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Syntaxin has an important role in regulating vesicle docking and fusion essential for neurotransmitter release. Here, we demonstrate that
the distribution of syntaxin mRNA in cell bodies of sensory neurons (SNs) of Aplysia maintained in cell culture is affected by synapse
formation, synapse stabilization, and long-term facilitation (LTF) produced by 5-HT. The distribution of the mRNA in turn regulates
expression and axonal transport of the protein. Syntaxin mRNA and protein accumulated at the axon hillock of SNs during the initial
phase of synapse formation. Significant numbers of granules containing syntaxin were detected in the SN axon. When synaptic strength
was stable, both mRNA and protein were targeted away from the axon hillock, and the number of syntaxin granules in the SN axon was
reduced. Dramatic increases in mRNA and protein accumulation at the axon hillock and number of syntaxin granules in the SN axon were
produced when cultures with stable connections were treated with 5-HT that evoked LTF. Anisomycin (protein synthesis inhibitor) or
KT5720 (protein kinase A inhibitor) blocked LTF, accumulation of syntaxin mRNA and protein at the axon hillock, and the increase in
syntaxin granules in SN axons. The results indicate that without significant effects on overall mRNA expression, both target interaction
and 5-HT via activation of protein kinase A pathway regulate expression of syntaxin and its packaging for transport into axons by
influencing the distribution of its mRNA in the SN cell body.
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Introduction
The targeting of mRNA to specific locations in polarized cells is
one mechanism for regulating the distribution of their translated
products critical for development or cell function (Litman et al.,
1993; Kislauskis et al., 1994; Bassell et al., 1998; Palacios and St.
Johnston, 2001). In neurons, mRNA targeted to the axon hillock
(Litman et al., 1993; Hu et al., 2002) or to specific distal locations
as a consequence of target interaction (Schacher et al., 1999) or
after synaptic activity (Steward and Worley, 2001) can play an
important role in site-specific synaptic plasticity. Local transla-
tion of targeted mRNA may contribute to synapse formation
during development or to synaptic plasticity after stimuli that
produce long-term changes in behavior (Casadio et al., 1999;
Steward and Schuman, 2001; Schacher and Wu, 2002). How the
changes at distal sites combine with the necessary changes in gene
expression and protein synthesis in neuronal cell bodies to pro-
duce the long-lasting effects associated with synapse develop-
ment and activity-dependent plasticity is unknown.

Regulating the expression of molecules critical for transmitter
release in the cell bodies for subsequent transport down axons or

near the synapses themselves may facilitate synapse formation,
specificity, and function during development or after activity that
leads to long-term synaptic plasticity. Members of the syntaxin
family of proteins are critical elements of the soluble
N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) complex at various sites within neurons, including pre-
synaptic release sites that play a crucial role in vesicle docking and
fusion during the release of neurotransmitter (Bennett et al.,
1992; Hata et al., 1993; Blasi et al., 1994). Syntaxin expression, at
either the mRNA or protein level, may be regulated during the
formation of neuromuscular junctions or synapses within the
CNS (Igarashi et al., 1996; Sanders et al., 1998; Noakes et al., 1999;
Greenlee et al., 2001). Syntaxin expression can be regulated in
some areas of the CNS with certain types of electrical stimulation
or behavioral training (Davis et al., 1996, 1998, 2000; Hicks et al.,
1997). These results suggest that expression of syntaxin, a critical
component for synaptic function, may be regulated under con-
ditions leading to long-lasting changes in connectivity between
neurons.

The sensory neurons (SNs) of Aplysia can establish specific
connections in cell culture that express various forms of short-
and long-term synaptic plasticity (Montarolo et al., 1986, 1988;
Rayport and Schacher, 1986; Glanzman et al., 1989; Eliot et al.,
1994; Sun et al., 1996). Contact with specific targets that initiate
synapse formation leads to branch-specific changes in transport
and stability of specific mRNAs in the presynaptic neuron
(Schacher et al., 1999; Hu et al., 2002). Contact with a specific
synaptic target also results in the increased accumulation of some
mRNAs that encode for proteins that are shipped to terminals via
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rapid axonal transport (Schacher et al., 1999; Hu et al., 2002). A
member of the syntaxin I family was identified in Aplysia neurons
and is critical for transmitter release at SN and cholinergic neu-
ron synapses (Skehel et al., 1995; Smirnova et al., 1995). We
therefore examined whether syntaxin mRNA and protein expres-
sion and distribution are affected by synapse formation and long-
term facilitation (LTF) produced by 5-HT. We found that distri-
bution of syntaxin mRNA in the cell body of SNs is regulated by
target interaction, synapse maturation, and LTF. The differences
in mRNA distribution within the SN cell body had a profound
effect on expression of syntaxin protein, including its packaging
for axonal transport.

Materials and Methods
Cell culture and electrophysiology. SNs were isolated from pleural ganglia
dissected from adult animals (80 –100 gm); motor cells L7 and L11 were
isolated from juvenile (1–3 gm) abdominal ganglia and maintained in
coculture for 1–5 d as described previously (Rayport and Schacher, 1986;
Schacher et al., 1999). Individual SNs were plated in the same culture dish
at very low density to prevent cells from contacting each other. Cocul-
tures consisted of one SN with one L7 or one L11 (SN-L7 or SN-L11). In
some cases, one coculture of each type was plated in the same dish.

Standard electrophysiological techniques were used to record the am-
plitude of the EPSP evoked in L7 or L11 with stimulation of each SN
(Schacher and Montarolo, 1991; Schacher et al., 1999). Motor cells (L7
and L11) were impaled with a microelectrode (resistance of 15–20 M�)
containing 2.0 M K-acetate, 0.5 M KCl, and 10 mM K-HEPES, pH 7.4, and
held at �85 mV. Each SN was stimulated with a brief (0.3– 0.5 msec)
depolarizing pulse to evoke an action potential using an extracellular
electrode placed near the cell body of the SN. The amplitude of the EPSPs
evoked in L7 ranged from 1 mV (day 1) to 55 mV (day 5). Action poten-
tials in SNs never evoked EPSPs in L11 (Glanzman et al., 1989; Schacher
and Montarolo, 1991).

