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Target-derived neurotrophins initiate signals that begin at nerve
terminals and cross long distances to reach the cell bodies and
regulate gene expression. Neurotrophin receptors, Trks, them-
selves serve as retrograde signal carriers. However, it is not yet
known whether the retrograde propagation of Trk activation
reflects movement of Trk receptors from neurites to cell bodies
or reflects serial activation of stationary Trk molecules. Here, we
show that neurotrophins selectively applied to distal neurites of
sensory neurons rapidly induce phosphorylation of the tran-
scription factor cAMP response element-binding protein
(CREB) and also cause a slower increase in Fos protein expres-
sion. Both nuclear responses require activation of neurotrophin
receptors (Trks) at distal nerve endings and retrograde propa-
gation of Trk activation to the nerve cell bodies. Using photo-
bleach and recovery techniques to follow biologically active,
green fluorescent protein (GFP)-tagged BDNF receptors (TrkB-

GFP) in live cells during retrograde signaling, we show that
TrkB-GFP moves rapidly from neurites to the cell bodies. This
rapid movement requires ligand binding, Trk kinase activity, and
intact axonal microtubules. When they reach the cell bodies,
the activated TrkB receptors are in a complex with ligand. Thus,
the retrograde propagation of activated TrkB from neurites to
cell bodies, although rapid, reflects microtubule-dependent
transport of phosphorylated Trk–ligand complexes. Moreover,
the relocation of activated Trk receptors from nerve endings to
cell bodies is required for nuclear signaling responses. To-
gether, these data support a model of retrograde signaling
whereby rapid vesicular transport of ligand–receptor complex
from the neurites to the cell bodies mediates the nuclear
responses.
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Neurons and the targets they innervate develop coordinately.
Target tissues release neurotrophins and other trophic factors
critical for the survival and differentiation of presynaptic cells
(Levi-Montalcini, 1987; Barde, 1989; Oppenheim, 1991). Neuro-
trophins initiate these cellular responses by binding and activating
specific receptor tyrosine kinases, Trks, embedded within the
plasma membrane (Kaplan and Stephens, 1994; Barbacid, 1995;
Bothwell, 1995; Kaplan and Miller, 1997). NGF preferentially
binds TrkA (Cordon-Cardo et al., 1991), BDNF and neurotro-
phin (NT) 4/5 bind TrkB (Klein et al., 1991), and NT3 binds
TrkC (Lamballe et al., 1991). Binding of ligand to receptor causes
receptor dimerization and autophosphorylation (Jing et al., 1992;
Clary et al., 1994). In neurons with long axons, target-derived
neurotrophins bind to Trk receptors at axonal terminals that can
be located up to a meter away from the cell bodies. How then do

trophic factors inform the cell bodies of events occurring at the
distal axon terminals?

Classical experiments established that neurotrophins are taken
up at nerve terminals and transported to the cell bodies (Schwab,
1977; Johnson et al., 1987). Functional consequences of NGF
uptake were demonstrated recently. Riccio et al. (1997) showed
that soluble NGF applied selectively to the neurites of sympa-
thetic neurons could initiate a nuclear response in distant cell
bodies, but NGF linked to beads could not do so. These studies
indicate that ligand endocytosis is required to initiate remote
signaling in neurons with long axons. It is possible that the
process of endocytosis itself initiates a signaling cascade (Vieria
et al., 1996; Saragovi et al., 1998) critical for a retrograde re-
sponse. Alternatively, the physical transport of an endocytosed
ligand–receptor complex from the neurites to the cell bodies may
indeed be required for nuclear responses.

Recent studies show that stimulation of neurites also initiates
an activation-state change in Trk receptors that propagates rap-
idly through axons in a retrograde direction (Ehlers et al., 1995;
Bhattacharyya et al., 1997; Riccio et al., 1997; Senger and Campe-
not, 1997). Surprisingly, the velocity of this retrograde wave of
Trk activation was faster than expected based on published rates
of neurotrophin transport. The rate of ligand transport, deter-
mined in vivo and in vitro using I 125-NGF, has been calculated as
0.2–2 mm/sec, or 2–20 mm/hr (Hendry et al., 1974; Claude et al.,
1982; Korsching and Thoenen, 1983; Palmatier et al., 1984; Ri-
chardson and Riopelle, 1984; Yip and Johnson, 1986; Ure and
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Campenot, 1997). The rapidity of the Trk response could reflect
the use of transport systems quicker than those hitherto appreci-
ated or could reflect a novel mechanism of signal propagation
involving sequential activation of stationary Trk molecules.

To define the mechanisms whereby retrograde signals elicit
nuclear responses, we used dorsal root ganglion (DRG) neurons
grown in compartmented cultures. The compartmented culture
system (Campenot, 1977) allows selective stimulation of either
cell bodies or distal neurites. Here, we show that selective appli-
cation of neurotrophin to neurites acts at a distance to induce two
nuclear events: rapid phosphorylation of the transcription factor
c-AMP response element binding protein (CREB) and subse-
quent expression of the immediate early gene product c-fos. We
show that both of these nuclear events require activation of Trk
receptors in the cell bodies, as well as in the neurites. Further-
more, using photobleach and recovery to follow green fluorescent
protein (GFP)-tagged receptors in living cells, we demonstrate
that activated Trk receptors use a microtubule-dependent process
to move from the neurites to the cell bodies. These data support
a model of retrograde signaling in which signaling from nerve
terminal to nuclei is achieved by rapid vesicular transport of a
ligand–receptor complex.

MATERIALS AND METHODS
Materials and antibodies. BDNF and NGF were a gift from Dr. Andrew
Welcher (Amgen, Thousand Oaks, CA). High molecular weight marker
proteins were purchased from Life Technologies (Gaithersburg, MD).
Acrylamide was purchased from National Diagnostics (Atlanta, GA).
SuperSignal chemiluminescent substrate (ECL) was purchased from
Pierce (Rockford, IL) and enhanced chemifluorescence (ECF) reagents
were purchased from Amersham Pharmacia Biotech (Arlington Heights,
IL). K252a was purchased from Calbiochem (San Diego, CA). Colchicine
and all other reagents were purchased from Sigma (St. Louis, MO).

In previous studies, we characterized an affinity-purified polyclonal
antibody [(pY490 or phosphorylated Trk (pTRK)] that recognizes the
phosphorylated Tyr 490 within the Shc recognition motif of Trks A, B,
and C (Segal et al., 1996). The pCREB antibody was a generous gift from
Dr. Michael Greenberg (Harvard Medical School, Boston, MA). The
pCREB antibody recognizes CREB when the transcription factor is
phosphorylated on serine 133 residue (Ginty et al., 1993, 1994). A
polyclonal anti-c-fos antibody was purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA) and from Upstate Biotechnology (Lake Placid,
NY). An anti-platelet-derived growth factor receptor antibody
(PDGF-R) was purchased from Santa Cruz Biotechnology. Anti-GFP
was purchased from Clontech Laboratories (Palo Alto, CA). Compart-
mented cultures, pin rake, and grease loader were purchased from Tyler
Research (Edmonton, Alberta, Canada).

Cell culture. HeLa cells were maintained in DMEM containing 5%
fetal calf serum, 5% glutamine, and 1% penicillin and streptomycin at
37°C, 5% CO2. For receptor activation experiments, HeLa cells were
incubated for 1 hr in DMEM and then exposed to NGF at a final
concentration of 100 ng/ml for 5 min.

