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Neurotrophins affect neuronal development and plasticity via
spatially localized effects, yet little is known about the subcel-
lular distribution of the Trk neurotrophin receptors and the
impact of this distribution on neurotrophin action. To address
this, we examined the subcellular location of full-length TrkB
and TrkC tyrosine kinase receptors and truncated TrkB isoforms
after transfection of Madin-Darby canine kidney (MDCK) cells,
dissociated primary hippocampal neurons, and cortical neu-
rons within intact brain slices. Myc-, herpes virus glycoprotein
(HVG)-, or FLAG-derived epitope-tagged receptor isoforms
were created to allow their unambiguous identification and
localization after transfection. All tagged receptors were appro-
priately synthesized, and full-length myc-TrkB and myc-TrkC
mediated appropriate neurotrophin-signaling events. We found
that full-length TrkB receptors were excluded from the apical
domain of MDCK cells but that TrkC receptors were present in

both apical and basolateral domains. Full-length TrkB and TrkC
were found throughout transfected primary cultured hippocam-
pal neurons and transfected neurons in neocortical brain slices
and showed no evidence of vectorial sorting. Truncated forms
of TrkB were also homogeneously distributed in MDCK cells,
dissociated hippocampal neurons, and cortical neurons within
slice preparations. Levels of full-length and truncated TrkB were
examined in postsynaptic densities; both receptor isoforms
were present but only moderately enriched in these structures.
Together, these findings suggest that Trk receptors are uni-
formly distributed in both axonal and dendritic compartments
and that local neurotrophin responses are controlled by other
mechanisms.
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Neurotrophins play pleiotropic roles in nervous system develop-
ment and plasticity (Davies, 1994; Snider, 1994; Thoenen, 1995;
Lewin and Barde, 1996; McAllister et al., 1999). Some functions,
such as the promotion of neuronal survival, exert global effects on
neuronal cell state, whereas others, such as the regulation of
synaptic plasticity, are more localized and produce subcellular
changes in neural function. Neurotrophins may have effects that
are localized to particular neuronal compartments, such as axons
or dendrites, or even to specific dendritic branches or spines
(Campenot, 1987; Stoop and Poo, 1996; Li et al., 1998; McAllister
et al., 1999). In regulating neuronal morphology, neurotrophins
exhibit differential effects on apical versus basal dendritic com-
partments of cortical pyramidal neurons (McAllister et al., 1995,
1997), suggesting that individual neurons are capable of domain-
specific neurotrophin responses.

Neurotrophins mediate their effects by binding to two distinct
classes of cell surface receptors. In mammals, the Trk family
contains three highly homologous transmembrane receptor ty-
rosine kinases, whereas the p75 neurotrophin receptor is a mem-
ber of the tumor necrosis factor receptor superfamily (for review,

Received Jan. 18, 1999; revised April 14, 1999; accepted April 27, 1999.

This work was supported by grants from the Canadian Neurosciences Network
Program, the Medical Research Council (MRC) of Canada, the Fond de la Re-
cherché en Santé du Quebec (P.A.B.), the McKnight Foundation, the National
Institutes of Health (D.L.), and the Academy of Finland and by European Union
Biotechnology Grant PL970259 to E.C. P.A.B. is an MRC Scholar and a Scholar of
the Killam Foundation.

Correspondence should be addressed to Dr. Philip A. Barker, Centre for Neuro-
nal Survival, 3801 University Avenue, Montreal, Quebec, Canada, H3A 2B4.

Copyright © 1999 Society for Neuroscience 0270-6474/99/195823-11$05.00/0

see Naismith and Sprang, 1998). Ligand binding to Trk receptors
activates several signaling cascades, including phosphatidylino-
sitol-3-kinase, phospholipase C, SNT, and ras/mitogen-activated
protein kinase pathways, that mediate growth and survival re-
sponses of the neurotrophins (for review, see Kaplan and Miller,
1997). The predominant types of Trk receptors expressed in the
mammalian CNS are TrkB and TrkC. Both of these are produced
primarily as full-length receptor tyrosine kinases early in devel-
opment with alternatively spliced variants becoming more prev-
alent with increasing age (Valenzuela et al., 1993; Allendoerfer et
al., 1994; Escandon et al., 1994; Kniisel et al., 1994; Fryer et al.,
1996). TrkB-T1 and -T2 isoforms, which bind neurotrophin but
lack most of the intracellular domain, are expressed at low levels
in the prenatal rodent brain, but their expression levels increase
postnatally, ultimately exceeding levels of full-length TrkB in
adulthood (Valenzuela et al., 1993; Allendoerfer et al., 1994;
Escanddn et al., 1994; Kniisel et al., 1994; Fryer et al., 1996).
Full-length and truncated TrkB isoforms are coexpressed within
central neurons, whereas central glia produce only truncated
TrkB isoforms (Rudge et al., 1994; Armanini et al., 1995; Wet-
more and Olson, 1995). The physiological function of the
TrkB-T1 and -T2 isoform receptors remains unclear, but they may
serve as dominant-negative regulators of full-length TrkB recep-
tors (Eide et al., 1996; Ninkina et al., 1996), may sequester ligand
and limit diffusion (Biffo et al., 1995; Fryer et al., 1997), may
recruit ligand and regulate cell morphology (Haapasalo et al.,
1999), and may even autonomously activate signaling cascades in
a neurotrophin-dependent manner (Baxter et al., 1997).