LTF of SN-L7 synapses was produced by five bath applications of 5-HT
(final concentration of 5 �M) after recording the amplitude of the EPSP
(Montarolo et al., 1986) after 4 d in culture. Each application lasted 5 min
and was separated by 15 min. Cultures were rinsed with a 1:1 mixture of
L15 medium and seawater. After the last application, cultures were rinsed
with culture medium (1:1 mixture of L15 and hemolymph) and placed
back into the incubator, and EPSP amplitudes were reexamined 24 hr
later (day 5). Cultures matched for initial EPSP amplitudes received
control applications (medium minus 5-HT). Some cultures were incu-
bated for 3 hr in 20 �M anisomycin (Montarolo et al., 1986) starting
either 30 min before the first application of 5-HT (Aniso � 5-HT) or 6 hr
before the first application of 5-HT and washed out 3 hr before first
application of 5-HT (Aniso-W � 5-HT). Some cultures were exposed for
2 hr starting 30 min before the first application of 5-HT to membrane-
permeable inhibitor of protein kinase A (PKA) (10 �M KT5720; Calbio-
chem, La Jolla, CA) or of PKC (10 �M chelerythrine; Calbiochem). After
final EPSP amplitudes were recorded on day 5, cultures were rinsed and
fixed for in situ hybridization and immunocytochemistry.

In situ hybridization. Antisense oligonucleotide probes were designed to
cover specific coding portions of the target sequences used successfully in
RT-PCR analyses of the mRNAs, synthesized (Genset, La Jolla, CA), lyo-
philized, and redissolved in sterile distilled water. The specific antisense
oligonucleotide probe sequences were syntaxin, TCTGGCAGGCGTTG-
TAGTCGTTCATCACCTCCACGAACTTCCGAGACA, which is com-
plementary to nucleotide (nt) 574 –527 of its cDNA, and SN-specific
protein sensorin, TTAACTCTTCTTGACTCACCAACTGCCT-
GGATAGCA, which is complementary to nt 304 –339 of its cDNA.
Their sense probes were also designed for use as nonspecific controls.
These probes were labeled at the 3� end with biotin-ddUTP according
to the manufacturer’s instructions (Boehringer Mannheim, India-
napolis, IN). All subsequent reagents and solutions used were made
with diethyl pyrocarbonate-treated MilliQ water, and care was taken
to avoid contamination with RNases.

Cultures were rinsed briefly in artificial seawater and fixed in 0.1 M

PBS, pH 7.4, containing 4% paraformaldehyde and 30% sucrose for 1 hr

at room temperature. The cultures were washed in 0.1 M PBS three times
for 10 min at room temperature. The cells were digested with 1 �g/ml of
proteinase K in TE buffer (0.1 M Tris-HCl with 1 mM EDTA, pH 8.0) for
20 min at 37°C, and then washed with 0.1 M PBS three times for 10 min at
room temperature. The cells were postfixed with 4% paraformaldehyde

Figure 1. Interaction with L7 leads to opposite changes in the distribution of syntaxin mRNA
versus sensorin mRNA. A, Syntaxin mRNA accumulates at the axon hillock on day 1, whereas
sensorin mRNA is distributed uniformly. The top micrographs are Nomarski contrast images of
each SN cell body with its main axon (arrow) emerging at the 6 o’clock position. The bottom
micrographs are pseudocolor representation of fluorescent signals (red is high intensity; blue is
low intensity) for syntaxin or sensorin mRNA in SNs cultured with L7 for 1 d. Neurites around SN
cell bodies belong to both SN and L7. Scale bar, 25 �m. B, Syntaxin mRNA accumulates away
from the axon hillock, but sensorin mRNA accumulates at the axon hillock on day 5. The top
micrographs are Nomarski contrast views of each SN cell body and axon; the bottom micrographs
are pseudocolor representations of fluorescent signals for syntaxin and sensorin mRNAs in the
SNs cultured with L7 for 5 d. Scale bar, 25 �m.
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in 0.1 M PBS for 10 min at room temperature and then washed three times
for 10 min at room temperature with 0.1 M PBS. Cells were rinsed in 0.1
M triethanolamine, pH 8.0, plus 0.25% acetic anhydride for 10 min at
room temperature, equilibrated in 50% deionized formamide in 5� SSC
(saline sodium citrate), pH 7.2, for 20 min at 42°C, and hybridized over-
night at 42°C in hybridization buffer (50% deionized formamide, 5�
SSC, 0.02% SDS, 2% blocking reagent) containing 1.5 �g/ml of the
biotin-labeled oligonucleotide probes. Unbound probe was washed out
with 2� SSC two times for 15 min at 42°C and with 0.1� SSC two times
for 15 min at 50°C. After cultures were equilibrated in buffer I (0.1 M

Tris-HCl and 0.15 M NaCl) for 2 min and in buffer II (0.1 M Tris-HCl with
0.15 M NaCl, 0.3% Triton X-100, and 2% normal goat serum) for 30 min
at room temperature, cells were incubated in streptavidin-FITC (Invitro-
gen, Gaithersburg, MD; 1:200, diluted in buffer II) for 4 hr at 4°C. Un-
bound antibody was washed out with 0.1 M PBS three times for 15 min at
room temperature.

The hybridization signals were visualized directly with fluorescent mi-
croscopy and imaged with a Nikon (Tokyo, Japan) Diaphot microscope
attached to an SIT (Dage 68; Dage-MTI, Michigan City, IN) video cam-
era, processed by a Dell 310 computer with a personal computer Vision
Plus frame grabber, and subsequently stored on compact disks. The spec-
ificity of biotin-labeled antisense oligonucleotide probe was examined by
hybridizing with labeled sense probe or excess unlabeled probe, or by
omitting probe in hybridization solution as well as RNase pretreatment.
All controls were negative. Cells were hybridized under the same condi-
tions to reduce variability in different experimental groups.