Compartmented cultures (Campenot cultures) were set up as de-
scribed by Campenot (1977, 1992, 1997). Briefly, the compartmented
cultures consist of a Teflon divider that is fixed with grease to a collagen-
coated 35 mm tissue culture dish. DRG neurons were dissected from
embryonic day 14 rat, dissociated, and plated at ;5.5 3 10 4 cells per
compartmented culture. Dissociated cells were plated into the center
compartment and, over the course of 4 d, the neurons extended their
neurites through the grease to the side compartments. In this way, the
cell bodies are separated from the neurites by a 0.5 mm Teflon divider.
Cells were plated in DMEM, 5% horse serum, 1% penicillin–strepto-
mycin, and 1 3 10 25 M 5-fluoro-59-deoxyuridine containing 100 ng/ml
BDNF and 100 ng/ml NGF. On day 2 (D2), the neurotrophin concen-
tration in the media over the cell bodies was reduced to 10 ng/ml BDNF
and 10 ng/ml NGF in the center compartment while maintaining a 100
ng/ml neurotrophin concentration in the adjacent side compartments
containing the neurites. On D5 in vitro, the DRG neurons were progres-
sively deprived of neurotrophins by reducing the neurotrophin concen-
tration to 2.5 ng/ml at the neurites (side compartments) and 0 ng/ml at

the cell bodies (center compartment). These starved DRG neurons were
stimulated and used on D8 or D9.

A critical feature of this system is that the media bathing the neurites
do not communicate with the media bathing the cell bodies. Here, we
used three methods to ensure that the remote activation of Trk at the cell
bodies did not result from leakage of neurotrophin-rich media between
compartments. First, we added media to the side compartments for 2 d
before plating the cells and used only the compartmented cultures that
showed no leakage. Second, we added I 125-NGF to the side compart-
ments of cultures in which the neurites of the DRGs are located. We then
assayed the media in the center compartment (in which the cell bodies
are located) for radioactivity. Over the course of 60 min, no detectable
radioactive ligand was recovered in the media bathing the cell bodies
(data not shown). Finally, we applied neurotrophin to the neurites in the
side compartment and then collected the media overlying the cell bodies
from the center compartment. We tested this media for biological activ-
ity, by adding it directly to DRG cell bodies. The media was unable to
induce increases in pTrk, Fos, or pCREB, indicating that leakage could
not account for our results (negative data not shown).

Cell stimulation and drug treatment. Cells were selectively stimulated
with either DMEM containing 100 ng/ml neurotrophin (NGF and
BDNF) or a vehicle control [0.1 ng/ml bovine serum albumin (BSA)].
Inhibitors (K252a, colchicine) were applied for either 30 or 60 min before
stimulation as indicated. To control for effects of inhibitors on down-
stream signal transducers such as c-fos, inhibitors were applied to both
vehicle control- and neurotrophin-stimulated cultures. After stimulation,
DRG neurons were rinsed once in ice-cold 13 Tris-buffered saline
(TBS), pH 7.4, with 1 mM vanadate before harvesting for biochemical or
immunofluorescence analysis.

Immunoblot analysis. DRG neurons were lysed in 20 mM Tris, pH 7.4,
137 mM NaCl, 1% SDS, 10% glycerol, 5% b-mercaptoethanol containing
1 mM phenylmethylsulfonyl fluoride, 1 mM leupeptin, 10 mg/ml aprotinin,
and 1 mM sodium orthovanadate for 20 min on ice. The protein lysates
from the neurites and cell bodies were removed separately from the
compartmented cultures, and a final concentration of 0.1% bromophenol
blue was added. The protein lysates were size-fractionated through a
10% SDS-acrylamide gel and transferred to Immobilon-P membrane
(Millipore, Bedford, MA). The blots were incubated with primary anti-
bodies, processed with secondary antibodies, and visualized using either
the ECL kit (Pierce) as per the manufacturer’s instructions or the ECF
kit (Amersham) in conjunction with a Molecular Dynamics (Sunnyvale,
CA) Storm system (Storm 840).

Coimmunoprecipitation. Neurites of DRG neurons grown in compart-
mented cultures were stimulated with BDNF for 20 or 40 min. Neurons
were lysed in nondenaturing buffer containing 20 mM Tris, pH 8.0, 137
mM NaCl, 1% Nonidet P-40 (NP-40), 10% glycerol containing 1 mM
phenylmethylsulfonylfluoride, 1 mM leupeptin, 10 mg/ml aprotinin, and 1
mM sodium orthovanadate. Lysates were immunoprecipitated using ei-
ther anti-BDNF or anti-PDGF-R for 2 hr at 4°C. Then, 25 ml of a 50%
solution of protein A Sepharose beads in the nondenaturing lysis buffer
was added to each sample, and samples were rotated at 4°C for 1 hr and
washed once in lysis buffer and twice in 10 mM Tris, pH 7.5, containing
1 mM phenylmethylsulfonylfluoride, 1 mM leupeptin, 10 mg/ml aprotinin,
and 1 mM sodium orthovanadate. After the final wash, samples were
resuspended in 125 mM Tris HCl, pH 6.8, 4% SDS, 20% glycerol, 5%
b-mercaptoethanol, and 0.004% bromophenol blue, boiled 5 min, sepa-
rated on a 7.5% polyacrylamide gel, transferred to Immobilon-P mem-
brane, and immunoblotted with anti-pTrk.

Immunofluorescence. DRG neurons immunostained with the pTrk
antibody were fixed with 4% paraformaldehyde and 1 mM vanadate in
TBS. For immunostaining with the pCREB antibody, cells were fixed
using 10% paraformaldehyde and 1 mM vanadate in TBS, washed with
TBS, and permeabilized using 100% methanol at 220°C for 10 min.
After fixation, cells were washed with TBS, blocked, and permeabilized
(5% normal goat serum, 0.5% NP-40, and 10 mM glycine in TBS) for 1
hr at room temperature. Cells were rinsed in TBS and incubated with
primary antibodies, anti-pCREB (1:1000) and anti-pTrk (anti-pY490;
1:100), overnight at 4°C. Subsequently, cells were washed in TBS and
incubated with a Cy3-conjugated goat anti-rabbit antibody (1:1000 in 5%
normal goat serum in TBS; Jackson ImmunoResearch, West Grove, PA)
for 1 hr at room temperature. Cells were washed and mounted in
Immu-Mount (Shandon Inc., Pittsburgh, PA) and 4% 1,4-diazabicyclo-
[2.2.2]octane (Sigma).

Adenovirus constructs. To construct a TrkB enhanced GFP fusion
protein, a fragment of the mouse TrkB cDNA was excised with StuI and
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AvrII, which cut in the 59 UTR and in the last two codons of the coding
sequence, respectively, filled in with Klenow, and cloned into the SmaI
site in the polylinker of pEGFP-N1 (Clontech). The resulting construct,
pmTrkB-GFP, encodes full-length TrkB fused in frame to EGFP via a
linker derived from the polylinker of pEGFP-N1 with the amino acid
sequence DPPVAT.

