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Brain-derived neurotrophic factor (BDNF) signaling through
its receptor, TrkB, modulates survival, differentiation, and syn-
aptic activity of neurons. Both full-length TrkB (TrkB-FL) and
its isoform T1 (TrkB.T1) receptors are expressed in neurons;
however, whether they follow the same endocytic pathway after
BDNF treatment is not known. In this study we report that
TrkB-FL and TrkB.T1 receptors traverse divergent endocytic
pathways after binding to BDNF. We provide evidence that in
neurons TrkB.T1 receptors predominantly recycle back to the
cell surface by a “default” mechanism. However, endocytosed
TrkB-FL receptors recycle to a lesser extent in a hepatocyte
growth factor-regulated tyrosine kinase substrate (Hrs)-
dependent manner which relies on its tyrosine kinase activity.
The distinct role of Hrs in promoting recycling of internalized
TrkB-FL receptors is independent of its ubiquitin-interacting
motif. Moreover, Hrs-sensitive TrkB-FL recycling plays a role in
BDNF-induced prolonged mitogen-activated protein kinase
(MAPK) activation. These observations provide evidence for
differential postendocytic sorting of TrkB-FL and TrkB.T1
receptors to alternate intracellular pathways.

Brain-derived neurotrophic factor (BDNF)? has been shown
to play critical roles in vertebrate nervous system development
and function (1-3). The actions of BDNF are dictated by two
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classes of cell surface receptors, the TrkB receptor and the p75
neurotrophin receptor. BDNF binding to TrkB receptors acti-
vates several signaling cascades, including phosphatidylinositol
3-kinase, phospholipase C, and Ras/mitogen-activated protein
kinase (MAPK) pathways, that mediate growth and survival
responses to BDNF (1, 4, 5). It has been established that upon
binding neurotrophins, Trk receptors are rapidly endocytosed
in a clathrin-dependent manner (6, 7). Postendocytic sorting of
Trk receptors to diverse pathways after ligand binding has a
significant impact on the physiological responses to neurotro-
phins because they also determine the strength and duration of
intracellular signaling cascades initiated by activated Trk
receptors (8). Three alternate endocytic pathways that Trk
receptors can follow are trafficking to lysosomes for degrada-
tion, recycling back to the plasma membrane, or being retro-
gradely transported (9-13). The degradative pathway to lyso-
somes is characterized by down-regulation of the total number
of receptors at the cell surface and a decreased response to
ligand. Conversely, recycling of receptors back to the plasma
membrane can lead to functional resensitization and prolonga-
tion of cell surface-specific signaling events. A recent study has
shown that recycled and re-secreted BDNF plays an important
role in mediating the maintenance of long term potentiation in
hippocampal slices, which suggests a potential role of TrkB
recycling in long term potentiation regulation (14).

Different TrkB isoforms, including the full-length TrkB
(TrkB-FL) and three truncated isoforms named TrkB.T1,
TrkB.T2, and TrkB.T-Shc, exist in the mammalian central
nervous system because of alternative splicing (15-17). Trun-
cated TrkB.T1 receptor lacks the kinase domain but contains
short isoform-specific cytoplasmic domain in its place (15, 16).
Many neuronal populations, including hippocampal and corti-
cal neurons, express both full-length and truncated TrkB recep-
tors (18, 19). TrkB.T1 is expressed at low levels in the prenatal
rodent brain, but its expression increases postnatally, ulti-
mately exceeding the level of full-length TrkB in adulthood
(19-22). The physiological function of the TrkB.T1 receptor
remains unclear, but it may serve as dominant-negative regula-
tor of full-length TrkB receptors (23-25), may sequester ligand
and limit diffusion (26, 27), may regulate cell morphology and
dendritic growth (28, 29), and may even autonomously activate
signaling cascades in a neurotrophin-dependent manner (30).
TrkB-FL and TrkB.T1 are localized to both somatodendritic
and axonal compartments in neurons (31); however, little is
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known about TrkB.T1 endocytic trafficking fate upon BDNF
treatment.

In this study we conducted an analysis of the postendocytic
fates (degradation and recycling) of TrkB-FL and TrkB.T1
receptors in PC12 cells and neurons. We have determined that,
unlike TrkB-FL, TrkB.T1 receptors recycle more efficiently in a
default pathway to plasma surface after internalization, which is
independent of hepatocyte growth factor-regulated tyrosine
kinase substrate (Hrs). Conversely, Hrs could bind with
TrkB-FL in a kinase activity-dependent manner and regulate
TrkB-FL receptors postendocytic recycling. Hrs was identified
as a tyrosine-phosphorylated protein in cells stimulated with
growth factors and cytokines (32). Hrs is expressed in the cyto-
plasm of all cells and is predominantly localized to endosomes
(33). Hrs has also been proposed to play a role in regulating cell
surface receptor postendocytic trafficking (34). These observa-
tions provide evidence for differential postendocytic sorting to
alternate intracellular pathways between TrkB-FL and TrkB.T1
receptors after internalization.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Human recombinant BDNF was
obtained from PeproTech (Rocky Hill, NJ). Antibodies were
purchased as follows: rabbit anti-TrkB antibody from Milli-
pore; mouse anti-Hrs from Alexis Biochemicals, Switzerland;
mouse anti-FLAG (M1, M2) and rabbit anti-HA and mouse
anti-tubulin antibodies from Sigma; Alexa Fluor® 488- or 594-
conjugated goat anti-mouse or rabbit IgG (H+L) and Alexa
Fluor ® 594-labeled-human transferrin from Invitrogen; horse-
radish peroxidase-conjugated goat anti-mouse or rabbit IgG
from Calbiochem. The restriction enzymes were purchased
from MBI Fermentas (Hanover, MD). Sulfo-NHS-biotin, Sulfo-
NHS-S-S-biotin, and chemiluminescence were from Pierce.
Vectashield mounting medium was obtained from Vector
Laboratories(Burlingame, CA). The other reagents were from
Sigma-Aldrich.