Immunocytochemistry. Cultures were rinsed briefly in artificial seawa-
ter and fixed in 4% paraformaldehyde dissolved in 0.1 M PBS with 30%
sucrose, pH 7.4, for 1 hr at room temperature. The cultures were washed
in 0.01 M PBS three times for 15 min at room temperature and were
preincubated for 30 min at room temperature in a blocking solution of
5% normal goat serum in 0.01 M PBS with 0.3% Triton X-100. The cells
were then incubated in the mouse monoclonal anti-syntaxin antibody
(1:300; Sigma, St. Louis. MO) diluted in 2% normal goat serum in 0.01 M

PBS with 0.3% Triton X-100 at 4°C for 24 hr. This antibody recognized a
37 kDa protein (Western blot), the molecular weight of Aplysia syntaxin
(Smirnova et al., 1995), derived from pleural ganglia containing the SNs
used in the cell cultures (data not shown). The incubated cultures were
washed three times in 0.01 M PBS and incubated in FITC-conjugated goat
anti-mouse IgG (1:200; Sigma) at 4°C for 4 hr. For double label of syn-
taxin mRNA and protein in the same preparation, cultures were first
processed for in situ hybridization using the methods described in the
section above. After the SNs were photographed, the cultures were then
processed for immunocytochemistry as above, but cultures were incu-
bated with Texas Red-conjugated goat anti-mouse IgG (1:200; Sigma).
After washing three times in 0.01 M PBS, cultures were imaged directly
with fluorescent microscopy. To test the specificity of the primary anti-
body, controls were performed, including the substitution of normal
rabbit sera for the primary antibody and omission of the primary anti-
body, all of which did not show any sign of immunocytochemical reac-
tion. In addition, the 37 kDa band on Western blots was not detected
when the antibody was preincubated with its cognate peptide. To reduce
variability in staining, the cultures from the different experimental and
control groups were immunostained at the same time and under the
same conditions.

Quantification and data analysis. The NIH Scion software package was
used to quantify average pixel intensities for hybridized and immuno-
stained signal of syntaxin in SN cell bodies. For examining distribution
within the SN cell body, pixel intensity was averaged for six separate 5 �
5 �m squares within the peripheral cytoplasm of each SN cell body. The
squares were positioned at the following equivalent clock locations: 12, 2,

Figure 2. Target interaction regulates the distribution of syntaxin mRNA in SN cell bodies. A,
Each micrograph is a pseudocolor representation of in situ hybridization signals (red is high
intensity; blue is low intensity) for syntaxin mRNA in SNs cultured with L7, L11, or alone for 1 or
5 d. The SN axons emerge at the 6 o’clock position. Syntaxin mRNA accumulates in the region of
the axon hillock on day 1 and is excluded from this region on day 5 only when SNs form synapses
with L7. Scale bar, 25 �m. B, C, Syntaxin mRNA accumulates at the axon hillock of SNs after 1 d
in culture with motor cell L7, whereas it is distributed uniformly when synapses are not formed
( B). At 5 d in culture, however, syntaxin mRNA appears to be excluded from the axon hillock
region, whereas it is remains distributed uniformly when SNs are not forming synapses ( C). The
histograms summarize relative intensity at five sites (2-6 corresponding to 2, 4, 6, 8, and 10
o’clock positions, respectively) compared with site 1 (12 o’clock position). The SN axon emerges
at position 4 (6 o’clock). The height of each bar is the mean � SEM from six cultures for each
culture condition at each time point. An ANOVA (two-factor) at each time point indicated a
significant difference in the signal intensity for syntaxin mRNA at 1 d (df � 10, 75; F � 5.146;
p �0.001) and at 5 d (df�10, 75; F �7.231; p �0.001). Interaction with L7 after 1 d resulted
in significantly greater levels of expression at positions 4 and 5 (6 and 8 o’clock) compared with

4

interaction with L11 (F � 5.554, p � 0.02; F � 4.358, p � 0.04) or SNs in culture alone (F �
5.402, p � 0.02; F � 4.598, p � 0.03). By day 5, interaction with L7 resulted in significantly
lower levels of syntaxin mRNA expression at positions 3, 4, and 5 (4 – 8 o’clock) compared with
interaction with L11 (F values from 6.604 to 9.988; p � 0.01) or in SNs cultured alone (F values
from 6.678 to 10.018; p � 0.01).
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4, 6, 8, and 10 (sites 1 through 6, respectively). The cytoplasm of the cell
body adjacent to the SN axon was positioned at 6 o’clock (position 4),
and the signal intensity at the opposite side away from the axon (12
o’clock or position 1) was normalized as 100%. For each cell, the inten-
sities at the other five locations were normalized to that measured at the
12 o’clock location. Values for overall expression of syntaxin mRNA or
protein in each SN cell body were determined by averaging the pixel
intensities for the six locations used to monitor distribution. In addition,
the immunostained syntaxin granules in the SN axon (initial 100 �m)
were counted for each experimental condition. Data were expressed as
means � SEM. The overall effects of target interaction, 5-HT application
in the presence or absence of anisomycin, were determined by ANOVA,
and specific differences for the different treatments were determined by
the Scheffe multiple-comparison tests.

Results
The SNs of Aplysia rapidly form synaptic connections with motor
cell L7 but fail to establish connections with L11 (Glanzman et al.,
1989; Schacher and Montarolo, 1991). Target interaction with L7
leads to a number of changes in SNs (Glanzman et al., 1989; Sun
and Schacher, 1996), including an increase in accumulation in
the axon hillock of mRNA encoding the neuropeptide sensorin
after 3 d in culture (Hu et al., 2002), and high levels of peptide
expression at SN varicosities contacting motor cell L7 (Santarelli
et al., 1996). SNs interacting with L11 or SNs cultured alone fail to
accumulate sensorin mRNA in the axon hillock after 3 d in cul-
ture (Hu et al., 2002). An mRNA encoding an integral membrane
protein, Aplysia cell adhesion molecule (apCAM), accumulated
at the axon hillock but failed to show differences in accumulation
with target interaction or synapse formation (Hu et al., 2002).
These results suggest that mRNAs accumulate at the axon hillock
if they encode proteins that are transported via membranous
organelles to distal sites, and the targeting of some of them is
regulated with synapse formation. Because sensorin protein and
mRNA also accumulate in SN varicosities (Santarelli et al., 1996;
Schacher et al., 1999; Hu et al., 2002), changes in accumulation at
the axon hillock may reflect a target- and synapse-dependent
effect on mRNA encoding for molecules that play an important
and direct role in synapse function. To test this idea we used in
situ hybridization to examine whether synapse formation and
target interaction affect the distribution of mRNA encoding the
Aplysia homolog of syntaxin, which has been shown to play an
important role in transmitter release in Aplysia (Skehel et al.,
1995; Smirnova et al., 1995). We measured the staining intensity
of the labeled probe that recognizes syntaxin in six areas of cyto-
plasm of SN cell bodies corresponding to the following clock
positions: 12 (position 1 and opposite the axon hillock of the SN),
2, 4, 6 (where axon emerges), 8, and 10. We then used immuno-
cytochemical methods to determine the effects of target interac-
tion on the distribution of syntaxin protein within the cytoplasm
of SN cell bodies and axons.

