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eurons transmit long-range biochemical signals
between cell bodies and distant axonal sites or
termini. To test the hypothesis that signaling mol-

ecules are hitchhikers on axonal vesicles, we focused on
the c-Jun NH

 

2

 

-terminal kinase (JNK) scaffolding protein
Sunday Driver (syd), which has been proposed to link the
molecular motor protein kinesin-1 to axonal vesicles. We
found that syd and JNK3 are present on vesicular struc-
tures in axons, are transported in both the anterograde
and retrograde axonal transport pathways, and interact

N

 

with kinesin-I and the dynactin complex. Nerve injury in-
duces local activation of JNK, primarily within axons,
and activated JNK and syd are then transported primarily
retrogradely. In axons, syd and activated JNK colocalize
with p150

 

Glued

 

, a subunit of the dynactin complex, and
with dynein. Finally, we found that injury induces an en-
hanced interaction between syd and dynactin. Thus, a
mobile axonal JNK–syd complex may generate a trans-
port-dependent axonal damage surveillance system.

 

Introduction

 

Intracellular transport of vesicles by molecular motor proteins
such as kinesins, dyneins, and myosins is essential for many
neuronal and other cellular processes. Kinesins define a super-
family of motor proteins that use the energy of ATP hydrolysis
to move cargo toward the plus-end of microtubule tracks.
Dynein has an essential role in fast retrograde axonal transport
(Paschal and Vallee, 1987) and is known to require the associ-
ated protein complex dynactin (Karki and Holzbaur, 1999).
Although kinesins and dyneins transport several classes of car-
goes, the organization and properties of the motor protein re-
ceptors on such cargoes remain poorly understood.

A genetic screen in 

 

Drosophila melanogaster 

 

for axonal
transport mutants led to the discovery of a receptor protein,
Sunday Driver (syd), that appears to link conventional kinesin,
kinesin-I, to an unknown class of vesicles (Bowman et al.,
2000). Other potential kinesin-I receptors identified recently
include the amyloid precursor protein (APP; Kamal et al.,
2000), the glutamate receptor interacting protein GRIP1 (Setou
et al., 2002), and the c-Jun NH

 

2

 

-terminal kinase (JNK) inter-

acting proteins (JIP), JIP1 and JIP2 (Verhey et al., 2001). The
syd protein is homologous to mammalian JIP3 (or JSAP1),
which was found in yeast two-hybrid screens for proteins inter-
acting with JNK, also known as stress-activated protein kinase
(Ito et al., 1999; Kelkar et al., 2000).

The JNK signaling pathway is implicated in multiple
physiological processes, allowing a cell to mount an appropriate
response to extracellular stress (Davis, 2000). The stress path-
way is organized in a cascade of phosphorylation events, which
culminate in the activation of a family of transcription factors,
including c-Jun, to regulate gene expression. Three genes
encode the JNK protein kinase in mammals. 

 

Jnk1

 

 and 

 

Jnk2

 

 are
ubiquitously expressed, whereas 

 

Jnk3

 

 is expressed primarily in
the nervous system (Davis, 2000). The JNK signaling pathway
mediates neuronal apoptosis in response to stress (Yang et al.,
1997) and during development (Kuan et al., 1999). In the in-
jured central nervous system, c-Jun was recently shown to be an
important regulator of axonal regeneration (Raivich et al.,
2004). JNK has also been implicated in nerve regeneration in
the peripheral nervous system (Kenney and Kocsis, 1998). The
downstream transcription factor c-Jun is one of the earliest and
most consistent markers for neurons that respond to nerve-fiber
transection, and its expression in neuronal cell bodies can be
related to both degeneration and survival, including target
reinnervation (for review see Herdegen et al., 1997).

The finding that multiple types of JNK scaffolding proteins
interact with kinesin-I raises the question of whether or not
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JNK signaling is regulated by vesicular transport (Bowman et
al., 2000; Verhey et al., 2001). This question is of particular
importance in neurons, where signals are sent in both directions
between the cell body and the distantly located nerve terminal.
Nerve injury triggers numerous changes in the injured neurons
and surrounding nonneuronal cells that ultimately result in suc-
cessful target reinnervation or cell death. Sciatic nerve transec-
tion induces a rapid and prolonged increase in c-Jun activation
and transcription in sensory and motor neuron nuclei (Jenkins
and Hunt, 1991; Leah et al., 1991) as well as the appearance of
activated JNK in the cell body (Kenney and Kocsis, 1998).
Most importantly, the amount of time it takes for activated JNK
and c-Jun protein to appear in the cell body depends on the dis-
tance of the axotomy site from the cell bodies (Kenney and
Kocsis, 1998). In addition, JNK has been localized to periph-
eral nerve axons and is transported both anterogradely and ret-
rogradely (Middlemas et al., 2003). Although these results sug-
gest the existence of a retrograde injury signal that might be
initiated by JNK, they failed to identify the nature of the retro-
grade signal itself and did not reveal if JNK is physically trans-
ported from injury sites to cell bodies.

The finding that syd interacts with both JNK3 and kine-
sin-I suggests that this scaffolding protein might target signal-
ing molecules to specific subcellular locations by binding to
moving vesicles. However, the data reported so far on JNK
scaffolding proteins did not address their subcellular distribu-
tion in vivo nor did they reveal whether or not JNK might be
present in a JIP–kinesin complex (Ito et al., 1999; Bowman et
al., 2000; Kelkar et al., 2000). Here, we probe these issues and
test directly the hypothesis that syd, in collaboration with JNK
and the molecular motor system, establishes a vesicular axonal
damage signaling system in peripheral nerves.