Plasmid Constructs and siRNA Oligos—Rat TrkB-FL and
TrkB.T1 cDNAs were subcloned into pCDNA3.1Neo expres-
sion vector (Invitrogen) by using EcoRI and EcoRV sites. The
amino-terminal FLAG epitope tag was added after the signal
peptide of TrkB by PCR. TrkB kinase dead mutant was made by
site-directed mutagenesis. All the TrkB deletion constructs and
TrkB-FL and TrkB.T1 chimeric constructs were generated by
means of two-step PCR. HA-tagged Hrs and its mutants
(AUIM, AVHS, VHS-FYVE) were subcloned into pCDNA3.1
plasmid (Invitrogen). All of the constructs were confirmed by
DNA sequence to exclude potential PCR-introduced muta-
tions. The detailed information of all the constructs used in the
study was described in supplemental Table 1. To knockdown
the expression of Hrs, 19 nucleotides of Hrs sequence
(GACGTGTGGGTTCTTGTCG for human (35) and CGA-
CAAGAACCCACACGTC for rat) were targeted with small
interfering RNA using pSuper mammalian RNA expression
vector (OligoEngine, Seattle, WA) according to the manufac-
turer’s instructions. The resulting Hrs siRNA and the control
siRNA constructs were transfected into HEK293 or PC12 cells
using Lipofectamine 2000 reagent (Invitrogen), and the levels of

pCEEYE

MAY 29, 2009-VOLUME 284+NUMBER 22

Hrs Regulates TrkB Recycling

Hrs were determined by Western blotting with anti-Hrs
antibodies.

Hippocampal Neuron Cultures and Transfection—Cultured
hippocampal neurons from timed-pregnant Sprague-Dawley
rats were prepared as previously described (36). In brief, hip-
pocampi were dissected from embryonic day 18 rats, dissoci-
ated with 0.25% trypsin in Hanks’ balanced salt solution with-
out Ca®>* and Mg>™" at 37 °C for 15 min, triturated in Dulbecco’s
modified Eagle’s medium, F12, 10% fetal bovine serum. For
transfection, the neurons were seeded onto coverslips coated
with 0.1 mg/ml poly-D-lysine in 6-well plates at a cell density of
5 X 10° cells/ml. Neurons were grown in Neurobasal media
(Invitrogen) containing 2% B27 supplement (Invitrogen), 0.5
mM L-glutamine (Invitrogen), and 100 units/ml penicillin-
streptomycin (Sigma) at 37 °C, 5% CO,, and 95% humidity. Cul-
tures were grown for 8 —12 days before being used for experi-
ments, and the media were changed every 3 days. Neurons were
transfected using Lipofectamine 2000 transfection reagent fol-
lowing the manufacturer’s instructions (Invitrogen). Forty-
eight hours after transfection, experiments were performed.

Surface Biotinylation and Receptor Degradation Assay—For
biotinylation experiments, the cultured neurons were plated at
adensity of 1 X 10° cells/ml. Cell surface receptor biotinylation
and degradation assays were performed as previously described
(12). In brief, serum-starved neurons were washed twice with
ice-cold phosphate-buffered saline (PBS) and incubated with
300 pg/ml sulfo-N-hydroxysuccinimide-biotin (Pierce) in PBS
for 45 min at 4 °C to biotinylate surface proteins. Unreacted
biotin was quenched and removed with Tris-buffered saline.
Biotinylated cells were then transferred to prewarmed medium
containing BDNF (50 ng/ml) for 1 h, and cells were immediately
chilled on ice and lysed in extraction buffer (1.0% (v/v) Triton
X-100, 10 mm Tris-HCI, pH 7.5, 120 mMm NaCl, 25 mm KCl, 1
png/ml leupeptin, 1 ug/ml pepstatin, 2 ug/ml aprotinin, and 0.5
mM phenylmethylsulfonyl fluoride). Extracts were clarified by
centrifugation (12,000 X g for 15 min), and then biotinylated
proteins were isolated from cell extracts by precipitation with
streptavidin-conjugated Sepharose beads (Pierce). Washed
beads were eluted with SDS sample buffer, and eluted proteins
were resolved by SDS-PAGE. For densitometric analyses,
immunoreactive bands were scanned and quantitated using
NIH Image J (Scion, Frederick, MD). All experiments were car-
ried out at least in triplicate.

Cleavable Surface Biotinylation Assay—Cell surface receptor
cleavable biotinylation, internalization, and recycling assays
were performed as previously described (11). Neurons were
preincubated with 100 wg/ml leupeptin for 90 min before bioti-
nylation with sulfo-NHS-S-S-biotin. Leupeptin was included in
all subsequent steps to inhibit lysosomal proteolysis. For the
internalization assay neurons were then incubated at 37 °C for
15 min in media alone (lanes I and 3) or in media containing
BDNF to allow for internalization of cell-surface receptors. The
remaining cell surface biotin was cleaved by glutathione (for all
samples except lane 1, which represents total biotinylated TrkB
receptors). Lane 2 shows a control for the efficiency of the strip-
ping procedure, in which cells were kept at 4 °C after treatment
with biotin and then subjected to biotin cleavage. Neurons were
subsequently lysed, biotinylated proteins were precipitated
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with streptavidin beads, and complexes were immunoblotted
with anti-TrkB antibodies. For the recycling assay, after biotiny-
lation with sulfo-NHS-S-S-biotin, neurons were incubated with 50
ng/ml BDNF for 30 min to drive internalization of biotinylated
receptors. Afterward, the cells were cooled on ice, and the surface-
exposed biotinylated proteins were stripped of their biotin tag by
treatment with the reducing agent glutathione. Internalized bio-
tinylated receptors were protected from biotin-stripping. Subse-
quently, prewarmed medium was added, and the cells were incu-
bated at 37°C for 45 min to allow recycling of internalized
receptors. This incubation was followed by glutathione treatment
on ice to remove biotin from the surface-exposed biotinylated
receptors that had recycled back to the cell surface during the pre-
vious re-warming period. Un-recycled receptors were detected by
streptavidin pulldown followed by anti-TrkB immunoblotting.
For densitometric analysis, immunoreactive bands were scanned
and quantitated using NIH Image J (Scion, Frederick, MD). All
experiments were carried out at least in triplicate.