The mechanisms that restrict neurotrophin signaling to specific
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neuronal subdomains remain unknown, but one possibility is that
Trk receptors are specifically concentrated within functionally
distinct regions within the somatic, dendritic, and axonal com-
partments of neurons. Differential localization of multiple alter-
natively spliced Trk receptor variants could serve as a powerful
mechanism for limiting neurotrophin responsiveness to particular
subcellular domains and might explain why specific regions of
single neurons show different responses to the same neurotrophin
(McAllister et al., 1995, 1997; Li et al., 1998). To examine Trk
receptor distribution, we created epitope-tagged forms of Trk
receptors, determined their cellular distribution within epithelial
cells and primary neurons, and performed biochemical analyses
to establish whether full-length and truncated TrkB receptors
were enriched in postsynaptic densities isolated from intact brain.
Our results indicate that Trk receptor isoforms are uniformly
distributed within neurons and that domain-specific receptor lo-
calization is unlikely to account for specific local effects of
neurotrophins.

MATERIALS AND METHODS

Materials. The anti-myc antibody 9E10 was either produced in ascites
fluid in Balb/c mice and purified using Immunopure columns (Pierce,
Rockford, IL) according to the manufacturer’s instructions or purchased
from PharMingen (San Diego, CA). The pan-Trk antibody 203, the ZO-1
antibody, and the 5B6 antibody were kind gifts from David Kaplan
(Montreal Neurological Institute), Bruce Stevenson (University of Al-
berta), and David Shelton (Genentech, San Francisco, CA), respectively.
Antibodies directed against calcium calmodulin kinase-II (CaM kinase-
II) were purchased from Upstate Biotechnology (Lake Placid, NY),
GluRI and GluRII/III antibodies were purchased from Transduction
Laboratories (Lexington, KY), polyclonal blue fluorescent protein
(BFP) and green fluorescent protein (GFP) antibodies were purchased
from Clontech (Cambridge, UK), MAP2 and tau antibodies were pur-
chased from Sigma (St. Louis, MO), and M2 monoclonal antibody
directed against the FLAG epitope was purchased from Eastman Kodak
(Rochester, NY). Nerve growth factor (NGF) was purchased from Ce-
darlane (Hornby, Ontario, Canada), and brain-derived neurotrophic
factor (BDNF) and neurotrophin-3 (NT-3) were provided by Regeneron
Pharmaceuticals (Tarrytown, NY). Conjugated secondary antibodies
were purchased from Jackson ImmunoResearch (West Grove, PA),
Chemicon (Temecula, CA), Molecular Probes (Eugene, OR), or Sigma.
pPML-cytomegalovirus (-CMV) expression plasmids containing trun-
cated TrkB isoforms tagged with a 22 amino acid epitope tag derived
from herpes virus glycoprotein (HVG) (Armanini et al., 1995) were
obtained from David Shelton (Genentech).

Epitope tag insertion. cDNA fragments encoding the c-myc epitope
were inserted into full-length TrkB and TrkC by PCR overlap, just distal
to the putative signal peptide cleavage site (amino acid position 16 and 20
of processed TrkB and TrkC, respectively; see Fig. 1). PCR fragments
obtained were sequenced to ensure fidelity and then cloned into the
receptor open reading frame. These modified receptor cDNA constructs
were expressed using either pPCMX (Davis et al., 1991) or pRC-CMV
(Invitrogen, San Diego, CA). Truncated TrkB-T1 was tagged with the
eight amino acid FLAG epitope (Haapasalo et al., 1999) and expressed
from the pEF-BOS expression plasmid (Mizushima and Nagata, 1990).