 

Results

 

Syd is a peripherally associated 
membrane protein

 

Initial data and motif analysis suggested that syd might be a
transmembrane protein (Bowman et al., 2000). To test this
hypothesis, we performed a detailed biochemical character-
ization. In sucrose step flotation gradients, in which sciatic
nerve extract was bottom loaded, syd, together with the motor

Figure 1. Syd is a peripheral membrane protein associated with axonal vesicular structures in mouse sciatic nerve. (A) After flotation on sucrose step
gradients, syd, KIF5C, JNK3, and P-JNK are present in both the soluble fraction (40% sucrose) and the membrane fraction (35/25 interface). The 40/35
interface contains both soluble and membrane-bound proteins (note that JNK antibodies recognize the 46- and 54-kd isoforms). (B) Sciatic nerve PNS or
floating membrane fractions (memb) were treated with Triton X-114 at 4�C. Syd and JNK3 are found in the aqueous phase (note that the top band recog-
nizing the JNK3 54-kd isoform is below detection level at this exposure time in the membrane extraction). (C) After carbonate wash of sciatic nerve PNS,
a significant amount of syd remains associated with membranes. (D) Brain membrane fractions were treated with trypsin (T) in the presence or absence of
soybean trypsin inhibitor (Ti) or Triton X-100 (det), as indicated. APP is protected from trypsin digestion, whereas syd is not detected with NH2- or COOH-
terminal antibodies after digestion. (E) Sciatic nerve cross sections were stained for syd (anti-JIP3) and S100, a Schwann cell marker. Deconvolution analysis
shows punctate syd staining. Red arrows, syd puncta; green arrows, Schwann cells. (F) Sciatic nerve cross sections were stained for syd (syd N-ter) and
COX1. No colocalization is observed. Red arrows, syd puncta; green arrows, COX1 puncta; arrowheads, myelin outer layer. Bars, 5 �m.



 

SYD LINKS AXONAL TRANSPORT TO DAMAGE SIGNALING • CAVALLI ET AL.

 

777

 

protein kinesin-I (KIF5C), was present in both the soluble
fraction (40% sucrose) and the different sucrose interfaces
that are characteristic of membrane compartments (Fig. 1
A). The transmembrane protein APP is found exclusively in
the 35/25 floating fractions, whereas myelin basic protein is
found exclusively in the 25/8 interface. Syd is a scaffolding
protein for the JNK group of stress-activated protein kinases
and shows preferential binding of the neuronal enriched iso-
form JNK3 over the ubiquitous JNK1 and JNK2 (Ito et al.,
1999; Kelkar et al., 2000). Thus, we examined the distribu-
tion of JNK3 in the sucrose step gradient. We find a small
fraction of JNK3 associated with membrane in the floating
fractions. The activated form of JNK, detected with an anti-
body against the phosphorylated form (P-JNK), is also pres-
ent in the 35/25 interface.

To test if syd is a peripherally or integrally associated
membrane protein, we performed Triton X-114 phase sepa-
ration (Bordier, 1981; Fig. 1 B). After phase separation,
transmembrane proteins are enriched in the detergent phase,
whereas soluble and peripherally associated proteins are en-
riched in the aqueous phase. We found that syd partitions in the
aqueous phase, together with JNK3 and early-endosomal au-
toantigen 1 (EEA1), whereas the transmembrane protein syn-
taxin13 partitions in the detergent phase. After carbonate
wash of sciatic nerve extract, a substantial fraction of syd re-
mains associated with the membrane pellet fraction, in contrast
to JNK3, which is completely released in the supernatant (Fig.

1 C). These results suggest that the interaction of syd with
membranes is resistant to high pH. We also tested syd location
with a trypsin digestion protection assay (Fig. 1 D). A total
brain membrane fraction was prepared by sucrose flotation step
gradient fractionation and subjected to trypsin digestion. We
observed that syd is not protected from trypsin digestion be-
cause neither NH

 

2

 

-terminal– nor COOH-terminal–specific an-
tibodies detect syd after digestion. As a control, the type 1
transmembrane protein APP is shown. As expected, APP is de-
tected after digestion with an NH

 

2

 

-terminal antibody but not
with a COOH-terminal antibody. These results suggest that syd
exists in two pools: one soluble and one peripherally associated
with membranes. The membrane-associated pool is stable to
high pH conditions. A small but significant fraction of JNK3 is
also associated with membranes.

To test whether syd is associated with axonal orga-
nelles, we performed immunofluorescence on sciatic nerve
cross sections. We observed that syd is primarily localized in
axons (Fig. 1, E and F). Little colocalization was observed
with the Schwann cell marker S100 when the purified anti-
JIP3 antibody was used (Fig. 1 E), although some background
staining of the myelin outer layer was positive for both COX1
and syd when the crude serum (Fig. 1 F, syd N-ter) was used
(Fig. 1 F, arrowheads). Deconvolution analysis revealed that
the staining pattern for syd in axons appeared vesicular and
no colocalization with the mitochondrial marker COX1 was
observed. These results are consistent with the observation

Figure 2. Syd and JNK3 form a complex in
vivo. (A) Sciatic nerve cross sections were
stained for JNK3 and S100. Red arrows, JNK3
puncta; green arrows, Schwann cells. (B)
Partial colocalization (arrowheads) is observed
between syd and JNK3 puncta in longitudinal
sciatic nerve sections within a single axon. (C)
Coimmunoprecipitation with syd, P-JNK, JNK3,
or no antibodies was performed from brain
extract and probed with the indicated anti-
bodies. A fraction of JNK3 is associated with
syd (the JNK3 signal for the P-JNK and JNK3
lanes cannot be detected as a result of masking
by the IgGs). Bars: (A) 5 �m; (B) 2 �m.
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that a fraction of syd is biochemically associated with sciatic
nerve membranes.

 

Syd and JNK3 form a complex in vivo

 

Syd and JNK3 have been shown to interact in vitro, when
isolated from cotransfected cells (Ito et al., 1999; Kelkar et
al., 2000). Similarly to syd, JNK3 showed a punctate pattern
in sciatic nerve axons (Fig. 2 A). These results are in agree-
ment with the observation that a significant fraction of JNK3
is biochemically associated with membrane (Fig. 1 A). To
further test whether or not syd and JNK3 are found in a com-
plex in vivo, we performed high resolution imaging of single
axons stained with syd and JNK3.There is significant over-
lap between JNK3 and syd positive puncta in axons indi-
cating that they reside, at least in part, in the same axonal
compartment. A complete overlap was not expected because
JNK3 also binds other scaffolding proteins, including JIP1,
JIP2 (Yasuda et al., 1999), and 

 

�

 

-arrestin-2 (McDonald et
al., 2000). Next, we performed coimmunoprecipitation from
mouse brain extracts. A small but significant fraction of
JNK3 can be immunoprecipitated with the syd NH

 

2

 

-termi-
nal antibody (Fig. 2 C). The reverse experiment shows that
syd can be coimmunoprecipitated with antibodies directed

against JNK3 and P-JNK. As a negative control syntaxin is
not detected in the coimmunoprecipitations.