Synapse formation and maturation lead to changes in
distribution of syntaxin mRNA and protein in SN cell bodies
Aplysia SNs form synaptic connections with L7 within 20 hr of
coculture (Sun and Schacher, 1996). The strength of the connec-
tions increases over the next 48 –72 hr, reaching a stable state by
4 d in culture (Montarolo et al., 1986; Glanzman et al., 1989; Bank
and Schacher, 1992). Using in situ hybridization, we examined at
different time points the distribution of syntaxin mRNA in the
cell body of SNs cultured with L7, with L11, or alone.

Syntaxin mRNA was distributed asymmetrically in the cell
bodies of SNs that form synaptic connections with L7 on both day
1 and day 5 (Fig. 1A,B). During the initial phase of synapse for-

Figure 3. Target interaction regulates the distribution of syntaxin protein in SN cell bodies. A, Each
micrographisapseudocolorrepresentationof immunocytochemicalsignals(red ishighintensity;blue
is low intensity) for syntaxin in SNs cultured with L7, L11, or alone for 1 or 5 d. The SN axons emerge at
the 6 o’clock position. Syntaxin accumulates in the region of the axon hillock on day 1 but is excluded
from this region on day 5. Scale bar, 25 �m. B, C, Syntaxin accumulates at the axon hillock region of
SNs only after 1 d in culture with motor cell L7 ( B). At 5 d in culture, syntaxin appears to be excluded
from the axon hillock region but is distributed uniformly when SN is not forming synapses ( C). The
histograms summarize relative intensity at five sites (2-6 corresponding to 2, 4, 6, 8, and 10 o’clock
positions, respectively) compared with site 1 (12 o’clock position). The height of each bar is the
mean � SEM from 6 –10 cultures for each condition at each time point. An ANOVA (two-factor) at
each time point indicated a significant difference in the signal intensity for syntaxin at day 1 (df�10,
95; F�8.514; p�0.001) and at day 5 (df�10, 90; F�8.168; p�0.001). Interaction with L7 after
1dresultedinsignificantlygreater levelsofexpressionatpositions 3, 4,and 5 (4 – 8o’clock)compared
with interaction with L11 (F values from 11.826 to 17.444; p�0.01) or SNs in culture alone (F values
from 11.840 to 16.464; p�0.01). By day 5, interaction with L7 resulted in significantly lower levels of
syntaxin expression at positions 3, 4, and 5 (4, 6, and 8 o’clock) compared with interaction with L11 (F
values from 10.999 to 15.993; p�0.01) or in SNs cultured alone (F values from 9.210 to 14.878; p�
0.01).
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mation after 1 d in culture, syntaxin mRNA accumulated in the
region of the axon hillock compared with other areas of the cyto-
plasm (Fig. 1A). With maturation and stabilization of the synap-
tic connections at 5 d in culture, syntaxin mRNA was still distrib-
uted asymmetrically in SNs that contact L7, but now the mRNA
levels at the axon hillock were generally lower than other areas of
the SN cytoplasm (Fig. 1B). Overall levels of expression on day 5
were not significantly different ( p � 0.7) from that observed on
day 1: average intensity on day 1 was 22.8 � 1.6 (arbitrary units)
versus 21.2 � 1.7 on day 5.

Although targeting of syntaxin mRNA to the axon hillock of
SNs decreased with synapse maturation, the targeting of sensorin
mRNA to the axon hillock of SNs forming synaptic connections
with L7 increased during the same period (Fig. 1A,B). This sup-
ports the idea that different classes of mRNAs may be targeted to
the axon hillock by different sets of mechanisms and binding
proteins or chaperones.

Syntaxin mRNA was distributed uniformly in SNs contacting
L11 or cultured alone after 1 or 5 d in culture (Fig. 2). Overall
expression of syntaxin mRNA was slightly higher (but not signif-
icant; p � 0.05) in SNs contacting L7 on both day 1 and day 5
compared with levels of expression in SNs contacting L11 or
cultured alone. The targeting of syntaxin mRNA to the axon
hillock of SNs is regulated by interaction with specific postsynap-
tic neurons and synapse formation in both a positive and negative
direction.

Does the distribution of syntaxin mRNA in SN cell bodies
affect the expression and distribution of the translated product?
The expression and distribution of syntaxin paralleled the distri-
bution of its mRNA (Fig. 3). After 1 d in culture, syntaxin was
enriched at the axon hillock when contacting L7, whereas it was
distributed at a uniform low level in cell bodies of SNs cultured
alone or with L11 (Fig. 3A,B). The same distribution was ob-
served after 5 d in SNs cultured alone or with L11 (Fig. 3A,C).
However, syntaxin expression was at the lowest level at the axon
hillock compared with other areas of cytoplasm for SNs cultured
with L7 after 5 d in culture. Overall levels of protein expression
were higher in SN-L7 cultures compared with SN-L11 ( p � 0.05)
or SN-alone cultures ( p � 0.05). Overall levels of syntaxin ex-
pression in SN-L7 cultures on day 1 were not significantly differ-
ent from syntaxin expression in SN-L7 cultures on day 5 (inten-
sity of 27.0 � 1.1 units on day 1 vs 27.4 � 0.8 units on day 5; p �
0.7). Both expression and targeting of some proteins in the cyto-
plasm of the cell body of neurons may be a consequence of the
targeting of its mRNA within the cell body.