To construct adenovirus expressing TrkB-GFP, the TrkB-GFP cDNA
was excised from an EcoRI site in the 59 polylinker to a DraI site in the
39 UTR and cloned into the EcoRI and SwaI polylinker sites downstream
of the human cytomegalovirus promoter in the high recombination
efficiency adenovirus shuttle vector pMZL5 (M. Z. Lin, unpublished
data). This construct, pmTrkB-EGFP/5, was cotransfected with pBHG10
(Microbix Biosystems, Toronto, Ontario, Canada) into a 24-well plate of
HEK293 cells grown in DMEM with 5% calf serum, and virus from an
isolated plaque was amplified once on a 10 cm plate of HEK293 cells
(Bett et al., 1994). Details of the construction and complete sequences of
the plasmids are available on request.

HeLa cells and DRG neurons grown in culture were infected with 50
transducing units per cell for 2 hr. Then, media containing 10% fetal calf
serum in DMEM was added to HeLA cells, and media containing 5%
horse serum, 1% penicillin–streptomycin, 50 ng/ml BDNF, and 50 ng/ml
NGF in DMEM was added to DRG neurons for 48 hr. Two days later,
HeLa cells were deprived of serum for 1 hr and then stimulated with 100
ng/ml BDNF or vehicle control for 5 min. Protein extracts were prepared
as described above, immunoprecipitated with anti-GFP, separated on
SDS-PAGE, and transferred to Immobilon. The blots of the immuno-
precipitated proteins were visualized with anti-pTrk (anti-pY490). For
visualizing TrkB-GFP expression in DRG neurons, 2 d after infection,
DRG neurons were fixed in 4% paraformaldehyde for 20 min, and the
fluorescence of the TrkB-GFP was visualized.

The cell bodies of DRG neurons grown in compartmented cultures
were infected at 100 transducing units per cell for 2 hr, followed by
addition of 5% horse serum and 1% penicillin–streptomycin in DMEM
for 48 hr. After 48 hr, ;5% of the DRG neurons were fluorescent. DRG
neurons were washed once in ice-cold 13 TBS with 1 mM vanadate, fixed
in 4% paraformaldehyde, and immunostained with pTrk as described
above.

TrkB-GFP fluorescence measurements and receptor photobleaching. Cell
bodies of DRG neurons were bleached by exposure to high-intensity
fluorescent light (infrared laser) for 1–6 min until the fluorescence of the
cell bodies had decreased to 10–40 intensity units, ;90% decrease in
fluorescence. To ensure that photobleaching did not cause significant
toxicity, after photobleaching, the cells were tested for the ability to
exclude trypan blue dye. The photobleach–recovery techniques used
here did not cause any detectable cell toxicity, and similar results were
obtained with and without photobleaching.

The fluorescence emitted from cell bodies for both bleached and
unbleached DRG neurons was sampled every 2 min for 16 min. A
baseline light intensity of cell bodies was measured for 6 min, after which
neurites were stimulated with either 100 ng/ml neurotrophin (BDNF and
NGF) or vehicle control (0.1 ng/ml BSA in DMEM). Cell body fluores-
cence was measured over the course of 10 min after stimulation.
Neurotrophin-induced change in fluorescence was calculated as follows.
First, background fluorescence was subtracted from the measured fluo-
rescence at each time point. Second, percent change in fluorescence was
calculated as the difference between the corrected fluorescence at the
indicated time after stimulation and the corrected baseline fluorescence
divided by the corrected baseline fluorescence. Finally, the
neurotrophin-induced change in cell body fluorescence equals the
change in cell body fluorescence in neurotrophin-stimulated cultures
minus the change in cell body fluorescence in control-stimulated cultures.
Comparison between the fluorescence emitted by DRG neurons from
neurotrophin-stimulated and from that of the unstimulated (vehicle
control) cultures was done using a two-sample t test assuming unequal
variance.

To detect the recovery of TrkB-GFP within the cell over time, images
taken as described above were compiled, and the baseline image was
subtracted from all subsequent images (Inoue, 1986). The baseline is
defined as the first image after photobleaching. The images were colo-
rized using a blue, red, and green scale that varied according to pixel
intensity. All manipulations were performed using the two-dimensional
analysis module Oz confocal laser scanning imaging system (Noran
Instruments, Middleton, WI).

RESULTS
Application of neurotrophins to neurites of DRG
neurons rapidly induces remote Trk activation and
CREB phosphorylation
In a previous study, we showed that activated TrkB functions as
a retrograde signal carrier in sciatic nerve axons, and the retro-
grade signal is propagated more rapidly than expected based on
known rates of neurotrophin transport (Bhattacharyya et al.,
1997). To develop an analogous in vitro system, we use embryonic
DRG neurons grown in compartmented cultures (Kimpinski et
al., 1997). Because DRG neurons respond to multiple neurotro-
phins, we can assess retrograde signaling by both BDNF and NGF
in this system. The DRG neurites grown in the compartmented
cultures were primarily axonal in that they express acetylated
tubulin, an axonal marker (data not shown) (Chitnis and Kuwada,
1990). Previous studies have used compartmented cultures of
sympathetic neurons to study retrograde signaling in vitro (Riccio
et al., 1997; Senger and Campenot, 1997; Toma et al., 1997).

To determine whether the response of DRG neurons to neu-
rotrophin stimulation was similar to that described for sym-
pathetic neurons to NGF stimulation, we first examined Trk
phosphorylation in embryonic DRG neurons grown in compart-
mented cultures. We applied neurotrophin or a vehicle control
either directly to the DRG cell bodies or to the neurites and
visualized the activated Trk by immunofluorescence with anti-
pTrk (pY490). This antibody selectively recognizes Trk receptors
phosphorylated at the critical Shc binding site, a major and
persistent site of autophosphorylation (Segal et al., 1996). Phos-
phorylation at this site initiates the Ras–mitogen-activated pro-
tein kinase (MAPK) signaling pathway and the subsequent phos-
phorylation of transcription factors, such as CREB (Obermeier et
al., 1993; Stephens et al., 1994). After selective neurotrophin
stimulation at the neurites, Trk is activated at both the neurites
and the cell bodies within 20 min (Fig. 1A). Similar results were
obtained by immunoblotting (Fig. 1B). Quantitation of immuno-
blot data indicates that remote activation of Trk within the cell
bodies occurs as early as 5 min after neurite stimulation and is
maximal at 20 min (Fig. 1B,C).

Phosphorylation of the transcription factor CREB at Ser 133
has been shown to be a critical nuclear response to neurotrophins
(Ginty et al., 1994; Bonni et al., 1995; Finkbeiner et al., 1997).
Increased CREB phosphorylation can be detected by immunoblot
analysis 5 min after neurotrophin stimulation of the DRG cell
bodies (data not shown). CREB also becomes phosphorylated at
the cell bodies as early as 5 min after selective neurotrophin
stimulation of the neurites and is maximal at 20 min after stim-
ulation (Fig. 2B,C). Remote activation of nuclear CREB in re-
sponse to neurotrophin stimulation of the neurites was also dem-
onstrated by immunostaining using the phosphorylated Ser 133
CREB (pCREB) antibody (Fig. 2A). Of note, pCREB is only
detectable in nuclei and was never seen in the neurites by either
immunostaining or immunoblot analysis.