 

Syd and JNK3 are transported in both 
anterograde and retrograde axonal 
transport pathways

 

The direct interaction between syd and kinesin-I (Bowman et al.,
2000) suggests that syd should be transported in axons in the fast
anterograde pathway. To test this hypothesis, we performed sci-
atic nerve ligation experiments. Mouse sciatic nerves were sub-
jected to ligatures for 6 h, and nerve portions proximal or distal to
the ligation were analyzed by immunofluorescence microscopy
and Western blotting (Fig. 3 A; see Materials and methods).
Proteins moving in the fast anterograde axonal transport path-
way generally accumulate on the proximal side of a ligation,
whereas stationary, slow moving, or nonaxonal proteins remain
unchanged. Immunofluorescence of longitudinal sections of a li-
gated nerve revealed accumulation of APP primarily on the prox-
imal side, as shown previously (Fig. 3 A; Kamal et al., 2000). As
a marker for retrograde transport, we performed staining for acti-
vated phosphorylated TrkA, which, as expected, accumulated on
the distal side (Ehlers et al., 1995; Fig. 3 A). Staining with anti-
syd NH

 

2

 

-terminal antibodies revealed that syd accumulates on

Figure 3. Syd and JNK are transported in both the anterograde and the retrograde pathways. (A) Sciatic nerves were ligated unilaterally at the midpoint
and processed for immunofluorescence. APP accumulates primarily on the proximal side of the ligation, whereas phospho-TrkA primarily accumulates on
the distal side (arrowheads point to nonspecific staining of the perineurium). Syd and JNK3 accumulate on both proximal and distal sides. White arrows
point to ligation site. (B) Ligated and contralateral unligated sciatic nerves were dissected, and extracts were analyzed with the indicated antibodies.
Tubulin is used as a loading control. Replicates are shown in the online supplemental material. (C) Sciatic nerve ligation was performed as in A. Nerves
were dissected and processed for EM. Proximal and distal sections were stained for syd (15 nm of protein A gold; arrowheads). (D) Total gold particles on
an area of 100 �m2 on both proximal and distal axoplasm and an equivalent area on unligated nerve axoplasm were counted. The results are given as
the number of gold particles per square micrometer � SEM. Bars: (A) 100 �m; (C) 200 nm.
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the proximal side, as expected for a kinesin-I binding protein. We
also observed a smaller but significant accumulation on the distal
side (Fig. 3 A). Staining with antibodies against JNK3 also re-
vealed accumulation on both the proximal and distal sides (Fig. 3
A), as reported previously (Middlemas et al., 2003).

By Western blot analysis, we observed accumulation of
APP on the proximal side and clearance from the distal side (Fig.
3 B; Kamal et al., 2000). Accumulation on the proximal side and
clearance from the distal side is also observed for syd. The extent
of accumulation is smaller than APP and might reflect the small
but significant amount of syd transported in the retrograde axonal
pathway. The same was observed for JNK3. Note that the JNK3
levels exhibit some variability in the unligated nerve; however, a
consistent proximal accumulation in ligated nerves is evident
when these experiments are done several times (Fig. S2 A, avail-
able at http://www.jcb.org/cgi/content/full.jcb.200410136/DC1).
The amount of tubulin, which is transported by slow axonal
transport, remains unchanged between ligated and unligated
nerves and serves as a loading control.

To test if syd is associated with axonal vesicular carriers,
we performed immunoelectron microscopy on ligated sciatic
nerves. Organelles accumulating proximal to a ligation are
mostly small vesicles, whereas the population of organelles ac-
cumulating distal to a crush contains large diameter organelles,
many of them dense lamellar bodies, and also small vesicles
(Tsukita and Ishikawa, 1980). We found that syd is localized on
the proximal side to small vesicles/tubules as well as to larger-
sized carriers (Fig. 3 C). Although the syd-positive carriers often
contained internal membranes, syd label was restricted predom-
inantly to the limiting membrane, which is consistent with a role
of syd in kinesin-I–based transport. On the distal side, less label-
ing was visible and syd localized to larger, often multivesicular
organelles (Fig. 3 C). Quantification indicated clear accumula-
tion of syd in the anterograde pool of transport vesicles as well
as accumulation to a lesser extent in the retrograde pool (Fig. 3
D). In addition, we observed that the percentage of the mem-
brane-bound syd labeling (i.e., gold particles within a distance
of 15 nm or less from the closest membrane profile) is increased
from 51.4% in the unligated nerve to 92.9% and 85.3% in the
proximal and distal sides, respectively (Table I). Together these
results indicate that syd is transported on axonal vesicles and
that these vesicles travel in both directions.

 

Syd interacts with the dynactin complex

 

The observation of a retrograde pool of syd raised the possibil-
ity that syd interacts with the dynein/dynactin retrograde mo-
tor system. Coimmunoprecipitation experiments from sciatic
nerve extracts showed that syd interacts with dynamitin (p50)
and p150

 

Glued

 

, two subunits of the dynactin complex (Fig. 4, A
and B). Syd also interacts with kinesin light chain (KLC; Fig. 4
B), as shown previously (Bowman et al., 2000). We did not ob-
serve interaction between KLC or kinesin heavy chain (KIF5C)
and p50 or p150

 

Glued

 

, suggesting that syd binds either kinesin or
dynactin, but not both simultaneously.

To further test the syd–dynactin interaction, we per-
formed high resolution imaging of single axons. We observed
significant colocalization between syd and p150

 

Glued

 

 in axons,
stained with the neurofilament marker SMI31 (Fig. 4 C). A
complete overlap was not expected because the coimmunopre-
cipitation experiment suggests that only a fraction of syd inter-
acts with dynactin. Although no binding was detected between
syd and the dynein intermediate chain (DIC; Fig. 4 A; Bowman
et al., 2000), colocalization of syd with DIC was observed in
transfected CV-1 cells (Bowman et al., 2000). Similarly, we
observed partial colocalization between syd and the dynein
heavy chain (DHC; Fig. 4 D). The extent of colocalization be-
tween syd and DHC is smaller than the one observed between
syd and p150

 

Glued

 

. This might account for the failure of syd an-
tibodies to coimmunoprecipitate dynein. Similar results were
found when the portions proximal and distal to a ligation were
examined. These results suggest that membrane-bound syd in-
teracts with the dynactin complex and perhaps indirectly with
the dynein motor.