Distribution of syntaxin mRNA and protein is regulated
during LTF
Repeated applications of 5-HT produce long-term increases in
the efficacy of stable SN-L7 synapses formed in culture that are
accompanied by the formation of new SN varicosities and trans-
mitter release sites (Montarolo et al., 1986; Glanzman et al., 1989;
Bailey et al., 1992). In our experiments, 5-HT produced a signif-

Figure 4. Distribution of syntaxin mRNA and protein is altered on day 5 by 5-HT that pro-
duces LTF. A, Double-label images reveal parallel distributions for syntaxin mRNA (in situ hy-
bridization) and protein (immunocytochemistry) in SN cell bodies. The top micrographs are
Nomarski contrast images of each SN cell body and initial axon segment. The middle micro-
graphs are pseudocolor representations of in situ hybridization signals for syntaxin mRNA in
these SNs fixed 24 hr after control or 5-HT treatments. The bottom micrographs are pseudocolor
representations of immunocytochemical signals for syntaxin in the same SNs. Syntaxin mRNA
and protein accumulate in the region of the axon hillock after 5-HT is applied to cultures with
stable connections but remain excluded from this area with control treatment. Scale bar, 20
�m. B, C, The histograms summarize the effects of 5-HT on the distribution of syntaxin mRNA
( B) and protein ( C). The height of each bar is the mean � SEM from 10 –18 cultures for each

4

treatment in each assay. They include cultures analyzed with the double-label procedure (4
cultures for each treatment). An ANOVA (two-factor) indicated a significant difference in the
signal intensity for syntaxin mRNA (df � 5, 130; F � 56.088; p � 0.001) and protein (df �
5,120; F � 114.046; p � 0.001). Treatment with 5-HT resulted in significantly higher levels of
expression of syntaxin mRNA ( B) at positions 3, 4, and 5 (4 – 8 o’clock) compared with controls
(F values from 8.294 to 16.315; p � 0.01). Treatment with 5-HT also resulted in significantly
higher levels of syntaxin protein expression ( C) at positions 3, 4, and 5 (4 – 8 o’clock) compared
with controls (F values from 23.612 to 28.509; p � 0.01).
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icant increase in EPSP amplitude (11.3 � 0.4 mV; n � 26 cul-
tures), whereas control treatment had little effect on EPSP ampli-
tude (0.5 � 0.4 mV; n � 20 cultures). We therefore examined
whether 5-HT affects the expression and distribution of syntaxin
mRNA and protein after synapses have stabilized.

Repeated applications of 5-HT resulted in a significant accu-
mulation of syntaxin mRNA at the axon hillock of the SN cell
body (Fig. 4A,B). The relative level of syntaxin mRNA in the
axon hillock was now comparable with that observed after 1 d of
coculture with L7. Overall expression of syntaxin mRNA was not
significantly affected by 5-HT (Fig. 5A). The average intensity for
control cultures was 22.9 � 1.1 units versus 23.2 � 1.4 units for
cultures treated with 5-HT ( p � 0.8). Thus stable connections
were affected by 5-HT; syntaxin mRNA was retargeted to the
axon hillock of the SN.

The distribution of syntaxin protein paralleled the distribu-
tion of its mRNA (Fig. 4A,C). Using a double-label procedure,
we examined the same cultures as in Figure 4A with immunocy-
tochemical methods. Syntaxin levels in the SNs were enriched at
the axon hillock after 5-HT applications. As in previous control
preparations, protein levels were lowest at the axon hillock com-
pared with other areas of the SN cytoplasm when cultures were
treated with control solutions. Overall expression of syntaxin was
not affected by 5-HT; average intensity for controls was 27.2 �
0.5 units versus 27.4 � 0.6 units for cultures treated with 5-HT
( p � 0.8). The effect of 5-HT on mRNA distribution has down-
stream consequences on protein distribution.

Redistribution of syntaxin mRNA and protein produced by
5-HT are dependent on protein synthesis and activation of the
PKA pathway
The expression of LTF by SN-L7 synapses is dependent on pro-
tein synthesis (Montarolo et al., 1986). Treatment with 5-HT in
the presence of anisomycin failed to produce a significant change
in EPSP amplitude measured 24 hr later (	0.4 � 0.3 mV; n � 17
cultures). Treatment with 5-HT beginning 3 hr after washout of a
pretreatment with anisomycin, when protein synthesis resumes
at or near normal levels, resulted in a significant increase in EPSP
amplitude (9.5 � 0.6 mV; n � 14 cultures). We therefore exam-
ined whether protein synthesis is required for the changes pro-
duced by 5-HT in the distribution of syntaxin mRNA and pro-
tein.

Anisomycin applied during the application of 5-HT had a
significant effect on mRNA and protein distributions in the cell
bodies of SNs (Fig. 5). The highest levels of mRNA expression
remained outside the axon hillock (Fig. 5A,B). Cultures treated
with 5-HT after washout of the anisomycin (Aniso-W � 5-HT)
showed the same effect as cultures treated with 5-HT alone; syn-
taxin mRNA accumulated at the axon hillock (Figs. 5A,B). The
expression of syntaxin paralleled the expression of its mRNA
(Fig. 5A,C). Anisomycin blocked enrichment at the axon hillock
when present during the 5-HT applications but failed to have an
effect when applied before 5-HT applications. The changes in
mRNA distribution and subsequent protein distribution pro-
duced by 5-HT requires the synthesis of a protein(s) that targets
syntaxin mRNA to the axon hillock.

LTF of SN synapses produced by 5-HT is mediated primarily
by its actions on the PKA pathway that regulates phosphorylation
of substrate proteins and expression of specific transcription fac-
tors and other genes (Greenberg et al., 1987; Schacher et al., 1988;
Dash et al., 1990, 1993; Bacskai et al., 1993; Byrne et al., 1993;
Alberini et al., 1994; Hegde et al., 1997; Muller and Carew, 1998;

Figure 5. The effects of 5-HT on the distribution of syntaxin mRNA and protein require new
protein synthesis. A, The top micrographs are pseudocolor representations of in situ hybridiza-
tion signals for syntaxin mRNA in SNs cultured with L7 for 5 d and fixed 24 hr after 5-HT (5-HT ),
5-HT in the presence of anisomycin (ANISO � 5-HT ), or 5-HT 3 hr after washout of anisomycin
(ANISO-W � 5-HT ). The bottom micrographs are pseudocolor representations of immunocyto-
chemical signals for syntaxin in SNs 24 hr after the same treatments. The accumulation of
syntaxin mRNA and protein in the region of the axon hillock is blocked when 5-HT is applied in
the presence of anisomycin. After washout of anisomycin, 5-HT treatment results in mRNA and
protein accumulation in the region of the axon hillock. Scale bar, 25 �m. B, C, The histograms
summarize the effects of anisomycin on 5-HT producing changes in the distribution of syntaxin
mRNA ( B) and protein ( C). The height of each bar is the mean � SEM from 7–10 cultures for
each treatment in each assay. An ANOVA (two-factor) indicated a significant difference in the
signal intensity for syntaxin mRNA (df � 10, 120; F � 30.258; p � 0.001) and protein (df �
10,90; F � 54.955; p � 0.001). Treatment with 5-HT in the presence of anisomycin resulted in
significantly lower expression 24 hr later at positions 3, 4, and 5 (4 – 8 o’clock) of syntaxin mRNA
( B) compared with 5-HT alone (F values from 13.303 to 16.074; p � 0.01) or 5-HT applied after
anisomycin washout (F values from 14.139 to 14.689; p � 0.01). Treatment with 5-HT in the
presence of anisomycin also resulted in significantly lower expression of syntaxin ( C) at posi-
tions 3, 4, and 5 (4 – 8 o’clock) compared with 5-HT alone (F values from 17.174 to 21.943; p �
0.01) or 5-HT applied after anisomycin washout (F values from 16.748 to 21.908).