If activated Trk is the signal carrier leading to this nuclear
response, then an increase in pTrk at the cell bodies should
precede or coincide with CREB phosphorylation. As shown, both
Trk and CREB phosphorylation at the cell bodies were first
detectable at 5 min after neurite stimulation and were maximal at
20 min after stimulation. This is somewhat earlier than the time
course reported for pCREB immunoreactivity in sympathetic
neurons after selective stimulation of the neurites (Riccio et al.,
1997). This difference in kinetics is likely to reflect the sensitivity
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of pCREB immunoblotting compared with the sensitivity of im-
munostaining. By immunoblotting, we detect CREB phosphory-
lation in the cell bodies in response to neurotrophin stimulation
of the neurites as early as 5 min, but by immunostaining we do not
detect significant CREB phosphorylation until 20 min after neu-

rite stimulation. Together, these studies indicate that BDNF and
NGF applied to the neurites can induce rapid and coincident
phosphorylation of both Trk and CREB in the distant cell bodies.

Induction of immediate early genes
As shown, neurotrophins, acting at nerve terminals, can initiate
CREB phosphorylation at Ser 133 (Fig. 2). Phosphorylation at
this site has previously been shown to activate the transcription
factor CREB, leading to de novo transcription of immediate early
genes in response to neurotrophins (Greenberg et al., 1985; Ginty
et al., 1994; Bonni et al., 1995; Finkbeiner et al., 1997). Although
phosphorylation of CREB has been shown to be necessary for
induction of immediate early genes, it is not always sufficient to
initiate new transcription (Bonni et al., 1995). To determine
whether neurite stimulation and the subsequent CREB phosphor-
ylation can initiate transcription, we chose to examine induction
of the immediate early gene c-fos. The c-fos immediate early gene
family encode transcription factors that are rapidly and tran-
siently induced in response to a wide array of extracellular stim-
uli, including the neurotrophins (Greenberg et al., 1985). To
determine whether the retrograde signal can induce immediate
early genes, neurotrophins were applied to DRG neurons grown
in compartmented cultures. Protein lysates from the cell bodies of
the stimulated or control cultures were analyzed for the presence
of c-fos by immunoblot. As shown, neurotrophins applied selec-
tively to the neurites or applied globally to both the neurites and
cell bodies each induce c-fos protein (Fig. 3). Expression of c-fos
protein in the cell bodies is detected 5 and 7 hr after neurotrophin
stimulation at the neurites but is not detected at 2.5 hr (Fig. 3A).
In contrast, neurotrophins applied globally to both the cell bodies
and the neurites induces Fos proteins at 2.5 hr (Fig. 3B). Thus,
neurotrophins, whether applied to neurites alone or to the whole
cells, upregulate the c-fos immediate early gene. However, the
timing of the response varies greatly depending on the location of
stimulation.

Nuclear responses to neurite stimulation require that
Trk receptor activation be propagated from neurites to
cell bodies
The data demonstrate that, in response to neurotrophin stimula-
tion of the neurites, Trk is rapidly activated at both the neurites
and the cell bodies, and pCREB and c-fos are induced in the
nuclei. To determine whether activation of Trk is required in both
locations to elicit these nuclear responses, we selectively pre-
treated either the neurites or the cell bodies with a Trk kinase
inhibitor, K252a. At 20 min after neurotrophin stimulation of
neurites, we analyzed cell body lysates for pCREB by immuno-
blot analysis. Treatment of either the neurites or cell bodies with
K252a abolishes the remote induction of CREB phosphorylation
(Fig. 4A). To verify that K252a only acts at the site of application,
we monitored pTrk in these cultures. Trk phosphorylation in the
neurites was not inhibited by K252a applied to the cell bodies
(Fig. 4B). To determine whether activation of Trk is also required
in both locations to elicit Fos induction, we again selectively
pretreated either the neurites or the cell bodies with K252a. At 7
hr after neurotrophin stimulation of neurites, we analyzed cell
body lysates for c-fos by immunoblot analysis. Treatment of either
the neurites or cell bodies with K252a abolishes the remote
induction of Fos protein in response to neurotrophin (Fig. 4C).
Because there is variability in background c-fos expression, we
show results of both K252a in control-stimulated cultures and

Figure 1. Trk is rapidly activated in response to neurotrophin stimula-
tion. A, Selective neurotrophin stimulation of DRG neurites results in
pTrk immunostaining in neurites and cell bodies of DRG neurons. After
a 20 min neurotrophin (1NT ) or vehicle control (2NT ) (0.1 ng/ml BSA)
stimulation at the neurites, DRG neurons were fixed in 4% paraformal-
dehyde and immunostained using the anti-pTrk antibody in conjunction
with a Cy3-conjugated secondary antibody. B, Trk phosphorylation is
detected in the cell body as early as 5 min after selective neurotrophin
(1NT ) or vehicle control (2NT ) (0.1 ng/ml BSA) stimulation at the
neurites. DRG neuron lysates from the neurites and from the cell bodies
were pooled from nine compartmented cultures, separated on 10% SDS-
PAGE gel, transferred to Immobilon-P membrane, and immunoblotted
with anti-pTrk. C, Time course of Trk phosphorylation at the cell body in
response to neurite stimulation. Intensity of the pTrk band was quanti-
tated with the Molecular Dynamics Storm 860 imaging system using
Image Quant (version 2.0; Molecular Dynamics) and normalized for
protein loading. The time course of pTrk induction (calculated as the ratio
between pTrk in neurotrophin- and control-stimulated cultures) was cal-
culated from several experiments (n 5 3–10 for each time point; *p ,
0.05). Diagram (top) is a schematic representation of neurons; black bar
indicates presence of the Teflon divider. Area of DRG neurons analyzed
is indicated by dashed lines.
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K252a in neurotrophin-stimulated cultures. We again verified
that Trk phosphorylation in the neurites was not inhibited by
K252a applied to the cell bodies (data not shown). These data
indicate that Trk activity is required at both the neurites and the
cell bodies to elicit Fos induction, as well as pCREB activation.

TrkB is retrogradely transported from the neurites to
the cell body
How then is the activated Trk signal conveyed to the cell body?
Previous studies have suggested that the signal might be conveyed
by retrograde vesicular transport (Ehlers et al., 1995; Grimes et
al., 1996, 1997). However, the remote responses to neurotrophin
stimulation of neurites occur more rapidly than predicted by this
model. Alternatively, rapid retrograde signaling could reflect the
sequential activation of Trk receptors distributed along the axons.
To determine whether Trk receptors are physically transported
from neurites to the cell bodies to elicit a nuclear response, we
developed a method for following Trk receptors in live cells in
real time. To do this, we constructed an adenovirus that encodes
the full-length TrkB receptor fused at the C terminus to en-
hanced GFP. The adenovirus was first tested in HeLa cells, which
express no endogenous neurotrophin receptors. HeLa cells, in-
fected with the adenovirus, were stimulated with BDNF or vehi-
cle control. Protein lysates were immunoprecipitated with an
antibody to GFP and blotted with anti-pTrk. As shown, the fusion
protein displays ligand-dependent phosphorylation (Fig. 5A).
This indicates that the tagged receptor is inserted into the plasma
membrane, can bind ligand, and becomes autophosphorylated.
The adenovirus was then used to infect cultures of DRG neurons.
Two days after infection, TrkB-GFP expression was visible
throughout the DRG neurons, in both neurites and cell bodies
(Fig. 5B). Thus, the tagged receptor localizes appropriately in
neurons, as previously demonstrated for a GFP-tagged TrkA
(Nakata et al., 1998).