 

JNK is activated locally by sciatic nerve 
injury, primarily within axons

 

Previously, peripheral nerve transection in rat was shown to in-
duce JNK activation in neuronal cell bodies (Kenney and Kocsis,
1998). To confirm that mouse sciatic nerve injury provoked by
ligation also induces activation of JNK in neuronal cell bod-
ies, we dissected and analyzed extracts of dorsal root ganglia
(DRGs), which are enriched for sensory neuron cell bodies, 3, 6,
and 8 h after sciatic nerve ligation. We observed an 

 

�

 

1.6-fold in-
crease in the level of P-JNK on the ligated side compared with
the contralateral unligated side at the 6 and 8 h time points,
whereas no increase was detected at the 3-h time point. The lev-
els of JNK1 and JNK3 were unchanged (Fig. 5 A). Similarly to
syd and JNK3, P-JNK accumulates on both proximal and distal
sides of the ligature, whereas only very faint staining was ob-
served in the unligated nerve (Fig. 5 B). To assess directly
whether or not the amount of activated JNK also increased lo-
cally upon nerve injury, sciatic nerves were ligated for 6 h, and
the amount of P-JNK and JNK3 detected in ligated versus unli-
gated nerves were compared biochemically (Fig. 5 C). Although
the amount of P-JNK is increased in the ligated nerve, the levels
of JNK1 and JNK3 remain constant (tubulin is used as a loading
control). Sham surgery controls indicate that the increase in
P-JNK is due to axonal injury induced by ligation rather than the
surgery procedure. We measured the ratio between P-JNK and
JNK3 at 1, 3, and 6 h after ligation (normalized to 1 in the unli-

 

Table I. 

 

Syd association with membranes is increased by sciatic nerve 
ligation

Nerve axoplasm Labeling
Membrane-bound gold

particles/total gold

 

Proximal syd labeling 92.9% (522 out of 562)
control 35.3% (6 out of 17)

Distal syd labeling 85.3% (133 out of 156)
control 33.3% (5 out of 15)

Unligated syd labeling 51.4% (19 out of 37)
control 27.3% (3 out of 11)

 

Sciatic nerve ligation was performed as in Fig. 3. Nerves were dissected
and processed for immunoelectron microscopy. Staining and counting was
performed as described in Fig. 3 D. The percentage of the membrane-bound
label, i.e., gold particles within a distance of 15 nm or less from the closest
membrane profile, was determined.
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gated nerve). We observed a threefold increase after 1 h of liga-
tion (Fig. 5 D), with no further significant increase after 3 or 6 h.
It is striking that the increase in P-JNK does not appear in the
DRGs until the 6-h time point, whereas we observed an increase
in P-JNK levels locally in the sciatic nerve after 1 h of ligation.
This delay suggests that a retrogradely transported signal is me-
diating JNK activation in the cell bodies and might depend on lo-
cal JNK activation. With an estimated retrograde transport ve-
locity of 

 

�

 

2 

 

�

 

m/s, a molecule traveling from the injury site
would require 

 

�

 

4 h to reach the DRGs, located 

 

�

 

3 cm away.
Our results are in agreement with previous observations (Kenney
and Kocsis, 1998), where the delay observed between axotomy
and JNK activation in the DRGs corresponds to a signal trans-
mission velocity in the 2 to 5-

 

�

 

m/s range.
The sciatic nerve is enriched for axons but also contains

the cell bodies of Schwann cells. Rat peripheral nerve transection
was shown previously to increase P-JNK levels in the proximal
stump (Sheu et al., 2000). However, this did not address whether
JNK activation occurs within axons or in Schwann cells. To con-
firm that activation of JNK occurs locally in axons, we examined
the distribution of JNK3 and P-JNK in sciatic nerve cross sec-

tions, 

 

�

 

200 

 

�

 

m proximal and distal from the ligature site. JNK3
is present in axons and in some Schwann cells in unligated
nerves and in both proximal and distal sides of ligated nerves
(unpublished data). P-JNK staining is very faint in unligated
nerves and is present mainly in axons of ligated sciatic nerves,
with some Schwann cells also labeled (Fig. 5 E).

To test if activated JNK is associated with membranes in
sciatic nerve, we prepared soluble (Fig. 5 F, S) and membrane-
enriched fractions (Fig. 5 F, P) from unligated and ligated sci-
atic nerves. We observed that the ratio of PJNK/JNK3 in-
creased by fourfold in the soluble pool and by threefold in the
membrane pool (Fig. 5 F). These results indicate that JNK is
activated locally, mainly within axons, following nerve injury,
in addition to the activation observed in the cell body, and that
a fraction of P-JNK is present on membranes.

 

Activated JNK and syd are transported 
retrogradely following injury

 

Typical single sciatic nerve ligation experiments indicated that
syd and JNK3 are transported predominantly in the anterograde
direction (Fig. 3) and that the injury caused by the ligation

Figure 4. Syd interacts with the dynactin complex. (A and B) Coimmunoprecipitation from sciatic nerve extract was probed with the indicated antibodies.
A subunit of the dynactin complex, p150Glued, coimmunoprecipitates with syd. The reverse experiment shows coimmunoprecipitation of syd with KLC,
p50, and p150Glued. (C and D) Deconvoluted images of sciatic nerve longitudinal sections show partial colocalization (arrowheads) between syd and
p150Glued and between syd and DHC within a single axon (stained with the neurofilament marker SMI31). Bars, 2 �m.
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leads to local axonal JNK activation. Previous workers (Ken-
ney and Kocsis, 1998) reported the appearance of P-JNK in
neuronal cell bodies in a time- and distance-dependent manner
from the injury site, suggesting the existence of a microtubule-
dependent signaling system. To test if P-JNK itself is a positive
injury signal and travels retrogradely toward the cell body after
injury, we performed a double ligation experiment (i.e., two
ligatures were placed 8 mm apart). This design allowed us to
examine transport in an injured nerve segment without contri-
butions of new material transported from the cell body or from
the nerve terminal. In this design, the proximal ligation repre-
sents a collecting site for molecules traveling from the distal li-
gation. After 6 h, the nerve was dissected and divided into two
equal parts representing retrograde (Fig. 6 B, R) and antero-
grade (Fig. 6 B, A) fractions (Fig. 6 B, scheme). P-JNK, JNK3,
and syd were enriched in the retrograde pool, whereas APP was

enriched in the anterograde pool (Fig. 6, A and B). A similar
observation was made when the portions corresponding to the
retrograde and anterograde pool close to the ligation sites were
examined by immunofluorescence (Fig. 6 C). These results
suggest that upon encountering an injury, anterograde syd and
P-JNK switch to the retrograde pathway, whereas APP trans-
port is not affected and remains mainly anterograde.