Surface TrkB Internalization Measurement—Neurons trans-
fected with FLAG-TrkB-FL or FLAG-TrkB.T1 constructs were
grown on glass coverslips. After serum starvation, cells were incu-
bated with Alexa-488-conjugated M1 anti-FLAG antibody for 30
min at 4°C to selectively label FLAG-tagged receptors on the
plasma membrane at the beginning of the experiment. Cells were
then incubated (at 37 °C for 15 min) in the presence of BDNF to
drive receptor internalization. At the end of this incubation, cells
were quickly washed 3 times with ice-cold PBS supplemented with
3 mMm EDTA to dissociate fluorescent M1 antibody from residual
cell surface receptors. Cells were then fixed with 4% paraformal-
dehyde, with the intracellular fluorescence representing the inter-
nalized receptors. In each experiment, two parallel control cover-
slips were included, one in which cells were fixed after a 300-min
incubation in the absence of ligand and without EDTA stripping
step (100% surface receptor control), and one in which cells were
stripped immediately after the feeding step (0% Internalization
control). Cells were examined by fluorescence microscopy by
using appropriate filter sets to selectively detect Alexa-488, and
staining intensities of each fluor in individual cells were integrated
using MetaMorph software (Molecular Devices, Sunnyvale, CA).
Each experimental condition was repeated at least three times. In
each experiment more than 30 cells were examined at random.

Analysis of TrkB Receptor Recycling by Using Fluorescence Ratio
Microscopy—To quantify the extent of recycling observed after
ligand removal in individual cells, a receptor recycling method was
used as described previously (12). In brief, cells transiently trans-
fected with TrkB receptors were grown on glass coverslips and
incubated with Alexa-488-conjugated M1 anti-FLAG antibody
after serum starvation. Cells were then incubated (at 37 °C for 30
min) in the presence of BDNF (50 ng/ml) to drive internalization.
At the end of this incubation, cells were quickly washed 3 times
with ice-cold PBS/EDTA to dissociate FLAG antibody bound to
residual surface receptors remaining in the plasma membrane,
thereby leaving fluorescent antibody bound only to the internal-
ized pool of receptors. EDTA-stripped cells were then incubated
(at 37 °C for 45 min) in the presence of Alexa-594-anti-mouse IgG
to label all receptors that returned back to the cell surface, and then
cells were fixed with 4% paraformaldehyde. In each experiment
and for each receptor construct examined, two parallel control
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coverslips were included, one in which cells were fixed after a
30-min incubation in the absence of ligand and without EDTA
stripping step (100% surface receptor control) and one in which
cells were fixed immediately after the EDTA-mediated stripping
step (0% recycled control). Cells were examined by epifluores-
cence microscopy by using appropriate filter sets to selectively
detect Alexa-488 or Alexa-594, and staining intensities of each
fluor in individual cells were integrated using MetaMorph soft-
ware (Molecular Devices). This analysis indicated that the effi-
ciency of the EDTA strip (reduction of Alexa-594 staining inten-
sity in the 0% recycled control relative to the 100% surface receptor
control) was >95%. The percentage of receptors recycled in indi-
vidual cells after ligand washout was then calculated from the red/
green ratios determined from the control conditions according to
the following formula (E — Z)/(C — Z) X 100, where E is the mean
ratio for the experimental coverslip, Z is the mean ratio for the zero
surface control, and C is the mean ratio for the 100% surface con-
trol. More than 30 cells/construct/condition were analyzed at ran-
dom in this manner for each experiment.

Establishment of HEK293 Stable Cell Line—HEK293 cells
were transfected with FLAG-TrkB-FL construct using Lipo-
fectamine 2000. To obtain stable transfectants, cells were treated
with 800 ug/ml G418. After 15-20 days of G418 selection, resist-
ant clones were subjected to Western blot analysis using FLAG
antibodies to detect TrkB protein expression. Positive clones were
maintained in 200 ug/ml G418. HEK293 cells have been widely
used in studying Hrs-regulated G protein-coupled receptors
(GPCRs) endocytic trafficking (37, 38). Here we chose a HEK293
TrkB-FL stable cell line to evaluate the TrkB degradation rate
under different conditions due to the high transfection efficiency
with HEK293 cells.

Immunocytochemical Staining and Fluorescence Microscopy—
Hippocampal neurons were grown on glass coverslips coated with
poly-p-lysine (Sigma) and transfected with FLAG tagged TrkB-FL
or TrkB.T1 constructs. Forty-eight hours after transfection, inter-
nalized FLAG receptors were visualized by Alexa-488-M1 anti-
body feeding (1:1000) followed by BDNF treatment. Cells were
then fixed with a 4% paraformaldehyde solution in PBS and per-
meabilized by brief treatment with cold methanol (5 min) followed
by Hrs immunostaining with primary and secondary antibodies.
Transferrin receptors were labeled with Alexa-594-transferrin
(Invitrogen). Confocal fluorescence microscopy was performed on
hippocampal neuron specimens using a Zeiss LSM510 micro-
scope. Quantitative analysis was carried out with MetaMorph soft-
ware. All experiments were carried out at least in triplicate.

Statistical Analysis—Statistical significance was determined
using Student’s ¢ test or analysis of variance followed by post
hoc tests. Differences were considered significant at p < 0.05.