Figure 2. Neurite stimulation evokes a rapid nuclear response. A, Selec-
tive neurotrophin stimulation of DRG neurites results in pCREB immu-
nostaining of DRG neuron cell bodies. After a 20 min neurotrophin
(1NT ) or vehicle control (2NT ) (0.1 ng/ml BSA) stimulation at the
neurites, DRG neuron cell bodies were fixed in 10% paraformaldehyde
and immunostained using the anti-pCREB antibody in conjunction with a
Cy3-conjugated secondary antibody. B, CREB phosphorylation is de-
tected in the cell body within 5 min after selective neurotrophin (1NT )
or vehicle control (2NT ) (0.1 ng/ml BSA) stimulation at the neurites.
Cell body lysates from nine compartmented cultures were pooled, sepa-
rated on an SDS-PAGE gel, transferred to Immobilon membrane, and
immunoblotted with anti-pCREB. C, Time course of CREB phosphory-
lation at the cell body in response to neurotrophin stimulation at the
neurite. The intensity of the pCREB band was quantitated with the
Molecular Dynamics Storm 860 imaging system using Image Quant (ver-
sion 2.0; Molecular Dynamics), and normalized for protein loading. The
time course of pCREB induction in response to neurotrophin stimulation
at the neurites (calculated as the ratio between pCREB in neurotrophin-

Figure 3. Neurotrophins applied to the neurites induce immediate early
genes. Neurotrophins (1NT ) or a vehicle control (2NT ) (0.1 ng/ml BSA)
were applied to the distal neurites of DRG neurons grown in compart-
mented tissue cultures for 2.5, 5, and 7 hr ( A) or were applied globally to
both the DRG cell bodies and the neurites for 2.5 hr (B). Cell body
protein lysates from five compartmented cultures were separated on a
10% polyacrylamide gel, transferred to membrane, and blotted with
anti-c-fos. Similar results were obtained by applying BDNF or NGF alone
to the distal neurites (data not shown). Diagram (top) is a schematic
representation of neurons; black bar indicates presence of the Teflon
divider. Area of DRG neurons analyzed is indicated by dashed lines.

4

and control-stimulated cultures) was calculated from several experiments
(n 5 4–10 for each time point; *p , 0.05). Diagram (top) is a schematic
representation of neurons; black bar indicates presence of the Teflon
divider. Area of DRG neurons analyzed is indicated by dashed lines.
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DRG neurons were grown in compartmented cultures and
infected with the TrkB-GFP adenovirus vector. Two days later,
we photobleached the cell bodies of individual DRG neurons
expressing TrkB-GFP. We then monitored the recovery of cell
body fluorescence in response to 10 min of neurotrophin or
control stimulation of the neurites (Fig. 5C). A significant in-
crease in fluorescence was detected in the cell bodies of
neurotrophin-stimulated DRG neurons compared with cultures
stimulated with a vehicle control. To ensure that photobleaching
did not cause significant toxicity, after photobleaching, the cells
were tested for the ability to exclude trypan blue dye. The
photobleach–recovery techniques used here did not cause any
detectable cell toxicity. Furthermore, similar results were ob-
tained when TrkB-GFP was followed without previous photo-
bleaching (Fig. 5D,E). These results indicate that a rapid accu-
mulation of TrkB in cell bodies is initiated by neurotrophin
stimulation of the neurites.

To verify that these results reflect specific rapid transport of
Trk receptors, we used an adenovirus encoding enhanced GFP
only. When DRG neurons were infected with the adenovirus
expressing GFP, no difference in fluorescence was detected be-
tween the neurotrophin- and the vehicle control-stimulated cells
(Fig. 5C,D). These results demonstrate that TrkB is rapidly and
specifically transported to the cell bodies in response to neuro-
trophin stimulation of the neurites.

The TrkB-GFP provides a unique system to analyze the steps
required for rapid retrograde transport of receptor. We therefore
performed a series of experiments to determine whether ligand

stimulation, receptor kinase activity, and microtubule-dependent
transport were required. As shown, the rapid increase in fluores-
cence was only seen in response to neurotrophin stimulation of
the neurites. Control stimulation did not induce an increase in
fluorescence after photobleaching (Fig. 5C) or in unbleached
cells (Fig. 5D), indicating that neurotrophins, acting at the neu-
rites, induce rapid and specific movement of Trk receptors to the
cell bodies.

Ligand binding to receptor stimulates Trk kinase catalytic
activity (Barbacid, 1995; Bothwell, 1995). To determine whether
the increase in TrkB-GFP requires receptor kinase activity, we
first pretreated the neurites with K252a, an inhibitor of the Trk
kinase. As shown, K252a prevented the neurotrophin-induced
increase in fluorescence (Fig. 5D), indicating that receptor kinase
activity is required for retrograde transport.

The data presented indicate that the rapid retrograde propa-
gation of activated Trks reflects ligand-induced translocation of
receptors from neurites to the cell bodies. Does this translocation
require microtubule-dependent transport of endocytosed recep-
tor? To address this question, we used colchicine, a pharmaco-
logical agent that causes depolymerization of microtubule forma-
tion. This drug has been used extensively to disrupt retrograde
vesicular transport (Paulson and McClure, 1975). To determine
whether the increase in TrkB-GFP within the cell bodies is caused
by microtubule-dependent transport of TrkB-GFP from the neu-
rites, we pretreated neurites with colchicine and then applied
neurotrophin or vehicle control to the neurites. Pretreatment with

Figure 4. Trk activity is required at both
the neurites and the cell bodies to elicit a
nuclear response. A, K252a applied to either
the neurites or the cell bodies abolishes
neurotrophin-induced CREB phosphoryla-
tion at the cell body. Neurotrophins (1NT ) or
a 0.1 ng/ml BSA control (2NT ) was applied
to the neurites for 20 min after selective pre-
treatment of the neurites (1) or the cell bod-
ies ( 2) with K252a for 30 min. Cell body
protein lysates from eight compartmented
cultures were pooled and separated on SDS-
PAGE and immunoblotted using a pCREB
antibody. B, K252a applied to neurites blocks
Trk phosphorylation in the neurites, whereas
K252a applied to cell bodies does not inter-
fere with Trk phosphorylation at the neurites.
Lysates from neurites of eight compartmented
cultures were pooled and separated on 10%
SDS-PAGE and immunoblotted using a pTrk
antibody. C, K252a applied to neurites, cell
bodies, or both before distal neurotrophin
stimulation at the neurites abolishes c-fos in-
duction. Neurotrophins (1NT ) or a 0.1 ng/ml
BSA control (2NT ) were applied to the neu-
rites for 7 hr after selective pretreatment of
the neurites ( 1), the cell bodies ( 2), or both
( global; 1 & 2) with K252a for 30 min. Cell
body protein lysates from eight compart-
mented cultures were pooled, separated on
SDS-PAGE, and immunoblotted using a c-fos
antibody. D, K252a applied globally before
global neurotrophin stimulation at the cell
body and neurite inhibits neurotrophin-
induced c-fos induction. Neurotrophins
(1NT ) or a 0.1 ng/ml BSA control (2NT )
were applied globally to the cell bodies and
neurites for 7 hr after pretreatment of the both the cell bodies and the neurites ( global; 1 & 2) with K252a for 30 min. Cell body protein lysates from
eight compartmented cultures were pooled, separated on SDS-PAGE, and immunoblotted using a c-fos antibody. Diagram (top) is a schematic
representation of neurons; black bar indicates presence of the Teflon divider. Area of DRG neurons analyzed is indicated by dashed lines.
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colchicine prevented the neurotrophin-induced increase in fluo-
rescence (Fig. 5E). Together, these data indicate that the increase
in fluorescence at the cell body reflects microtubule-dependent
movement of activated TrkB-GFP initiated by neurotrophin stim-
ulation at the neurites.