Hu et al. • mRNA Redistribution Regulates Protein Expression J. Neurosci., March 1, 2003 • 23(5):1804 –1815 • 1809



Chain et al., 1999). Treatment with 5-HT also activates PKC ac-
tivity (Sossin et al., 1994), which appears to contribute little to
expression of LTF measured at 24 hr or later (Wu et al., 1995). We
tested whether the actions of 5-HT on the distribution of syntaxin
mRNA and protein were influenced by kinase activation by incu-
bating cultures with inhibitors of different kinases during 5-HT
treatment. Incubation with the PKA inhibitor KT5720 (Angers et
al., 2002) but not a PKC inhibitor, chelerythrine (Sutton and
Carew, 2000), blocked LTF. EPSP amplitudes failed to increase
significantly (1.1 � 0.6 mV; n � 14 cultures) when 5-HT was
applied in the presence of KT5720 but increased significantly
(9.2 � 0.5 mV; n � 14 cultures) when 5-HT was applied in the
presence of chelerythrine. The PKA inhibitor KT5720 also
blocked the effects of 5-HT on the redistribution of syntaxin
mRNA and protein (Fig. 6). In the presence of chelerythrine,
5-HT produced a redistribution of both mRNA and protein, re-
sulting in the accumulation of syntaxin mRNA and protein at the
axon hillock. The actions of 5-HT appear to require PKA-
dependent changes in expression or phosphorylation of gene
product or products that target syntaxin mRNA to the axon
hillock.

Target interaction, synapse formation, and LTF regulate
packaging of syntaxin for axonal transport
Although syntaxin proteins are synthesized in the cell body of
SNs, one of its important functions is in its interaction with other
members of the SNARE complex, in which it contributes to ves-
icle docking and fusion at transmitter release sites. Syntaxin pro-
tein synthesized in the cell body must be transported to terminals
via axonal transport within membranous organelles. We there-
fore examined whether the number of granules staining with
anti-syntaxin antibodies is influenced by target interaction, syn-
apse formation, and LTF. There was a correlation between a high
accumulation of syntaxin mRNA at the axon hillock of the SN
with a high number of syntaxin antibody-labeled granules in SN
axons (Figs. 7, 8)

A significant number of labeled granules were detected in SN
axons after 1 d of contact with L7 compared with the number of
labeled granules detected in SN axons after 5 d of contact with L7
(Fig. 7A,B). On average, 3.7 � 0.4 granules were observed in the
initial axon segment of SNs contacting L7 after 1 d in culture (n �
9). After 5 d in culture only 0.6 � 0.1 granules (n � 14) were
detected in the axons of SNs contacting L7. Few granules (0.3 �
0.2 and 0.5 � 0.2) were detected in axons of SNs contacting L11
or in SNs cultured alone (0.4 � 0.2 and 0.3 � 0.2) after 1 and 5 d,
respectively (data not shown). The number of granules in SN
axons that may be destined for transport to distal synaptic sites
parallels the accumulation of mRNA and protein in the axon
hillock of the SN and requires interaction with the appropriate
target.

Differences in the number of labeled granules in SN axons
were also detected after treatment with 5-HT (Fig. 7C,D). SNs
expressing LTF contained 4.3 � 0.4 granules in the initial seg-
ment of SN axons (n � 12 cultures) compared with 0.6 � 0.2
granules detected in stable control cultures (n � 10 cultures).

Blocking LTF with anisomycin or the PKA inhibitor during
5-HT application also affected the number of labeled granules
detected in SN axons (Fig. 8). After applications of 5-HT in the
presence of anisomycin, we detected 0.7 � 0.3 granules in SN
axons (n � 7 cultures). In contrast, we detected 3.7 � 0.3 gran-
ules in SN axons (n � 7 cultures) when 5-HT was applied after

Figure6. Theeffectsof5-HTonthedistributionofsyntaxinmRNAandproteinrequireactivationof
the PKA pathway. A, The top micrographs are pseudocolor representations of in situ hybridization
signals for syntaxin mRNA in SNs cultured with L7 and fixed 24 hr after 5-HT applied in the presence of
KT5720 or chelerythrine. The bottom micrographs are pseudocolor representations of immunocyto-
chemical signals for syntaxin in SNs 24 hr after the same treatments. The accumulation of syntaxin
mRNA and protein in the region of the axon hillock is blocked when 5-HT is applied in the presence of
KT5720butnotchelerythrine.Scalebar,25�m.B,C,Thehistogramssummarizetheeffectsofthetwo
kinase inhibitors on 5-HT producing changes in the distribution of syntaxin mRNA ( B) and protein ( C).
The height of each bar is the mean � SEM from seven cultures for each treatment in each assay. An
ANOVA (two-factor) indicated a significant difference in the signal intensity for syntaxin mRNA (df�
5, 60; F�81.856; p�0.001) and protein (df�5, 60; F�30.992; p�0.001). Treatment with 5-HT
in the presence of KT5720 resulted in significantly lower expression 24 hr later at positions 3, 4, and 5
(4 – 8 o’clock) of syntaxin mRNA ( B) compared with 5-HT in the presence of chelerythrine (F values
from 9.484 to 16.333; p � 0.01). Treatment with 5-HT in the presence of KT5720 also resulted in
significantly lower expression of syntaxin protein ( C) at positions 3, 4, and 5 (4 – 8 o’clock) compared
with 5-HT in the presence of chelerythrine (F values from 6.431 to 7.184; p � 0.01).
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washout of anisomycin (Fig. 8A,B). The PKA inhibitor KT5720,
but not the PKC inhibitor chelerythrine, blocked the effect of
5-HT on the number of labeled granules in SN axons (Fig. 8C,D).
We detected only 0.4 � 0.2 granules when cultures were treated
with KT5720 (n � 7 cultures) but detected 4.1 � 0.5 granules
when cultures were treated with chelerythrine (n � 7 cultures).
When the redistribution of syntaxin mRNA is blocked (anisomy-
cin and KT5720), there is a decrease in packaging of syntaxin for
transport to distal sites that is normally produced by 5-HT.