RESULTS

TrkB-FL and TrkB.T1 Receptors Have Different Degradation
Kinetics upon BDNF Treatment—As it has been reported that
both TrkB-FL and TrkB.T1 receptors could be endocytosed by
BDNF (39), we sought to determine whether there were
differences in the trafficking fate of the two receptors after
endocytosis. To examine whether these two receptors were dif-
ferentially degraded, we directly compared the rates of BDNF-
dependent degradation of the TrkB-FL and TrkB.T1 receptors
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FIGURE 1. TrkB-FL and TrkB. T1 exhibit differential BDNF-induced trafficking to degradative pathway.
A, cultured neurons were treated with BDNF for the indicated times in the presence of cycloheximide (20
rg/ml), and total TrkB was detected by anti-TrkB immunoblotting. The degradation was quantitated as
described under “Experimental Procedures,” and the error bars represent the S.E. of three independent
experiments. *, p < 0.05 by analysis of variance followed by post hoc tests. B, cultured neurons were
surface-biotinylated and incubated at 37 °C for 1 h in the absence or presence of 50 ng/ml BDNF. Surface
biotin-labeled receptors were detected by streptavidin pulldown followed by anti-TrkB immunoblotting
(IB). IP, immunoprecipitation. The error bars represent the S.E. of three independent experiments. *, p <
0.05 by Student’s t test.
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cleavable biotinylated TrkB receptors in cultured neurons. As described under “Experimental Procedures,”
lane 1 shows the total TrkB on cell surface, and lane 2 shows a control for the efficiency of the stripping
procedure. Neurons were subsequently lysed, biotinylated proteins were precipitated (/P) with streptavi-
din beads, and complexes were immunoblotted (WB) with anti-TrkB antibodies. Data represent the
mean * S.E. from three independent experiments. B, internalization of receptors was measured by the
fluorescence ratio of internalization/surface receptors. All of the data are presented as the mean = S.E.
determined from analysis of more than 3 independent experiments (n = 30 cells for each condition per
experiment).
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in primary cultured hippocampal
neurons. Hippocampal neurons
were serum-starved followed by
cycloheximide (20 pg/ml) pretreat-
ment to inhibit new protein synthe-
sis, and BDNF (50 ng/ml) was added
to the culture media for various
times periods. Cell lysates were then
collected at different time point to
detect TrkB-FL and TrkB.T1 pro-
tein levels by Western blot. We
found that TrkB-FL was degraded at
a significantly quicker rate (<1 h for
more than one-half of the receptors
to be degraded) than TrkB.T1
receptors (Fig. 14). To confirm this
result, surface biotinylation assays
were performed on hippocampal
neurons to monitor surface recep-
tor degradation. After 1 h of BDNF
incubation, more than half of the
surface TrkB-FL receptors were
degraded; however, no obvious
change in TrkB.T1 receptor levels
was found (Fig. 1B).

Both TrkB-FL and TrkB.TI
Receptors Are Efficiently Internal-
ized after BDNF Treatment—We
hypothesized that the differences in
degradation rates may be due to
alterations in TrkB-FL and TrkB.T1
receptor trafficking at certain steps
after ligand addition, namely 1) at
the initial internalization step
and/or 2) at a postendocytic step in
which Trk receptors can be sorted
to either degradative or recycling
pathways. To address these ques-
tions related to the TrkB endocytic
pathways, we measured TrkB-FL
and TrkB.T1 receptor internaliza-
tion by a cleavable surface biotinyla-
tion assay. After 15 min of BDNF
treatment, about 56 * 2% TrkB-FL
and 50 * 2% TrkB.T1 receptor were
internalized, respectively, in hip-
pocampal neurons, with no signifi-
cant difference between each other
(Fig. 2A). To confirm the cleavable
biotinylation result, quantitative
fluorescence assay was employed
to measure TrkB-FL and TrkB.T1
receptor internalization. Hippo-
campal neurons were transfected
with FLAG epitope-tagged TrkB-FL
and TrkB.T1 receptors. Respec-
tively, and fed with Alexa488-conju-
gated FLAG antibodies. We took
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Behave Differently in Their Posten-
docytic Recycling—Because TrkB-

FL and TrkB.T1 receptors have
similar internalization levels but
significantly different degradation
kinetics, we sought to measure the
degree of their postendocytic recy-
cling. First, a cleavable biotinylation
assay was used to detect receptor
recycling after internalization in
hippocampal neurons. We found a
higher percentage of the remaining
internalized TrkB-FL receptor after
the re-warming process as compared
with TrkB.T1 receptor (Fig. 3A),
which suggested that more internal-
ized TrkB.T1 receptor has been recy-
cled back to the cell surface to be
cleaved. A live cell ratiometric fluo-
rescence-based recycling assay,
which has been used in our previous
study (12), was also employed to
measure the TrkB-FL and TrkB.T1
receptor recycling (Fig. 3B). Quanti-
fication of these results by ratiomet-
ric analyses (see “Experimental Pro-
cedures”) confirmed that TrkB.T1
recycled in a BDNF-dependent
manner significantly (90 = 1%),
whereas TrkB-FL recycled to a
lesser degree (39 = 1%) (Fig. 3B).
Consistent with this finding is that
compared with TrkB-FL, internal-
ized TrkB.T1 receptor was colocal-
ized significantly more with the
transferrin receptor, a default recy-

i
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FIGURE 3. TrkB-FL and TrkB.T1 recycles differently after BDNF-induced endocytosis. A, differential recy-
cling of internalized TrkB-FL and TrkB.T1 measured by cleavable surface biotinylation. Total surface refers to the
total biotinylated TrkB receptors on the cell surface; Internalization refers to the internalized biotinylated
receptors before rewarming. Data represent the mean = S.E.from three independent experiments (The double
asterisk represents p < 0.01, Student's t test). B, TrkB recycling behavior was quantitated as described under
“Experimental Procedures.” Control refers to the 100% surface TrkB receptor control, Strip refers to the 0%
recycled control, and the error bars represent the S.E. of five independent experiments (n = 30 cells for each
condition per experiment; double asterisk represents p < 0.01, Student’s t test). C, colocalization of internalized
TrkB (green) with transferrin receptor (TfR, red) in hippocampal neurons visualized by confocal microscopy. The
proportion of colocalization between internalized TrkB and transferrin receptors is presented as the mean =
S.E. determined from analysis of four independent experiments (n = 30 cells for each condition per experi-

cling receptor, as determined by
confocal microscopy (Fig. 3C).
Together, these results suggest that
TrkB.T1 receptor is predominantly
sorted to the recycling pathway,
which is consistent with its minimal
BDNF-dependent degradation (Fig.
1A), whereas TrkB-FL receptor

ment; double asterisk represents p < 0.01, Student’s t test).

advantage of a novel feature of the amino-terminal FLAG
epitope-tagged versions of Trk receptors, in which calcium-
sensitive fluorescent anti-FLAG antibodies can be rapidly
dissociated with PBS/EDTA (12). After ligand-induced sur-
face receptor internalization, PBS/EDTA was used to strip
the cell surface fluorescent antibodies. Any remaining intra-
cellular fluorescence, therefore, represented the internalized
receptors. We found both TrkB-FL and TrkB.T1 receptors
were rapidly internalized in the presence of BDNF, and no
significant differences were observed in their levels of inter-
nalization (Fig. 2B).
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recycles to a lesser extent after
BDNF treatment.