Because syd interacts with the dynactin complex and
colocalizes in axons with p150

 

Glued

 

 and DHC (Fig. 4), this in-
teraction could mediate axonal retrograde transport. To further
support the suggestion that P-JNK retrograde transport after in-
jury depends on syd and the dynactin–dynein motor complex,
we examined the localization of P-JNK in axons distal to a li-
gation site. We observed that P-JNK colocalized with both
p150

 

Glued

 

 and DHC (Fig. 7, A and B). Consistent with what we
observed for syd, the extent of colocalization is higher with

Figure 5. JNK is activated locally by sciatic nerve injury. (A) Sciatic nerve ligation was performed as in Fig. 3. Mice were killed 3, 6, or 8 h after surgery.
DRGs on the ligated and contralateral unligated sides were dissected and analyzed by SDS-PAGE. Levels of P-JNK (closed squares), JNK1 (open circles),
and JNK3 (open triangles) were normalized to tubulin, and the ratios between ligated and unligated were measured. Results represent mean � SEM
(n � 4). (B) Sciatic nerves were ligated unilaterally at the midpoint and stained for P-JNK. White arrows show ligation site. (C) Whole ligated nerve (lig),
sham operated nerve (sham), and contralateral unligated (ul) nerve were dissected and homogenized, and extracts were analyzed by SDS-PAGE and
Western blot (Western blot is representative of seven independent experiments; only the 6-h time point is shown). (D) Quantification of the relative ratio
P-JNK/JNK3 between ligated and unligated nerves is shown � SEM (n � 7). The P-JNK/JNK3 ratio in unligated nerve was normalized to 1. The level of
P-JNK increased threefold in the ligated nerves after 1, 3, and 6 h. (E) Sciatic nerve cross sections �200 �m proximal or distal of the ligation site were
stained for P-JNK and S100. Arrows, P-JNK staining in axon; arrowheads, P-JNK staining in Schwann cells. (F) Ligated and unligated nerves were sub-
jected to high speed centrifugation. Soluble (S) and membrane-bound fractions (P) were analyzed by Western blot. The ratio P-JNK/JNK3 was determined
as in B and shown as mean � SEM (n � 4). Bars: (B) 100 �m; (E) 20 �m.
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p150

 

Glued

 

 than with DHC. P-JNK and syd were also found to
colocalize on the same puncta (Fig. 7 C). Similar results were
found when the portion proximal to the ligation site was ana-
lyzed (unpublished data).

 

Sciatic nerve injury induces an increase 
in syd/dynactin association

 

Although generally increased axonal transport following injury
has been demonstrated (Curtis et al., 1998), evidence for in-
jury-induced transport of signaling molecules other than neu-
rotrophins does not exist (Delcroix et al., 2003a). Thus, we
tested if sciatic nerve injury results in an increase of syd associ-
ation with the dynactin complex, which might account for a
switch to retrograde transport. By performing sucrose density
sedimentation analysis, we observed that the soluble pool of
syd is found exclusively at 

 

�

 

8S (unpublished data), whereas
the membrane-associated pool is found in two peaks, 

 

�

 

8S and

 

�

 

17S. To test if the syd peak at 

 

�

 

17S reports an interaction
with dynactin, we performed sucrose density gradient sedimen-
tation analysis following dynactin immunodepletion. p150

 

Glued

 

and p50 were immunodepleted from membrane extract of in-
jured and noninjured sciatic nerves; the resulting extract was
analyzed by sucrose density sedimentation. The amount of syd,
p150

 

Glued

 

, DIC, and KIF5C is constant in extracts prepared
from unligated or ligated nerves (Fig. 8 A). In contrast, P-JNK
levels are higher in the ligated nerves, as expected. Tubulin and
myelin basic protein serve as loading controls. The efficiency
of the immunodepletion showed that most of the p150

 

Glued

 

 is re-
moved on the antibody-coated beads because none can be de-
tected in the gradient fractions, in contrast to the mock deple-

tion with GFP antibodies (Fig. 8, A and B). No difference was
observed in the sedimentation properties of DIC and KIF5C in
both ligated and unligated nerves in the presence or absence of
the dynactin subunits p50 and p150

 

Glued

 

. DIC peaked at 

 

�

 

18–
19S, whereas KIF5C peaked at 

 

�

 

4–11S as expected (Kamal et
al., 2000). Syd distribution is characterized by two main peaks,
one at 

 

�

 

8S and one at 

 

�

 

17S, indicating that syd exists at least
in two protein complexes of distinct composition. In sciatic
nerves injured by ligation, the amount of membrane-associated
syd increased in the 

 

�

 

17S fraction and decreased in the 

 

�

 

8S
fraction compared with the unligated situation (Fig. 8 B, top;
and Fig. S2 C). The P-JNK distribution across the sucrose gra-
dients was restricted to the low density fractions (unpublished
data; the interaction between P-JNK and dynactin might be
weak as reflected by the low amount detected in the dynactin
immunoprecipitation). After dynactin depletion, the syd injury-
induced increase at 

 

�

 

17S is lost and a resulting increase at
4–8S is observed. These results suggest that membrane-associ-
ated syd exists in several complexes of different sedimentation
properties. In uninjured nerves, the syd complex sedimenting at
17S does not reflect dynactin association. However, the in-
creased population of syd at 17S following injury appears to re-
quire interaction with the dynactin complex and can account
for the observed injury-induced retrograde transport of syd.