Discussion
Our results indicate that the distribution of syntaxin mRNA in
neuronal cell bodies can be regulated bi-directionally and can
lead to corresponding changes in protein expression and packag-

ing for transport in the axon. Syntaxin
mRNA accumulates at the axon hillock of
SNs during the initial phases of synapse
formation. As synapses stabilize, syntaxin
mRNA now accumulates in areas oppo-
site from the axon hillock. Syntaxin
mRNA is always distributed uniformly in
the absence of any target or when SNs in-
teract with a target that fails to initiate
synapse formation. When cultures with
stable synapses are exposed to repeated
applications of 5-HT that produce LTF,
the distribution of syntaxin mRNA reverts
back to that expressed during the initial
phases of synapse formation. This rever-
sion in mRNA distribution with 5-HT re-
quires new protein synthesis and activa-
tion of the PKA pathway. When syntaxin
mRNA accumulates at the axon hillock,
protein expression at the axon hillock in-
creases, and the number of granules con-
taining syntaxin detected in SN axons also
increases. Thus altering the distribution of
mRNA within the cell body without
changing its overall expression can regu-
late the expression and packaging for ex-
port of a molecule critical for synaptic
function.

The axon hillock of most neurons reg-
ulates electrical excitability and the main-
tenance of specialized features required
for axon function. Some proteins and
their mRNAs expressed selectively in ax-
onal compartments are targeted to the
axon hillock (Steward and Ribak, 1986;
Litman et al., 1993; Behar et al., 1995;
Hannan et al., 1998). The axon hillock
also contains critical organelles and spe-
cific cytoskeleton organization required
for axonal transport of both proteins and
mRNA (Lindsey and Ellisman, 1985; Mat-
sumura and Kohno, 1991; Braun et al.,
1993; Olink-Coux and Hollenbeck, 1996;
Bassell et al., 1998; Muslimov et al., 2002).
Thus the targeting to the axon hillock of
mRNAs encoding molecules critical for
synaptic transmission such as syntaxin, as
well as sensorin and apCAM (Hu et al.,
2002), may facilitate their translation and
subsequent transport to synapses.

The accumulation of syntaxin mRNA during the initial phases
of synapse formation suggests that specific target interaction may
upregulate expression of mRNA binding protein(s) or chaper-
ones that target syntaxin mRNA to the axon hillock. Binding
proteins such as staufen, FMRP (fragile X mental retardation
protein), or the Hu/ELAV (embryonic lethal abnormal vision)
family of binding proteins may facilitate the targeting of mRNA
in mature neurons (Krichevsky and Kosik, 2001; Tang et al.,
2001; O’Donnell and Warren, 2002; Perrone-Bizzozero and Bo-
lognani; 2002). In the absence of a target or when SNs interact
with L11, the failure to induce the expression of sufficient levels of
binding protein or chaperone may explain the failure to accumu-
late syntaxin mRNA at any particular location. As the synapse

Figure 7. The number of granules in SN axons staining positively for syntaxin is high when syntaxin mRNA accumulates in the
axon hillock region of the SN cell body. A, C, Nomarski contrast images of SN cell bodies and initial axon segments for different
conditions are shown on the right, and corresponding immunocytochemical fluorescent images are presented on the left. These
raw images were used to generate the pseudocolor representations in earlier figures. Scale bars, 25 �m. A, B, Granules containing
syntaxin are detected in axon hillock and axon of SNs contacting L7 on day 1 but are rare on day 5. Granules (A, arrow) are detected
in SNs contacting L7 on day 1. Few are detected in SNs contacting L7 on day 5. Note the high intensity signal in the axon hillock of
the SN on day 1. The summary of the difference between day 1 and day 5 is shown in B. The number on day 1 is significantly greater
than on day 5 (F�8.410, p�0.01). C, D, Granules containing syntaxin are detected in axon hillock and axon of SNs after treatment
with 5-HT that produces LTF. Granules (C, arrow) are detected in the SN axon after 5-HT. None are detected in the SN axon after
control treatment. The fluorescent signal is high in the axon hillock of the SN treated with 5-HT. The summary of the difference
between controls and 5-HT is shown in D. The number stained with 5-HT is significantly greater than control (F � 14.010; p �
0.01).
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becomes stable by day 5 in culture, syn-
taxin mRNA is expressed at similar levels
as on day 1, but now appears to be ex-
cluded from the axon hillock. The exclu-
sion from the axon hillock may result
from the splicing of a site on syntaxin mR-
NAs that is recognized by binding pro-
teins required for targeting (Aronov et al.,
2001), a reduction or change in the relative
levels of chaperone proteins that shuttle
complexes containing both mRNA and
protein to targeted sites (Monshausen et al.,
2001), an increase in selective mRNA degra-
dation at specific sites (Ding et al., 1993;
Bashirullah et al., 2001), or selective stabili-
zation at sites outside the axon hillock (Coo-
perstock and Lipshitz, 1997). These pro-
cesses are selective, because sensorin mRNA
continues to accumulate at the axon hillock
as the synapse matures. In the absence of
appropriate synaptic target, both syntaxin
and sensorin mRNAs (Hu et al., 2002) are
distributed uniformly within the SN cell
body. Separate binding proteins, chaper-
ones, or mechanisms regulated by synapse
formation and stabilization as well as target
interaction appear to regulate the bi-
directional accumulation of different mR-
NAs at the axon hillock.