Kinase Domain Is the Key Motif Responsible for the Differen-
tial TrkB-FL and TrkB.T1 Endocytic Recycling—To define the
potential region in TrkB-FL receptor that is responsible for the
differences in TrkB-FL and TrkB.T1 recycling levels, various
domains (juxtamembrane, kinase, and carboxyl terminus) were
deleted from TrkB-FL, and ligand-dependent recycling in PC12
cells was assessed by the ratiometric recycling assay (Fig. 44). In
the ratiometric recycling assay, PC12 cells were used, as that is a
well established neuron-like cell line.

For all these TrkB mutants, there were no deficits in their
plasma surface targeting or alterations in initial endocytosis
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FIGURE 4. Identification of the domain in TrkB responsible for differential TrkB-FL and TrkB. T1 endocytic
recycling. PC12 cells transiently transfected with the indicated FLAG-tagged mutants were subjected to the
ratiometric recycling assay, which was described under “Experimental Procedures.” A, PC12 cells were trans-
fected with TrkB-FL constructs lacking the following intracellular regions: carboxyl terminus, FLACT; tyrosine
kinase, FLATK; juxtamembrane, FLAJM and the TrkB kinase dead construct (TrkBKD). K252a was applied at 100
nMm, a concentration that could inhibit Trk kinase activity. EC means extracellular. B, PC12 cells were transfected
with truncated TrkB.T1 lack TrkB.T1 specific cytoplasmic tail or TrkB.T1 chimeras containing different regions of
TrkB-FL (T1JM, T1TK, T1CT, T1JMTK). TrkB-FL and TrkB.T1 were also transfected as controls. In all experiments,
error bars represent the S.E. of five independent experiments (n = 30 cells for each condition per experiment;
the asterisk represents p < 0.05; the double asterisk represents p < 0.01, Student’s t test).

rates.* Only the TrkB-FL mutant lacking the kinase domain
(TrkBATK) showed a significant increase in recycling as com-
pared with wild type TrkB-FL receptor (Fig. 4A4). This result is
consistent with the subsequent finding that kinase activity,
assessed by a point mutation in the kinase domain established
to abolish kinase activity (K571A) or in the presence of specific
Trk kinase inhibitor K252a, significantly reduced TrkB recy-
cling levels (Fig. 4A4). Thus, TrkB-FL kinase activity is necessary
to maintain the TrkB-FL relatively low level of recycling. To be
noted, the TrkB-FL mutant lacking juxtamembrane domain
showed a significant reduction in recycling as compared with
wild type receptor, suggesting this region serves as a “recycling
signal,” which is consistent with our previous report that the
juxtamembrane domain in TrkA receptor contains a postendo-
cytic recycling signal (12). In contrast, the TrkB.T1 mutant
lacking its specific cytoplasmic tail (truncated TrkB.T1) still
efficiently recycled, suggesting that TrkB.T1 receptors recycle
via the default pathway (Fig. 4B).

To address whether the kinase domain is sufficient to
decrease TrkB.T1 recycling, we generated chimeras in which
different domains from TrkB-FL were transplanted to the car-
boxyl terminus of TrkB.T1 receptor. From these chimeric
receptors, we hoped to identify a domain that is sufficient to
function in regulating differential TrkB-FL and TrkB.T1 recy-
cling. We observed that chimeric receptors with TrkB-FL
kinase domain transplanted into TrkB.T1 receptor led to sig-

#S.-H.Huang, L. Zhao, Z.-P. Sun, X.-Z. Li, Z. Geng, K.-D. Zhang, M. V. Chao, and
Z.-Y.Chen, unpublished data.
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tured neurons (40). It has been
reported that Hrs plays essential
roles in both sorting activated
receptors to the multivesicular body
vesicles/lysosomal pathway and
regulating some GPCR receptors
recycling (37, 38, 41-43). We
wanted to know whether Hrs was
also involved in regulating TrkB
degradation and recycling. As a first step toward examining the
role of Hrs in post-endocytic trafficking of TrkB, we localized
endogenous Hrs in neurons with internalized FLAG-TrkB-FL by
immunofluorescence. We found that most endocytosed TrkB-FL
was co-localized with Hrs in hippocampal neurons (Fig. 54). We
also determined whether these proteins had physiological interac-
tion by co-immunoprecipitation studies. In HEK293 cells with Hrs
and TrkB-FL, TrkB.T1, or TrkBKD overexpression, only TrkB-FL
can be pulled down by Hrs in a BDNF-dependent manner, with no
interaction between TrkB.T1/TrkBKD with Hrs (Fig. 5B). To
exclude the possibility of ectopic overexpression artifact, the
endogenous TrkB and Hrs interaction was examined in primary
cultured hippocampal neurons. As shown in Fig. 5C, only the 145-
kDa TrkB-FL proteins could be pulled down by Hrs, and this inter-
action was dependent on BDNF.