 

Discussion

 

The ability of neurons to regenerate axons following injury re-
lies on alterations of gene transcription, but little is known about
how information from the site of injury is communicated to the

Figure 6. P-JNK and syd are transported mainly retrogradely after nerve injury. (A) Sciatic nerve double ligation was performed with 2 knots 8 mm
apart for 6 h (B, scheme). The nerve was dissected, divided into two equal parts representing the retrograde (Retro) and anterograde (Antero) pool, and
analyzed by SDS-PAGE. Replicates are shown in the online supplemental material. (B) Quantification of the fraction of retrograde (R, black bars) and
anterograde (A, gray bars) over total (A � R) (� SEM; n � 5). (C) Values were normalized to the level of tubulin as in A, but the retrograde and anterograde
pools were analyzed by immunofluorescence. The ligation site is indicated with white arrows. Bar, 100 �m.
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cell body to initiate these changes. This is a challenging prob-
lem because the site of lesion is often distant from the cell body
and the response must be rapid and persist for weeks until axon
regeneration is completed. Our data suggest that part of the so-
lution to this problem is that axonal JNK is activated locally as
part of a retrograde axonal damage signal and that syd may me-
diate both the anterograde and retrograde transport of JNK via
interaction with kinesin-I and dynactin/dynein, respectively.

Our proposal is consistent with other work suggesting that
the axonal transport machinery may not only convey structural
components and organelles but also molecules used to transmit
information about distant events between the nerve terminal
and the cell body. For example, a subset of the signaling com-
ponents in the MAPK pathway, including PI3K, ERK1/2,
p38MAPK, and JNK, are transported along axons (Johanson et
al., 1995; Middlemas et al., 2003). In this regard, JNK scaffold-
ing proteins have been proposed to target JNK kinases to spe-
cific subcellular locations. The finding that three members of
the JNK scaffolding protein family, JIP1, JIP2, and syd, interact
with kinesin-I conforms to the proposal that JNK signal recep-
tion or transmission is in part mediated by microtubule-based
transport of a JNK–JIP complex (Bowman et al., 2000; Verhey
et al., 2001). Also consistent with this view is the observed con-
centration of the three JNK scaffolding proteins in process
termini of cultured central nervous system catecholaminergic
cells, which requires kinesin (Verhey et al., 2001). Similarly, it
was reported that in cultured hippocampal neurons exposed to

anoxic stress, JIP1 is redistributed from neurites to the perinu-
clear region (Whitmarsh et al., 2001). The 

 

Caenorhabditis ele-
gans

 

 orthologue of syd, UNC-16, is proposed to regulate the lo-
calization of vesicular cargo by integrating JNK signaling and
kinesin-1 transport (Byrd et al., 2001), although in PC12 cells,
JSAP1/syd transport to the growth cone of neurites is appar-
ently independent of JNK signaling (Sato et al., 2004). Our
finding that JNK is activated at injury sites within axons and
that activated JNK and syd then travel mainly retrogradely fol-
lowing injury supports the hypothesis that JNK and syd in ax-
ons might establish a damage surveillance mechanism.

Posttranslational modifications occurring after injury
might affect syd binding affinity for kinesin and trigger binding
to the dynactin complex and recruitment to membranes. Our
finding that after nerve injury a high molecular weight complex
of membrane-associated syd is associated with dynactin is in
agreement with this hypothesis. In addition, upon JNK activa-
tion, syd is phosphorylated on threonine and serine residues
(Ito et al., 1999; Kelkar et al., 2000). In this regard, syd and dy-
nactin may be part of the coordination machinery regulating
anterograde and retrograde transport (Gross et al., 2002; Dea-
con et al., 2003)

If activated JNK is transported from the injury site back
to the cell body, there must be mechanisms that ensure a persis-
tent active state. In the case of NGF signaling, NGF binds and
activates TrkA, and the complex then moves retrogradely in as-
sociation with a signaling endosome (Delcroix et al., 2003b).

Figure 7. P-JNK colocalizes with dynactin, dynein, and syd in axons distal to a ligation. (A–C) Deconvoluted images of single axons, stained with SMI31
and the indicated antibodies, distal to the ligation site. Arrowheads show colocalized puncta. Bars, 2 �m.
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This retrograde movement may be due to an interaction be-
tween activated Trk and dynein (Yano et al., 2001; Bhatta-
charyya et al., 2002). Recent data suggest that the specialized
NGF/TrkA endosome has persistent signaling potential (Shao
et al., 2002). The upstream MAPKKKs MLK3 and MEKK1
and the MAPKKs SEK1/MKK4 and MKK7 may also bind syd
(Nagata et al., 1998; Ito et al., 1999; Kelkar et al., 2000) and
might be transported together with JNK to ensure prolonged
activation of JNK during retrograde transport. Such a JNK
“signalsome” might travel along microtubules for active sig-
naling from distant locations. Other scaffolding proteins might
also participate in the retrograde transport of JNK. 

 

�

 

-Arres-
tin-2, in addition to its role in endocytosis and G-coupled re-

ceptor desensitization, is another scaffold for JNK3 (McDonald
et al., 2000). 

 

�

 

-Arrestin-2 contains a nuclear export signal and
mediates JNK3 nuclear localization in appropriate conditions
(Scott et al., 2002). Activated JNK3 has a greater affinity for

 

�

 

-arrestin-2 than the nonactivated form, and the possibility that

 

�

 

-arrestin-2 plays a role in the retrograde transport of JNK and
nuclear translocation awaits further investigation.