Target interaction with L7 leads to two
events separated by time. The first event is
to trigger accumulation of syntaxin
mRNA at the axon hillock as synapses
form. The second event signaled by the
target is the exclusion of syntaxin mRNA
from the axon hillock as synapses stabi-
lize. This process unfolds continuously,
because images of staining at intermediate
times (e.g., day 3) reveal a more uniform
distribution of syntaxin mRNA within the
cytoplasm (data not shown). The exclu-
sion of an mRNA encoding a molecule
critical for synaptic transmission from the
axon hillock and the consequences of this
exclusion on protein expression and
transport (see below) may play an impor-
tant role in stabilizing synaptic strength or
maintaining homeostasis for presynaptic
output (K. Liu, J.-Y. Hu, D. Wang, S.
Schacher, unpublished observation). The identity of the retro-
grade signals from L7 mediating both targeting and exclusion is
unknown. These changes in syntaxin mRNA distribution in-
duced by specific target interaction join other retrograde actions
of the target on SNs, including extent of neurite outgrowth and
varicosity formation, expression and distribution of receptors to
neuromodulators evoking synaptic plasticity, expression of
structural plasticity accompanying long-term synaptic modula-
tion, and transport of mRNA to distal sites and its stability at
those sites (Glanzman et al., 1989, 1990; Schacher and Mon-
tarolo, 1991; Sun and Schacher, 1996; Schacher et al., 1999; Hu et
al., 2002). The identity of these retrograde signals and how they
produce the changes in SNs are under investigation.

The accumulation of syntaxin mRNA at the axon hillock dur-

ing the initial phases of synapse formation and its exclusion when
synapses stabilize are positively correlated with levels of protein
expression at the axon hillock and the number of granules with
syntaxin detected in the initial portions of the SN axon. This
suggests that mRNA targeting in the SN cell body could regulate
levels of syntaxin transported to distal SN release sites. High levels
of syntaxin expression and transport during the initial phases of
synapse formation may be critical for the development of release
sites at varicosities (Noakes et al., 1999; Greenlee et al., 2001).
Varicosity formation by SNs is highest during the first 2–3 d in
culture (Bank and Schacher, 1992; Hatada et al., 1999). The re-
duction in syntaxin expression in the absence of an appropriate
target correlates with the formation of far fewer SN varicosities
and the absence of transmitter release sites (Glanz-

Figure 8. Inhibitors of protein synthesis and PKA activity block the increase in the number of granules staining for syntaxin in SN
axons after 5-HT. A, C, Nomarski contrast images of SN cell bodies and initial axon segments for different conditions are shown on
the right, and corresponding immunocytochemical fluorescent images are presented on the left. Scale bars, 25 �m. A, B, 5-HT
applied in the presence of anisomycin results in few granules staining for syntaxin immunofluorescence. Granules (A, arrow in the
fluorescent micrograph) are detected in axon hillock and axon of SN when 5-HT is applied only after washout of anisomycin
(Aniso-W � 5-HT ). Summary of the difference in granule number with treatment is shown in B. There is a significant difference in
the number of granules stained when 5-HT is applied after washout compared with 5-HT application in the presence of anisomycin
(F�5.047; p�0.01). C, D, Blocking PKA (KT5720), but not PKC (chelerythrine), reduces the number of stained granules in SN axon
hillock and axon. Granules (C, arrow in fluorescent micrograph) are observed only after 5-HT treatment in the presence of chel-
erythrine. No granules are detected when 5-HT is applied in the presence of KT5720. Summary of the difference in granule number
with treatment is shown in D. There is a significant difference in the number of granules stained when 5-HT is applied in the
presence of chelerythrine compared with 5-HT applied in the presence of KT5720 (F � 7.153; p � 0.01).
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man et al., 1989). As synapses stabilize there is a significant slow-
ing of varicosity formation by SNs (Glanzman et al., 1990; Bank
and Schacher, 1992). This is correlated with a reduction in syn-
taxin mRNA levels at the axon hillock and packaging of syntaxin
for axonal transport. This apparent reduction in syntaxin expres-
sion in SN axons between day 1 and day 5 is not a result of an
overall change in mRNA expression but correlates with a change
in the distribution of syntaxin mRNA within the SN cell body.
Thus post-transcriptional events regulated by interactions with a
distant target neuron can affect the distribution of mRNA in the
cell body of a presynaptic neuron that in turn may regulate the
expression and transport of the translated protein to those distal
sites. The presence of a significant pool of syntaxin mRNA
“parked” in different areas of the cell body where its translation is
likely to contribute to synaptic function only when the mRNA is
in a particular location is a novel form of regulation in mature
neurons.

The exclusion of syntaxin mRNA from the axon hillock of SNs
with stable synapses is reversed in a protein synthesis-dependent
manner by applications of 5-HT that produce LTF via activation
of PKA. LTF produced by 5-HT is accompanied by a number of
cellular changes, including enhanced function from preexisting
synaptic sites (Bailey and Chen, 1983; Santarelli et al., 1996; Sun
and Schacher, 1998; Sherff and Carew, 1999; Hatada et al., 2000;
Wainwright et al., 2002) and the formation of new SN varicosities
(Bailey and Chen, 1988; Glanzman et al., 1990; Bailey et al., 1992;
Martin et al., 1997; Casadio et al., 1999; Hatada et al., 2000; Wain-
wright et al., 2002). Many long-term cellular changes are pro-
duced by activation of the PKA pathway in SNs (Kandel and
Schwartz, 1982; Greenberg et al., 1987; Schacher et al., 1988,
1993; Byrne et al., 1993; Muller and Carew, 1998; Casadio et al.,
1999). Long-lasting change in synaptic efficacy appears to be cor-
related with long-lasting structural changes in the arbor of the SN
(Bailey and Chen, 1988, 1989; Casadio et al., 1999; Wainwright et
al., 2002). Changes in gene expression and protein synthesis are
required for the expression of structural plasticity in SNs (Bailey
et al., 1992; O’Leary et al., 1995; Casadio et al., 1999). Activation
of the PKA pathway in SNs may now upregulate the same genes
and proteins that serve to target syntaxin mRNA to the axon
hillock during the initial phases of synapse formation. This
may include the resumed synthesis of mRNA binding proteins
or chaperones required for targeting (Aronov et al., 2002) or
changes in mRNA splicing machinery by 5-HT (Schacher et
al., 2000) so that appropriate binding proteins can interact
with syntaxin mRNA. Alternatively, the action of 5-HT may
evoke a separate mechanism such as phosphorylation of mRNA
binding proteins or other substrates involved with mRNA targeting
(Angenstein et al., 2002). The change in mRNA distribution with
5-HT and PKA activation then leads to increased levels of syntaxin
packaged for transport in the axon. In future experiments we will
examine whether the same mechanisms regulate mRNA distribu-
tion when specific synapses form and when those same synapses
mature and express synaptic plasticity.
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