Next we found Hrs overexpression or knockdown of Hrs
by siRNA could significantly decrease TrkB-FL degradation
in HEK293 TrkB-FL stable cell lines (supplemental Figs. 1
and 5D), which suggests that Hrs regulates TrkB-FL degra-
dation. To our surprise, Hrs also plays a significant role in
TrkB-FL recycling. Overexpression of Hrs did not detectably
perturb BDNF-induced endocytosis of TrkB-FL, but this
manipulation significantly inhibited recycling of TrkB-FL by
“trapping” internalized receptors in enlarged early endosomes
(Fig. 5E). In contrast, recycling of TrkB.T1 receptor was not
detectably inhibited in cells overexpressing Hrs. This result is
similar to previous studies indicating that Hrs overexpression
produced no detectable effect on either endocytosis or recy-
cling of transferrin receptors (44). The discrepancy in the
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FIGURE 5. Hrs regulates TrkB-FL but not TrkB. T1 endocytic recycling. A, subcellular colocalization of inter-
nalized TrkB (green) with Hrs (red) in hippocampal neurons visualized by confocal microscopy. B, coimmuno-
precipitation (/P) of Hrs with TrkB-FL, TrkB-KD, and TrkB.T1. For TrkB-FL, the coimmunoprecipitation was per-
formed in HEK293 cell stably expressing TrkB-FL; others were by transient transfection. All the cells were
transfected with HA-tagged Hrs, and 20 min of BDNF treatment was performed. Lysates were immunoprecipi-
tated with HA antibodies and immunoblotted with FLAG antibodies (top). Immunoprecipitation of HA-Hrs was
confirmed by immunoblotting with HA antibodies (middle). C, endogenous association of Hrs with TrkB was
performed in cultured hippocampal neurons. Lysates were subjected to immunoprecipitation with anti-Hrs
antibodies or normal goat IgG and immunoblotted (WB) with TrkB and Hrs antibodies. D, HEK293 cells stably
expressing FLAG-tagged TrkB-FL were transfected with Hrs or Hrs siRNA and then treated with 50 ng/ml BDNF
fortheindicated times at 37 °Cin the presence of cycloheximide (20 ng/ml). Total TrkB receptors were detected
by anti-TrkB immunoblotting. Data shown are the mean = S.E. of three separate experiments (the asterisk
represents p < 0.05 between control and Hrs transfection group; the number symbol (#) represents p < 0.05
between control and siHrs transfection group by analysis of variance followed by post hoc tests). E, PC12 cells
were transfected with TrkB-FL/T1 and Hrs, and BDNF-dependent recycling was measured in these cells as
describedin Fig. 3. Data shown are the mean = S.E. of five separate experiments (n = 30 cells for each condition
per experiment; the asterisk represents p < 0.05, Student’s t test).
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dependence on Hrs of TrkB-FL and
TrkB.T1 receptors recycling is con-
sistent with our previous result that
only TrkB-FL can bind with Hrs in a
BDNF-dependent manner. We
hypothesized that endocytosed
TrkB-FL receptor is sorted into a
“regulated” recycling pathway,
which  undergoes sequence-di-
rected recycling and depends on
Hrs. TrkB.T1, however, recycles in a
default pathway that is independent
of Hrs. To address this hypothesis,
we investigated the effect of Hrs
overexpression on recycling of dif-
ferent TrkB mutants after BDNF-
induced endocytosis (Fig. 6A4). The
TrkB-FL mutants, which have a
kinase domain deletion or are
kinase dead, could recycle more effi-
ciently in a default pathway, which
is independent of Hrs. On the con-
trary, transplanting the juxtamem-
brane and kinase domain of
TrkB-FL receptor to TrkB.T1
receptor (T1JMTK) not only gained
the capacity to bind to Hrs (Fig. 6B)
but also became sensitive to Hrs
effects on recycling (Fig. 64). This
result suggests the TrkB-FL kinase
domain could switch TrkB.T1
receptor recycling from default to
regulated pathway.

The VHS Domain of Hrs Is
Required for TrkB-FL Recycling—
Hrs contains several conserved
domains that are present in proteins
implicated in signal transduction
and/or membrane trafficking. The
VHS (Vps27p, Hrs, STAM) domain
is present at the amino terminus of
Hrs, which has been reported to be
required for Hrs-dependent recy-
cling of the B2-adrenergic receptor
(37). The FYVE (Fablp, YOYB,
Vaclp, and EEA1) is a zinc finger
domain present in more than 40
proteins and is required for mem-
brane localization (45, 46). Ubiq-
uitin-interacting  motif (UIM)
serves as the major ubiquitin-bind-
ing site in Hrs (47). The PSAP
domain contains a tetrapeptide P(S/
T)AP motif and has been known to
be essential for the budding of
viruses from host cells (48).

To determine which domain in
Hrs is required for regulating
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TrkB-FL recycling, we constructed a series of deletion mutants
of HA-tagged Hrs and tested their ability to inhibit recycling of
the TrkB-FL when overexpressed. All of the mutant Hrs con-
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FIGURE 6. Identification of a sequence in TrkB-FL responsible for Hrs con-
trolled recycling. A, PC12 cells were co-transfected with TrkB-FL mutants and
T1-TrkB chimeras containing the juxtamembrane and kinase region of TrkB-FL
(TTJMTK) and HA-Hrs, and BDNF-dependent recycling was measured in these
cells as described in Fig. 3. Data shown are the mean = S.E. of five separate exper-
iments (n = 30 cells for each condition per experiment; the asterisk represents
p < 0.05, Student’s t test). Con, control. B, coimmunoprecipitation (/P) of Hrs with
TrkB-FL and T1JMTK. Cells were co-transfected with HA-tagged Hrs with TrkB-FL and
T1JMTK, and a 20-min BDNF treatment was performed. Lysates were immunopre-
cipitated with HA antibodies and immunoblotted (IB) with FLAG antibodies (top).
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structs were expressed at similarly high levels as Hrs wild type
(Fig. 7A). Truncation of the amino-terminal VHS domain pro-
duced a mutant Hrs protein (AVHS) that was defective in its
ability to inhibit TrkB-FL recycling when overexpressed. In
contrast, deletion of the ubiquitin-interacting motif (AUIM)
which is essential in Hrs-dependent ubiquitin-directed lysoso-
mal sorting function, was still capable of strongly inhibiting
TrkB-FL recycling (Fig. 7B). Moreover, overexpression of VHS
and FYVE domain (named VHS for short) was sufficient to
inhibit TrkB-FL recycling. These results suggest that the VHS
domain of Hrs may be specifically required for the function of
Hrs in regulating TrkB-FL recycling.