It was surprising to see such rapid movement of the TrkB-GFP
receptors. To monitor the speed of the signal, we performed a
time course experiment with photobleach recovery (Fig. 6A). A
comparison of the time course seen in stimulated cells (n 5 29)
and unstimulated controls (n 5 23) indicates that the two lines
diverge at 4 min. Within 8 min of stimulation, there is a significant
increase in cell body fluorescence in neurotrophin-stimulated
cells that is not seen in unstimulated cells. Thus, the movement of
Trk receptors occurs rapidly enough to account for retrograde
propagation of Trk phosphorylation initiated by neurotrophin
stimulation of neurites (Fig. 1).

An advantage of using GFP to follow the Trk receptors in live
cells is that we can monitor the intracellular location of Trk
receptors during photobleach recovery. By following fluorescent
receptors within an individual neuron over time, we can see that
the fluorescence increases within the interior of the cell (Fig. 6B).
The increase is first seen near the axon hillock and then accumu-
lates unevenly within the cell body, excluding the nucleus. These
experiments using a tagged receptor suggest that neurotrophin
stimulation of the neurites induces a very rapid movement of Trk
receptors from the axons to the cell body by intracellular vesicular
transport.

Active receptor, pTrk, in the cell bodies is associated
with ligand after neurite stimulation

If the activated Trk receptor reaches the cell bodies by retrograde
vesicular transport, then we would expect activated Trk to remain
in a ligand–receptor complex. However, Ure and Campenot
(1997), using sympathetic ganglia grown in compartmented cul-
tures, showed that I 125-NGF applied to the neurites of sympa-
thetic neurons only accumulates in the cell bodies after 60 min.
We repeated these experiment in DRG neurons grown in the
compartmentalized cultures and found no detectable accumula-
tion of I125-NGF in the cell bodies before 60 min (data not
shown). We therefore chose another approach to examine trans-
port of a ligand–receptor complex. To determine whether acti-
vated receptors at the cell bodies were traveling alone or in a
ligand–receptor complex, we used an antibody to BDNF to im-
munoprecipitate lysates from DRG cell bodies 20 (Fig. 7) and 40
(data not shown) min after stimulation at the neurites with
BDNF alone. We then analyzed immunoprecipitates on SDS-
PAGE and immunoblotted with an antibody to pTrk. As shown,
the antibody to BDNF coprecipitates pTrk. The pTrk band was
not precipitated from unstimulated cells or from stimulated cells
immunoprecipitated with an unrelated antibody (Fig. 7A). Simi-
larly, activated receptors in rat sciatic nerve axon traveling in a
retrograde direction can be coprecipitated with their ligands (A.
Bhattacharyya, unpublished observations). Although we cannot
exclude the possibility that the receptor–ligand complex forms

Figure 5. pTrk localized to the neurites is
transported to the cell body. A, Uninfected
HeLa cells (lanes 1, 2) or HeLa cells ex-
pressing TrkB-GFP (lanes 3, 4 ) were
treated with PBS control (2) or 100 ng/ml
BDNF (1) for 5 min. Cell lysates were
immunoprecipitated with anti-GFP, fol-
lowed by immunoblotting with anti-pTrk.
B, Three days after infection of DRG neu-
rons, expression of TrkB-GFP is visible in
the cell bodies and the neurites as fluores-
cence. C–E, DRG cell bodies of neurons
expressing TrkB-GFP grown in compart-
mented cultures were bleached until the
fluorescence was reduced by 90% (C) or
left unbleached (D, E). Fluorescence emit-
ted by the cell bodies was measured after
addition of 100 ng/ml BDNF and 100
ng/ml NGF or vehicle control to the neu-
rites. Cell body fluorescence at 10 min af-
ter neurite stimulation was calculated as a
percent of cell body fluorescence at time 0.
Neurotrophin-induced change in cell body
fluorescence equals mean change in cell
body fluorescence in neurotrophin-
stimulated cultures minus mean change in
cell body fluorescence in control-
stimulated cultures. The experiment was
repeated using DRG neurons expressing
GFP alone (C, D). The kinase inhibitor
K252a was applied to neurites 30 min be-
fore neurotrophin stimulation of DRG
neurons expressing TrkB-GFP (D). To test
whether the TrkB-GFP is transported from
the neurites to the cell bodies, we repeated
the experiment in the presence of colchi-

cine or a vehicle control (DMSO). Colchicine (125 mM) or DMSO was applied to neurites 60 min before neurotrophin stimulation ( E). The percent
change in fluorescence over the course of 10 min was compared between the neurotrophin- and control-stimulated cells using a two tailed t test assuming
unequal variance (n .15 for each point; *p , 0.05).
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after cell lysis, it is more likely that this complex forms in vivo
given the relatively low concentration of both ligand and recep-
tors in the lysates. These data suggest that activated Trks reach
the cell bodies as part of ligand–receptor complexes and further
support a model in which rapid retrograde vesicular transport
conveys a signal from the targets to distant cell bodies.

Activation of Trk is unidirectional
Axonal transport systems are directional and require an intact
microtubule scaffold (Wang et al., 1995; Hirokawa, 1998). If the
propagation of Trk phosphorylation reflects axonal transport,
then Trk activation should propagate only in one direction. To
test this prediction, we selectively stimulated DRG neurons at the
cell bodies. After neurotrophin stimulation of the cell bodies, Trk
is locally activated in the cell bodies (Fig. 8). However, Trk
activation does not propagate to the neurites in response to
neurotrophin stimulation of the DRG cell bodies (Fig. 8). Even in
the presence of neurotrophin stimulation at the cell bodies for up
to 7 hr, we were unable to detect pTrk at the neurites in response
to stimulation of cell bodies (data not shown). Thus, activation of
Trk propagates only in the retrograde direction and does not
propagate in the anterograde direction. In contrast, activation of
Trk in the neurites spreads rapidly in the retrograde direction and
reaches the cell bodies (Fig. 1). The unidirectional propagation of
pTrk is consistent with motor-driven transport.

