrane (Amersham) at 4	C overnight. ZBP1 was detected

with rabbit antibody to VgRBP (Zhang et al., 1999c) at 1:1000 in
Transfection of EGFP-�-Actin Fusion Constructs PBS with 1% BSA. The membrane was washed and incubated with
Full-length chick �-actin cDNA or a 3�UTR deletion construct (Kis- peroxidase-conjugated goat anti-rabbit IgG (Jackson Immunore-
lauskis et al., 1994) were subcloned into the C terminus of EGFP in search) and the signal developed using ECL detection reagents
the pEGFP-C1 vector (Clonetech) and were transfected into freshly (Amersham).
dissociated forebrain neurons using DOTAP as described above.
Cells were plated onto poly-L-lysine and laminin coated coverslips Northern Blot
in the presence of 10% FBS for 2 hr, transferred to N2 media, Total cellular RNA was isolated from chick forebrain cultures using
cultured for 4 days, and then subjected to the starvation/stimulation Tri Reagent (Molecular Research Center) and dissolved in DEPC-
paradigm as described. The fluorescence intensity for EGFP-�-actin treated distilled water. RNA (8 �g) was electrophoresed in 0.8%
was analyzed in traced growth cones using the method described for formaldehyde-denatured agarose gel and transferred to Zeta-probe
immunofluorescence with the �-actin antibody (discussed above). blotting membrane (Bio-Rad). The cDNA fragments (372 bp) comple-

mentary to the �-actin mRNA reading frame sequence were labeled
RT-PCR Amplification of ZBP1 mRNA with 32P-dCTP (Amersham) using Random Primers DNA Labeling
Total RNA from chick neuronal cultures was isolated using Tri Re- System (Gibco-BRL) and purified with Quick Spin columns (Boeh-
agent (Molecular Research) and reverse transcribed using oli- ringer Mannheim). The RNA binding membrane was hybridized in
go(dT)12-18 with M-MLV reverse transcriptase (Gibco BRL). PCR was 5�SSPE supplemented with 1� Denhardt’s, 0.2% SDS, 10% dex-
performed for 35 cycles with sense and antisense primers designed tran sulfate, 100 �g/ml salmon testes DNA, and 50% formamide
from the chick ZBP1 sequence (Ross et al., 1997). with 32P-labeled cDNA probes at 45	C overnight. After washes, the

membrane was exposed to X-ray film (Kodak). Bands on the expo-
Electrophoretic Mobility Shift Assay (EMSA) sure film were scanned using a densitometer (Molecular Dynamics)
Cultured neurons were washed twice in (1� PBS, on ice) and and the optical densities were analyzed quantitatively using Im-
scraped in cold buffer A (0.5 mM PMSF, 0.5 �g/ml leupeptin, 1 �g/ ageQuant software.
ml aprotinine, 1� PBS). Cells were centrifuged for 5 min at 1,500 �
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