Functional Requirement of the Hrs-sensitive Recycling for
BDNF-induced Signaling—To assess the functional conse-
quences of Hrs-sensitive TrkB-FL recycling, we investigated
the effect of disrupting Hrs function on BDNF-induced MAP
kinase activation in a HEK293 TrkB-FL stable cell line because
of its high transfection efficiency. First, by total TrkB degrada-
tion assay, we found, in contrast to Hrs full-length overexpres-
sion, which blocks TrkB-FL degradation, overexpression of Hrs
lacking the UIM motif has no effect on TrkB-FL degradation
(Fig. 8A). Because overexpression of HrsAUIM could inhibit
TrkB-FL recycling while having no effect on TrkB-FL degrada-
tion, it could be used to study the role of TrkB-FL recycling in
BDNF-induced signaling. In HrsAUIM-transfected 293-TrkB
cells, MAP kinase activation was monitored by immunoblot-
ting with phospho-MAP kinase (p-MAPK)-specific antibodies.
As shown in Fig. 8B, 293-TrkB cells expressing HrsAUIM were
stimulated with BDNF for 15 or 60 min, two time points that
can discriminate between transient and sustained MAP kinase
activation (49, 50). HrsAUIM overexpression did not perturb
the transient MAPK activation by BDNF, but prolonged MAPK
activation was significantly reduced
(Fig. 8B). In contrast, overexpres-

sion of full-length Hrs, which both
inhibited TrkB-FL degradation and
recycling, enhanced BDNF-induced
sustained MAPK activation. These
results suggest that the Hrs-sensi-
tive TrkB-FL recycling may play a
role in BDNF-induced prolonged
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FIGURE 7. The VHS domain of Hrs is required for its effect on TrkB recycling. A, schematic diagram of the
domain organization of full-length Hrs and the truncated mutants used as indicated. HEK293 cells were trans-
fected with HA-Hrs truncated mutants as indicated, and a Western blot was performed to verify similar expres-
sion levels of all proteins in cell lysates. Con, control. B, PC12 cells were co-transfected with Hrs constructs
lacking different regions and TrkB-FL, and BDNF-dependent recycling was measured in these cells as described
in Fig. 3. Data shown are the mean = S.E. of five separate experiments (n = 30 cells for each condition per

experiment; the asterisk represents p < 0.05, Student’s t test).
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MAPK activation. However, in
addition to inhibiting TrkB-FL recy-
cling, overexpression of HrsAUIM
may also interfere with other intra-
cellular signaling pathways, which
contribute to the altered MAPK
activation triggered by BDNF.

DISCUSSION

Endocytic trafficking of receptors
to alternate intracellular pathways
has been shown to lead to diverse
biological consequences. In this
study we have demonstrated that
TrkB-FL receptor and its isoform,
TrkB.T1, traverse divergent endo-
cytic pathways after binding to
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BDNEF. We provide direct evidence that TrkB.T1 predomi-
nantly recycles back to the cell surface after ligand treatment,
whereas TrkB-FL predominantly is sorted to the degradative
pathway. Moreover, Hrs differentially regulates TrkB-FL and
TrkB.T1 postendocytic trafficking fates.

Our results provide several new insights into the mechanism
of endocytic trafficking of TrkB-FL and TrkB.T1 receptors. In
astrocytes or Schwann cells, which only express TrkB.T1 but
not TrkB-FL receptor (51-53), iodinated BDNF could be inter-
nalized and released into culture medium, suggesting that
TrkB.T1 receptor could be endocytosed by BDNF treatment
(39). A recent study in hippocampal neuronal cultures using
recombinant BDNF and yellow fluorescent protein (BDNE-
YFP) noted that it could be internalized and re-secreted, which
suggested that BDNF might be trafficked to the recycling path-
way (14). However, it is not clear whether the recycling of
BDNF is mediated by TrkB-FL or TrkB.T1 receptor. In our
study, we found that BDNF could efficiently drive TrkB-FL or
TrkB.T1 receptor internalization. Interestingly, the degree of
BDNF-dependent recycling of TrkB.T1 receptor is much
higher than TrkB-FL receptor by the use of a live cell fluores-
cence-based recycling assay. The level of ligand-dependent
recycling of TrkB.T1 receptor (~90%) is equivalent to the pre-
viously established recycling receptors such as the trans-
ferrin receptor. Accordingly, TrkB-FL was degraded more
quickly than TrkB.T1 receptor upon BDNF stimulation.
Thus, TrkB-FL and TrkB.T1 receptors are sorted into differ-
ent trafficking pathway after BDNF-triggered endocytosis.

Second, we show that Hrs plays an essential function in the
recycling of TrkB-FL but not TrkB.T1 receptors. Hrs is well
known to terminate cell signaling by sorting activated ubiquiti-
nated receptors to the multivesicular body vesicles/lysosomal
pathway (41, 42, 54). TrkA and TrkB receptors are ubiquiti-
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upon BDNF treatment, which is
dependent on the TrkB tyrosine
kinase activity.