The identities of the signals that inform the cell body that
the axon has been injured are still obscure. Multiple signals
functioning in a temporal sequence seem to be involved (for re-
view see Ambron and Walters, 1996). First, action potentials
propagating from the injury site to the cell body may activate a
kinase cascade in the cell soma. Second are the so-called nega-

Figure 8. Syd association with the dynactin
complex is increased by injury. The dynactin
complex was immunodepleted from mem-
brane-bound material of ligated or unligated
sciatic nerves. For dynactin depletion, both
p150Glued and p50 antibodies were used,
whereas for mock depletion a GFP antibody
was used. (A) SDS-PAGE analysis of immuno-
depletion using dynactin (dyn) or GFP anti-
bodies. Note that input (IN) and immunopre-
cipitated material (IP) are from equivalent
exposures, except for blots with syd and P-JNK
antibodies, which required higher exposure
times. (B) The unbound (nonimmunoprecipitated)
material was sedimented on 5–20% linear
sucrose gradients. Fractions were resolved by
SDS-PAGE and Western blots were performed
using syd, p150Glued, DIC, and KIF5C anti-
bodies. Quantification is expressed as a
percentage of total � SEM (n � 3). Dynactin
depletion (closed symbols) and mock GFP
depletion (open symbols) is shown. A repre-
sentative Western blot is shown in the online
supplemental material.
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tive injury signals, in which axotomy prevents molecules that
are normally transported retrogradely from reaching the cell
body. Third, positive injury signals may be activated at the in-
jury site and transported retrogradely back to the cell body. The
targets of positive signals include transcription factors that exert
control over synthesis of proteins necessary for regeneration
(Sung et al., 2001). There is now accumulating evidence indicat-
ing that the transcription factors themselves can act as positive
injury signals. Studies in the Aplysia mollusc have shown that
NLS can target retrograde transport and nuclear uptake of heter-
ologous proteins (Schmied and Ambron, 1997). Although it was
recently shown that protein kinase G (ApPKG) is activated at
injury sites and retrogradely transported (Sung et al., 2004), the
mechanism responsible for injury-induced transport is still un-
known. The transcription factors ATF2 and NF-�-B are trans-
ported in axons (Delcroix et al., 1999; Wellmann et al., 2001).
Recently, the signal transducer and activator of transcription
STAT3 has been found to be activated in injured axons and is
proposed to play a role as a retrograde signal transcription factor
(Lee et al., 2004). The proinflammatory cytokine tumor necrosis
factor-� also increases at the injury site and undergoes retro-
grade axonal transport (Shubayev and Myers, 2001).

Another class of positive injury signals now seems to in-
clude axonal mRNA. It was shown recently that after nerve in-
jury �-importin protein levels are increased by local translation
of axonal mRNA, leading to the formation of an NLS binding
complex traveling retrogradely (Hanz et al., 2003). The list of
positive injury signals will increase, and approaches like differ-
ential proteomics will be of great help in revealing retrogradely
transported components after nerve injury (Perlson et al., 2004).

The observation that JNK activation following axotomy
persists until target reinnervation has occurred indicates a posi-
tive role for JNK signaling in neuronal survival and repair in
addition to the immediate injury response (Kenney and Kocsis,
1998). In fact, several classes of positive injury signals may co-
exist to ensure precise information on the nature of the damage
and its distance from the cell body. For example, activation of
JNK along the length of the axon has been reported previously
in a mouse model of type-I diabetes, probably as a result of hy-
perglycemic stress of the peripheral nerve, and may represent a
retrograde signaling system for nerve degeneration (Middlemas
et al., 2003). However, in the case of mechanical damage oc-
curring upon nerve injury, a retrograde signal involving JNK
may support nerve survival and regeneration (Kenney and
Kocsis, 1998). Therefore, the upstream cascade leading to JNK
activation might be relevant for neuronal survival or death.
Studies in Aplysia have shown that axotomy triggers short- and
long-term activation of an Elk1–SRF transcription complex in
response to electrical signals and axoplasmic Elk1 retrograde
transport, respectively (Lin et al., 2003). Thus, coordination be-
tween several injury signals might orchestrate the precise pro-
gram ensuring nerve regeneration or degeneration.

In addition to a role in transcription factor activation in the
cell body, JNK may have downstream axoplasmic substrates
and play an active role in neurite outgrowth. Indeed the recent
finding that JNK may phosphorylate neuronal microtubule-asso-
ciated proteins supports this possibility (Chang et al., 2003).

Materials and methods
Antibodies
Syd antibodies were obtained by immunizing rabbits with the recom-
binant fragments 6	HIStag residues1–772 (syd NH2-terminal) and
6	HIStag residues 1066–1328 (syd COOH-terminal; Bowman et al.,
2000). For some experiments, syd antibodies were conjugated to Alexa-
488 or to protein A–sepharose according to the manufacturer’s instruc-
tions (Molecular Probes; Pierce Chemical Co.). The following antibodies
were used: anti-JIP3 (a gift from R.J. Davis, University of Massachusetts,
Worcester, MA), anti-DHC (a gift from P. Grissom and J.R. McIntosh, Uni-
versity of Colorado, Boulder, CO), anti-p150Glued (a gift from E. Holzbaur,
University of Pennsylvania, Philadelphia, PA), anti-p150Glued and anti-p50
(BD Biosciences), anti-JNK1 and anti-JNK2 (BD Biosciences), anti-JNK3
(Upstate Biotechnology), anti–P-JNK and anti–P-TrkA (Cell Signaling), anti-
S100 and antitubulin DM1A (Sigma-Aldrich), anti-KLC1/2 (a gift from S.
Brady, University of Illinois, Chicago, IL), anti-DIC and anti-APP (Chemi-
con), anti-syntaxin13 (Synaptic Systems GmbH), anti-myelin basic protein
(DakoCytomation), anti-syntaxin (StressGen Biotechnologies), anti-KIF5C
(prepared by C.H. Xia, University of California, Berkeley, Berkeley, CA;
Xia et al., 2003), anti-COX1 and secondary Alexa-labeled antibodies
(Molecular Probes), and anti-EEA1 (Transduction Laboratories).

Biochemical characterization of syd
For flotation experiments, mouse brain or sciatic nerve was homogenized
in homogenization buffer (8% sucrose and 3 mM imidazole, pH 7.4). A
postnuclear supernatant (PNS) was prepared and loaded at the bottom of
a sucrose step gradient. After centrifugation at 100,000 g for 2 h at 4�C,
floating fractions were collected and equal amounts of proteins were ana-
lyzed by SDS-PAGE and Western blot.

Triton X-114 phase separation was performed as previously de-
scribed (Bordier, 1981). In brief, sciatic nerve extracts were incubated
with Triton X-114 at 4�C for 1 h, centrifuged 5 min at 4�C at 10,000 g,
loaded over a 6% sucrose cushion, incubated 3 min at 30�C, and centri-
fuged 5 min at 10,000 g. Equal proportions of detergent and aqueous
phases were analyzed by SDS-PAGE and Western blot. To release periph-
eral membrane proteins, sciatic nerve PNS was incubated twice at 4�C for
30 min in 0.1 M Na2CO3 and centrifuged 1 h at 100,000 g. Equal pro-
portions of supernatant and pellet were analyzed. For trypsin digestion, a
brain membrane fraction was prepared by step sucrose gradient, incu-
bated 30 min at 4�C with the indicated amount of trypsin (microgram
of trypsin/microgram of total protein), with or without soybean trypsin in-
hibitor and Triton X-100, and analyzed by SDS-PAGE with the indicated
antibodies.