Colchicine blocks retrograde neurotrophin-induced
Trk signaling
We have shown that the rapid transport of Trk receptors from the
neurites to the cell bodies is blocked by the microtubule depoly-
merizing agent colchicine (Fig. 5E). To determine whether the
activated Trk required for pCREB induction travels to the cell
bodies by microtubule-dependent transport, DRG neurons were
treated with 125 mM colchicine for 60 min before neurotrophin
stimulation. After colchicine treatment, neurotrophin was added
to neurites for 20 min and then lysates of DRG cell bodies or
neurites were immunoblotted with pTrk. Colchicine treatment
did not interfere with local Trk phosphorylation in response to
neurotrophin stimulation. However, this treatment did inhibit
remote Trk phosphorylation at the cell bodies in response to

Figure 6. TrkB-GFP accumulates in the cell body after neurite stimulation. DRG cell bodies were photobleached, and their fluorescent recovery was
monitored. A, A time course experiment with photobleach recovery. Neurotrophin stimulation of the neurites induced a significant increase in
fluorescence within 8 min. The percent change in fluorescence was compared between neurotrophin (black)- and control (red)-stimulated cells at each
time point using a two-tailed t test assuming unequal variance (n . 23 for each time point; *p , 0.05). B, Colorized image of a single DRG neuron after
photobleaching. The first image in the series (top lef t, time 0) represents baseline after cell body bleaching. Neurites are stimulated with neurotrophin
(100 ng/ml) after acquisition of baseline image. Using confocal microscopy, images are captured sequentially every 2 min. TrkB-GFP fluorescence
increases within the interior of the cell beginning at the axon hillock. Background has been subtracted from images, and the change in fluorescence over
time was colorized according to fluorescence intensity. The color scale (lef t) indicates the relative fluorescence intensity. Scale bar, 2 mm.

Figure 7. pTrk in the cell bodies is associated with ligand after neurite
stimulation. Neurites of DRG neurons were stimulated with 100 ng/ml
BDNF (1) or a 0.1 ng/ml BSA control (2) for 20 min. After neurite
stimulation, cell body lysates were collected from compartmented cultures
(A), and whole-cell lysates were collected from mass cultures (B) in
nondenaturing lysis buffer as described in Materials and Methods. These
lysates were immunoprecipitated using either anti-BDNF ( B) or anti-
PDGFR (P), separated on a 7.5% SDS-PAGE, and immunoblotted with
anti-pTrk. Diagram (top) is a schematic representation of neurons; black
bar indicates presence of the Teflon divider. Area of DRG neurons
analyzed is indicated by dashed lines.
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neurite stimulation (Fig. 9A). Control experiments showed that
colchicine did not interfere with cell body Trk phosphorylation in
response to stimulation of the cell bodies (Fig. 9B). The fact that
the propagation of activated Trk is disrupted by colchicine is
consistent with a model of signal propagation by retrograde
transport of activated Trk–ligand complexes.

To determine whether the transport of activated Trk receptors
is required for nuclear responses, we analyzed CREB phosphor-
ylation. Colchicine blocked CREB phosphorylation in response to
neurite stimulation, consistent with a model of retrograde trans-
port (Fig. 9A). Surprisingly however, whereas colchicine blocked
Trk phosphorylation of cell bodies only in response to neurite
stimulation, colchicine blocked CREB phosphorylation in re-
sponse to stimulation of the cell bodies, as well as the neurites
(Fig. 9B). These studies suggest that there are two microtubule-
dependent processes in retrograde signaling. The first
microtubule-dependent step is retrograde transport of activated
Trk receptors through the axons. The second microtubule-
dependent step is an intermediate event between receptor acti-
vation and CREB phosphorylation that is required regardless of

the site of stimulation. The colchicine effect on CREB phosphor-
ylation complicates the interpretation of the effect of colchicine in
this system. However, when taken together, the data presented
here demonstrating that colchicine and K252a inhibit pTrk prop-
agation, Trk-GFP movement, and nuclear responses, suggest that
retrograde microtubule-dependent transport of activated Trk-
ligand complexes is required to initiate nuclear responses to
target-derived neurotrophins.

DISCUSSION
We used compartmented cultures of DRG neurons to study the
nature and mechanism of retrograde signaling in neurons with
long axons. Neurotrophins selectively applied at the neurites
rapidly induce phosphorylation of CREB, and this is followed by
c-fos induction. These responses require retrograde propagation
of Trk receptor activation. Using GFP-tagged TrkB receptors and
activation-state-specific antibodies to Trk receptors, we show that
this retrograde propagation requires microtubule-dependent
transport of receptors from the neurites to the cell bodies. These
data demonstrate that a neurotrophin-induced remote signal is
propagated to the nucleus by rapid retrograde vesicular transport
of an activated receptor–ligand complex.

Activated Trk is the retrograde signal carrier leading to
pCREB induction
Selective neurite stimulation with the neurotrophins NGF and
BDNF, applied together or individually, results in the phosphor-
ylation of Trk in both DRG neuron cell bodies and neurites. Trk
is phosphorylated on a Tyr 490, a docking site for Shc, and
initiates subsequent signaling cascades, including the Ras–MAP
kinase pathway (Obermeier et al., 1993; Stephens et al., 1994;
Segal et al., 1995; Segal and Greenberg, 1996).

Both NGF and BDNF induce phosphorylation of CREB at Ser
133 and thereby promote new gene expression (Ginty et al., 1994;
Bonni et al., 1995; Finkbeiner et al., 1997). As shown here in
DRG neurons, neurotrophins induce nuclear CREB phosphory-
lation and c-fos expression when neurotrophins are selectively
presented at neurite endings, as well as when neurotrophins are

Figure 8. Activation of Trk is unidirectional. To determine the direction
of Trk phosphorylation, neurotrophins were applied to the cell bodies for
20 min. A, After neurotrophin stimulation of cell bodies, Trk phosphor-
ylation is detected only at the cell body. DRG neurons were fixed in 4%
paraformaldehyde, immunostained using anti-pTrk, and visualized using
a Cy3-conjugated secondary antibody. B, After neurotrophin stimulation
of cell bodies, protein lysates from the cell bodies and the neurites from
eight compartmented cultures were pooled, separated on SDS-PAGE, and
immunoblotted using anti-pTrk. Compare with Figure 1. Diagram (top) is
a schematic representation of neurons; black bar indicates presence of the
Teflon divider. Area of DRG neurons analyzed is indicated by dashed
lines.

Figure 9. Colchicine blocks the neurotrophin-induced nuclear response.
The cell bodies and neurites of DRG neurons were pretreated with 125
mM colchicine or DMSO control for 60 min. Neurons were selectively
stimulated at the neurites (A) or at the cell bodies ( B) with neurotrophin
(1NT ) or 0.1 ng/ml BSA control (2NT ) after global colchicine treat-
ment. DRG cell body lysates were separated on 10%SDS-PAGE and
immunoblotted using anti-pTrk and anti-pCREB. Diagram (top) is a
schematic representation of neurons; black bar indicates presence of the
Teflon divider. Area of DRG neurons analyzed is indicated by dashed
lines.
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applied to cell bodies. We have found that the time course with
which neurotrophins applied to neurites initiate Trk phosphory-
lation in cell bodies (Fig. 1), TrkB-GFP movement from neurites
to cell bodies (Fig. 6A), and CREB phosphorylation (Fig. 2)
closely coincide. Furthermore, blocking Trk receptor activity
using K252a at either neurites or cell bodies abolishes CREB
phosphorylation and Fos induction. These data indicate that Trk
phosphorylation is required at both the neurites and the cell
bodies for remote signaling to occur. Similarly, Riccio et al.
(1997) showed that NGF presented to neurites of sympathetic
neurons elicits Trk activation at the cell bodies, and this activation
is required for CREB phosphorylation. Thus, although the timing
and functions of the Ras–MAP kinase pathway differ when com-
paring the neurotrophin-induced signaling used by sympathetic
and sensory neurons (Borasio et al., 1993; Klinz and Heumann,
1995), the role of Trk as a signal carrier appears to be a conserved
mechanism in retrograde signaling.