To our surprise, we found Hrs
could also mediate TrkB-FL recy-
cling, which depends on its VHS
domain. Recently a distinct role of
Hrs in promoting rapid recycling of
endocytosed signaling receptors to
the plasma membrane has been found (37, 38, 43). There exist
two pathways for membrane proteins recycling back to the cell
surface; one is the default pathway, which occurs via a process
of bulk membrane flow that requires no specific targeting sig-
nals (58, 59), the other is the sequence-directed recycling,
which depends on a diverse set of cytoplasmic targeting
sequences (60— 64) that appear to bind to distinct cytoplasmic
proteins (64, 65). An increasing number of signaling receptors
is being found to undergo this “active” sorting to the recycling
pathway. Our previous study showed that endocytosed TrkA
receptor recycles to the plasma membrane by its juxtamem-
brane sequence (12). In the present study we found the jux-
tamembrane domain is also essential in mediating internalized
TrkB-FL receptor recycling, which suggests that TrkB-FL is
sorted into sequence-directed regulated recycling after endocy-
tosis. In contrast, TrkB.T1 receptors recycle more efficiently
after internalization via the default pathway compared with
TrkB-FL. In particular, TrkB.T1 mutants, which lack its specific
cytoplasmic tail, could still efficiently recycle. The requirement
of Hrs in TrkB-FL recycling was first indicated by the ability of
Hrs overexpression to specifically inhibit recycling of TrkB-FL
but not TrkB.T1 receptors. Depletion of endogenous Hrs using
siRNA produced a phenotype identical to overexpression,
establishing an essential role of Hrs in sequence-directed recy-
cling. The observation that Hrs overexpression and knockdown
both have inhibitory effects on trafficking has been previously
reported (35, 44, 66). As Hrs has multiple interaction domains
and is thought to exist in a large protein complex (67), overex-
pression could titrate out the associated proteins present in
limiting amounts and inhibit their function (68), whereas
knockdown could prevent the formation of such protein com-
plexes that may be required for cargo to be transported. Thus,
not only for GPCRs (37), but also for TrkB receptor, Hrs regu-
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FIGURE 9. Simplified model depicting differential TrkB-FL and TrkB.T1 postendocyticrecycling pathway.
Both TrkB-FL and TrkB.T1 receptors are efficiently internalized after binding to BDNF (yellow dots). Endocytic
TrkB-FL receptors traverse sequence-directed recycling pathway, in which process the TrkB kinase activity
plays an essential role (heavy lines). This sequence-directed recycling pathway requires both Hrs and the jux-
tamembrane domain of TrkB-FL. Therefore, depletion of cellular Hrs or deletion of the juxtamembrane domain
prevents TrkB-FL recycling. Conversely, internalized TrkB.T1 receptors, which lack kinase activity, are not sorted
to the Hrs-dependent pathway and, thus, recycle by the default pathway (dashed lines).

lates sequence-directed, but not default recycling. The present
results implicate the amino-terminal VHS domain of Hrs in the
sequence-directed recycling mechanism. Overexpression of an
Hrs mutant lacking the VHS domain could not inhibit TrkB-FL
recycling, whereas overexpression of only the VHS and FYVE
domain was sufficient to inhibit TrkB-FL recycling. Moreover,
the UIM domain of Hrs is not required for its dominant-nega-
tive effect on TrkB-FL recycling. Our data are consistent with
previous studies showing that VHS domain of Hrs plays essen-
tial role in sequence directed GPCR recycling (37).

Third, we found the tyrosine kinase domain in the TrkB-FL
was sufficient to confer Hrs-dependent recycling when fused to
a TrkB.T1 receptor that recycles efficiently by default and inde-
pendently of Hrs. We proposed that the recycling of internal-
ized TrkB-FL receptor needs two steps which require two
different sorting sequences; first, it is sorted to the sequence-
directed (Hrs-dependent) regulated recycling pathway, which
depends on the kinase domain, and then is transported back to
the cell surface, which requires its juxtamembrane domain.
Deletion of the TrkB-FL kinase domain produced a dramati-
cally different phenotype (default recycling) than mutation of
the juxtamembrane domain, which greatly inhibits recycling
when deleted. This suggests that the kinase domain functions
upstream of the recycling sequence, mediating the initial sort-
ing of endocytosed TrkB-FL receptors to the specialized recy-
cling pathway (Fig. 9). This hypothesis accounts for the ability
of receptors with a deleted kinase domain to effectively recycle,
bypassing the Hrs requirements and, in turn, also explaining
why the TrkB-FL recycles to a lesser extent.

Finally, we also demonstrated that Hrs-dependent recycling
may be functionally important for producing prolonged MAPK
signaling after activation of the TrkB-FL, a typical signaling
characteristic for Trk receptor activation. Overexpression of
Hrs mutant lacking UIM domain, which inhibits TrkB-FL recy-
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cling without affecting its degrada-
tion, attenuates BDNF-induced
prolonged MAPK signaling. In con-
trast, overexpression of full-length
Hrs could prolong MAPK signaling
triggered by BDNF. We inferred
that the dominant effect of overex-
pression of Hrs full-length was to
block TrkB-FL degradation because
TrkB-FL is predominantly degraded
and less efficiently recycled, which
as a result enhances the prolonged
MAPK signaling stimulated by
BDNEF. Thus, different domains in
Hrs may differentially regulate
receptor endocytic trafficking and,
as a result, alter receptor-mediated
signaling. A previous study showed
for the efficiently regulated recycled
B2-adrenergic receptor, knock-
down of Hrs expression strongly
inhibited [B2-adrenergic receptor
resensitization (37). Therefore, the
physiological function of Hrs may
depend on which endocytic trafficking pathway (degradation or
recycling) represents a major regulatory pathway. Considering
that efficient recycling can occur without a requirement for any
known sorting signals (as for transferrin receptor and TrkB.T1
receptor), why does such complexity exist in the recycling of the
TrkB-FL? One possibility is to provide flexibility of receptor
regulation. Relatively low levels of TrkB-FL recycling, although
disadvantageous for functional recovery of signaling upon
ligand treatment, could be flexibly reprogrammed under differ-
ent physiological conditions.

In conclusion, the present results demonstrate that TrkB-FL
and its isoform TrkB.T1 receptor traverse divergent endocytic
pathways after binding with BDNF. Recycling of endocytic
TrkB-FL receptors occurs by a specifically sorted mechanism
that requires the endosome-associated protein Hrs. In contrast,
TrkB.T1 receptors recycle by a default mechanism that does
not require Hrs. Our study provides novel insights into the
diverse cellular functions of Hrs, and suggests a new mechanis-
tic link between processes of receptor membrane trafficking
and intracellular signaling.
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