For sucrose density gradients, eight ligated and contralateral unli-
gated sciatic nerves were homogenized in buffer A (50 mM Tris, 150 mM
NaCl, pH 7.4, and 0.5 mM EDTA) plus protease inhibitors and centri-
fuged sequentially 10 min at 1,000 g, 10 min at 10,000 g, and 50 min
at 100,000 g. The high speed pellet was resuspended in buffer A � 1%
Triton X-100. Dynactin was immunodepleted and the supernatant was
overlaid onto a continuous 5–20% sucrose gradient prepared in buffer A
and centrifuged at 35,000 g for 17 h in a rotor (model SW41; Beckman
Coulter). 0.5-ml fractions were collected and analyzed by SDS-PAGE and
Western blot. Gradients loaded with the markers carbonic anhydrase,
BSA, alcohol dehydrogenase, �-amylase, catalase, apoferritin, and thyro-
globulin were run in parallel as standards to determine 2.8S, 4.2S, 7.5S,
9S, 11S, 17S, and 19S, respectively.

Protein concentration was determined using the protein assay (Bio-
Rad Laboratories). For quantification of Western blots, ECL signals in the
linear range were scanned using NIH image 1.62.

Immunoprecipitation
Sciatic nerve PNS was diluted in lysis buffer (150 mM NaCl, 25 mM Tris-
HCl, pH 7.5, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM so-
dium pyrophosphate, 1 mM �-glycerophosphate, 1 mM Na3VO4, and
protease inhibitors). Extracts were incubated with the indicated antibodies
or with GFP antibody as a control for 3 h at 4�C followed by incubation
with 0.5% BSA-coated protein A– or G–sepharose for 1 h at 4�C. Beads
were washed five times with PBS, resuspended in sample buffer, and ana-
lyzed by SDS-PAGE and Western blot.

Sciatic nerve ligation
Sciatic nerve ligation experiments were done as described previously (Ka-
mal et al., 2000) with minor modifications. In brief, the sciatic nerves of
mice were ligated unilaterally at the midpoint, and mice were killed at the
indicated time after surgery. To avoid contamination of proximal and dis-
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tal parts, two ligations were placed 1 mm apart. For sham-operated con-
trols, the sciatic nerve was exposed by surgery but the ligature was omit-
ted. For biochemistry, equal lengths of the proximal and distal parts were
homogenized in sample buffer and equal volumes were loaded and ana-
lyzed by SDS-PAGE and Western blotting. The tubulin Western blot serves
as a loading control. Double ligation experiments were performed by ex-
posing the sciatic nerve over a 1-cm length at mid-thigh level. Two knots
were placed 8 mm apart. Equal lengths corresponding to the anterograde
or retrograde pool were homogenized in sample buffer, and equal
amounts of protein were loaded and analyzed by SDS-PAGE. For DRGs
analysis following ligation, L4, L5, and L6 DRGs were dissected, homoge-
nized in sample buffer, and analyzed by SDS-PAGE. All surgeries were
performed using adult female C57/bl6 mice anesthetized with isofluo-
rane. All procedures were approved by the University of California, San
Diego, animal welfare program.

Immunofluorescence
Sciatic nerves were dissected and post-fixed 2 h in 3.7% PFA in PBS.
Nerves were incubated overnight in 20% sucrose, embedded in Histo
Prep, and frozen in dry-ice–cooled methanol. Serial 10-�m cryostat sec-
tions were cut and mounted onto coated slides (Fisher Scientific). Sections
were permeabilized and blocked with 10% goat serum, 0.1% Triton
X-100 in PBS for 30 min. Sections were incubated with the indicated pri-
mary antibodies overnight at 4�C and with Alexa-conjugated secondary
antibodies for 3 h. For high resolution images, sections were observed
with a 100	 objective on a deconvolving microscope (Delta Vision). Im-
ages of 0.15-�m optical sections were acquired in SoftWoRx software
(Applied Precision Inc.). Several (20–30) optical sections were deconvo-
luted for each experiment using the SoftWoRx program, and a single de-
convoluted optical section is shown in each figure. For low resolution im-
ages, sections were observed with a 20 or 63	 objective on a confocal
microscope (model MRC1024; Bio-Rad Laboratories).

EM
Sciatic nerves were prepared for ultrathin cryosectioning and immunogold
labeling according to the protein A gold method as described previously
(Slot et al., 1991). In brief, sciatic nerves were dissected and fixed in a
mixture of 2% PFA and 0.2% glutaraldehyde in 0.1 M phosphate buffer
for 2 h at RT, and then over night at 4�C, and stored in 1% PFA in phos-
phate buffer at 4�C, after which they were washed in PBS with 0.02 M
glycine. After overnight infiltration with 2.3 M sucrose at 4�C, the desired
nerve regions were mounted on specimen holders and frozen in liquid ni-
trogen. Ultrathin cryosections with an average thickness of 60 nm were
cut with a diamond knife (Diatome) at 
120�C and were picked up in a
1:1 mixture of 2.3 M sucrose and 2% methyl cellulose in distilled water.
The sections were thawed to RT, incubated with syd NH2-terminal antibod-
ies and 15 nm of protein A gold, contrasted and embedded with 0.4%
uranylacetate in 2% methyl cellulose, and viewed under a transmission
electron microscope (model 1200 EX; JEOL). For quantification analysis,
total gold particles were counted on an area of 100 �m2 on both proxi-
mal and distal axoplasm and an equivalent area on an unligated nerve
axoplasm. As a negative control, sections were treated only with 15 nm of
protein A gold to indicate unspecific labeling in each case.

Online supplemental material
Online supplemental material describes the characterization of syd anti-
bodies and shows representative Western blots for sciatic nerve ligation
experiments. Online supplemental material is available at http://www.
jcb.org/cgi/content/full/jcb.200410136/DC1.
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