The rapidity of remote responses shown here is consistent with
our previous study investigating the neurotrophin-induced acti-
vation of Trk along sciatic nerve axons in vivo (Bhattacharyya et
al., 1997) and with studies on sympathetic neurons grown in
compartmented cultures (Senger and Campenot, 1997). Although
the rate of retrograde signaling in DRG neurons grown in com-
partmented cultures is extremely rapid (3–16 mm/sec), it overlaps
the range for vesicular retrograde transport kinetics (0.5–7 mm/
sec) (Breuer et al., 1992; Wang et al., 1995).

Retrograde transport of a ligand–receptor complex
Does the neurotrophin-induced signal generated at neurite end-
ings travel to the cell body by vesicular retrograde transport? In
studies on sympathetic neurons, Riccio et al. (1997) demonstrated
that NGF linked to beads could induce CREB phosphorylation if
the beads were applied to the cell bodies but not if applied to
neurites. NGF linked to beads binds and activates receptors but
cannot be endocytosed. Thus, ligand internalization is required
for retrograde signaling. However, these data do not directly
address whether the signal is conveyed to the cell bodies by
retrograde vesicular transport.

Several lines of evidence presented here indicate the signal
reaches the cell bodies by retrograde transport of activated Trk
receptors. First, increases in pTrk only travel in a retrograde
direction. Using the pTrk antibody for both immunostaining and
immunoblotting, we show activated Trk does not move in the
anterograde direction, even in response to neurotrophin stimula-
tion of the cell bodies. The directional nature of signal propaga-
tion is consistent with an energy-dependent transport system,
such as dynein-based motility (Wang et al., 1995; Hirokawa,
1998).

Experiments with the microtubule depolymerizing agent col-
chicine provide a second line of evidence that the signal is
propagated by retrograde transport. Colchicine inhibits move-
ment of GFP-tagged Trk receptors and also inhibits the translo-
cation of activated Trk receptors from neurites to cell bodies.
Colchicine also blocked the nuclear response to neurotrophin
stimulation of neurites, consistent with the model that retrograde
transport of activated Trk receptors mediates the nuclear re-
sponse. We noted that CREB phosphorylation in response to cell
body stimulation was also blocked by colchicine. These data
suggest that there is another microtubule-sensitive step down-
stream of the receptor. For example, there could be microtubule-
associated kinases located downstream of Trk or nuclear translo-

cation of MAPKs and ribosomal S6 kinase (Rsks) could require
microtubules (Gundersen and Cook, 1999).

A third line of evidence supporting retrograde transport is the
demonstration that pTrk arrives at the cell bodies in a complex
with ligand. By immunoprecipitating cell body lysates with anti-
BDNF followed by immunoblotting with anti-pTrk, we detected a
ligand–receptor complex in the cell bodies. This is consistent with
a model in which neurotrophin binding induces Trk internaliza-
tion, and vesicles containing both ligand and activated receptor
are then transported to the cell bodies. A surprising finding is that
accumulation of the ligand–receptor complex occurs earlier than
predicted based on the transport rate of I125-NGF (Ure and
Campenot, 1997). This result most likely reflects improved sen-
sitivity by the methods used here.

The final line of evidence implicating transport of receptors in
retrograde signaling, is the demonstration that individual Trk
receptors are physically translocated from neurites to cell bodies
during retrograde signaling. Using GFP to tag Trk receptors in
DRG neurons, we show TrkB is transported from neurites to cell
bodies as early as 8 min after neurotrophin stimulation. Control
studies indicate that the increase in cell body fluorescence reflects
specific transport of Trk receptors in response to ligand stimula-
tion. Similar results were not seen with GFP alone. The rapid
transport required ligand stimulation. Furthermore, pretreatment
of neurites with colchicine or K252a abolished neurotrophin-
stimulated transport of Trk receptors, indicating that receptor
kinase activity and intact microtubule scaffolding are required for
retrograde signaling. Thus, TrkB-GFP is transported to the cell
body by microtubule-dependent retrograde transport in response
to ligand stimulation at a time consistent with the initial appear-
ance of pTrk and consistent with the earliest nuclear response.
Together, these four lines of evidence indicate that the rapid
nuclear responses to target-derived neurotrophin use an unusu-
ally fast method of microtubule-dependent transport of ligand–
receptor complexes.

The colorized image showing the location of newly transported
TrkB-GFP molecules suggests that receptors arrive at the cell
bodies in an intracellular compartment, such as an endosome.
The images do not suggest that receptors reinsert into the plasma
membrane at early time points. Therefore, activated Trk recep-
tors may relay their signal from discrete vesicles inside the cell.
This could allow differential pathways to be induced in response
to neurite stimulation compared with cell body stimulation. Fur-
ther experiments will be needed to address this possibility.

Induction of new gene transcription
Many of the critical effects that neurotrophins exert on neurons
require changes in gene expression (Segal and Greenberg, 1996;
Finkbeiner et al., 1997). Increased expression of c-fos requires
CREB activation and is one of the earliest neurotrophin-induced
transcriptional responses (Greenberg et al., 1985; Ginty et al.,
1994; Bonni et al., 1995). Application of K252a to neurites or to
cell bodies blocked both Fos induction and CREB phosphoryla-
tion. Thus, pTrk is a necessary signal carrier for both nuclear
responses. Because activation of CREB is first detected as early
after neurite stimulation as after cell body stimulation, it is
surprising that a 2.5 hr time lag exists in the Fos response to
neurite stimulation. The delay in c-fos may represent a threshold
effect. In sympathetic neurons grown in compartmented cultures,
NGF increases expression of two delayed response genes, ty-
rosine hydroxylase (TH) and the neurotrophin receptor p75
(Toma et al., 1997). The magnitude of the TH and p75 responses
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are significantly lower after NGF stimulation of neurites than
after NGF stimulation of cell bodies (Toma et al., 1997). Thus, at
early time points, detectable increases in p75 and TH are only
seen in response to cell body stimulation. A similar scenario is
possible for c-fos induction. However, because the c-fos response
elicited by selective neurotrophin stimulation at the neurites is
similar in magnitude to the response elicited by applying neuro-
trophin directly to cell bodies, the delay seems unlikely to repre-
sent a threshold effect.

Alternatively, the delay may signify that CREB phosphoryla-
tion is not sufficient to induce Fos expression in response to
neurite stimulation, and an additional slower component of ret-
rograde signaling is necessary for induction of immediate early
genes. This suggests the intriguing possibility that the location of
stimulation could alter the nature of the biological response. In
studies on PC12 cells, activation of CREB works in cooperation
with other transcription factors, such as serum response factor
(SRF) and ets-like transcription factor (Elk-1) to activate tran-
scription of c-fos (Bonni et al., 1995). However, in primary cul-
tures of cortical neurons, BDNF-mediated CREB phosphoryla-
tion is sufficient to induce c-fos transcription (Finkbeiner et al.,
1997). The DRG neurons selectively stimulated at the neurites
may resemble PC12 cells and require activation of other tran-
scription factors, as well as CREB. Further experiments will be
required to define additional slower retrograde signaling mecha-
nisms that might be responsible for the delay in Fos induction and
to determine whether other genes are also differentially regulated
depending on the location of the stimulus. Nonetheless, the data
presented here demonstrate that physical transport of activated
receptors is a required step for nuclear responses to target-
derived neurotrophins.
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