Tissue culture. Pheochromocytoma 12 (PC12) cells (Greene and Tis-
chler, 1976) were maintained in DMEM containing 6% horse serum
(HyClone, Logan, UT) and 6% newborn bovine calf serum (HyClone)
in 7.5% CO, at 37°C. Human embryonic kidney (HEK)293 cells were
maintained in DM EM containing 10% newborn bovine calf serum in 5%
CO, at 37°C. Madin-Darby canine kidney (MDCK) cells were main-
tained in DMEM containing 10% fetal bovine calf serum (Life Tech-
nologies, Gaithersburg, MD) in 5% CO, at 37°C. Dissociated hippocam-
pal cultures were established and maintained as described by Bartlett and
Banker (1984) with slight modifications. Briefly, hippocampi from em-
bryonic day 18 (E18) rat fetuses were trypsinized in PBS supplemented
with 5% glucose and 10 mm HEPES, pH 7.4, for 10 min and then
triturated in 8 ml of Neurobasal medium (Life Technologies) supple-
mented with 25 uM glutamate and 500 uM L-glutamine. After nondisso-
ciated clumps of neurons were allowed to settle, the top 2 ml of the
suspension was transferred to a second tube and replaced by 2 ml of fresh
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medium in the first tube. This was repeated several times to collect
sufficient numbers of neurons for plating. Cultures were supplemented
with B27 (Life Technologies) and then plated on either coverslips or
tissue culture plastic that had been precoated with poly-L-lysine and
collagen. Medium was replaced 48 hr after plating with Neurobasal
containing B27 and 0.5 mm glutamine; cultures were subsequently main-
tained in this latter medium.

Visual cortical slices from 2-week-old ferrets were prepared and cul-
tured with slight modifications of a previously described protocol (McAl-
lister et al., 1995). Briefly, 400 wm coronal slices of ferret cortex were
prepared under sterile conditions in artificial CSF bubbled with 5%
C0O,/95% O, (124 mMm NaCl, 5 mm KCl, 0.65 mm MgSO,, 3 mm CaCl,,
1.2 mm KH,PO,, 10 mm dextrose, 26 mM NaHCO;, and 1 mM kynurenic
acid) and placed on culture inserts in six-well culture plates (0.4 um pore
size; Falcon). Culture medium (1.5 ml; 50% B-mercaptoethanol, 25%
HBSS, and 25% horse serum; HyClone) containing 36 mm dextrose, 26
mM NaHCO;, 1 mm kynurenic acid, and 100 U/ml penicillin—strepto-
mycin (Life Technologies; bubbled 10 min with 5% C0O,/95% O,) was
added under each insert, and the plates were incubated in 5% CO, at
37°C for 36-38 hr before fixation for immunocytochemistry.

Transfections. Transfections of MDCK and PC12 cells were performed
using Lipofectamine (Life Technologies) essentially according to the
manufacturer’s instructions. PC12 transfections were performed in the
absence of serum for 4 hr and then supplemented with PC12 medium for
20 hr before initiating neurite extension assays (described below). For
transient MDCK transfections, cells were plated on permeable mem-
brane inserts (Falcon) before transfection. To produce stable MDCK
sublines overexpressing Trk receptors, we transfected MDCK cells
plated on tissue culture plastic and 2 d later split the cells into DMEM
containing 10% fetal bovine calf serum and 400 mg/ml G418 (Life
Technologies). Medium was changed every 3 d for a period of ~18 d,
after which G418-resistant colonies were further analyzed. Transfections
of HEK293 cells and hippocampal neurons were performed using CaPO,
essentially as described (Ausebel et al., 1989; Xia et al., 1996).

Cortical slices were transfected by particle-mediated gene transfer
using an entrainment biolistic device (Helios Gene Gun; Bio-Rad, Her-
cules, CA) according to the manufacturer’s instructions. Gold particles
(1.6 um) coated with plasmid DNA at 2 ug of DNA per milligram of gold
were adhered to Teflon tubing with 0.05 mg/ml polyvinylpyrrolidone and
accelerated using 100 psi helium. Transfections were done within 1-3 hr
after slice preparation; after transfection, slices were maintained in a
37°C, 5% CO, incubator until they were fixed for immunocytochemistry.

Immunoprecipitation and immunoblotting. For immunoprecipitations,
HEK?293 cells were lysed in either radioimmunoprecipitation assay buffer
(10 mM Tris, 150 mm NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS, 1 ug/ml leupeptin, 100 uM phenylmethylsulfonyl fluoride, 5 mm
phenanthroline, and 1 mm orthovanadate) or NP-40 buffer (20 mm Tris,
pH 8.0, 154 mm NaCl, 10% glycerol, 1% NP-40, 1 ug/ml leupeptin, 100
uM phenylmethylsulfonyl fluoride, 5 mm phenanthroline, and 1 mm
orthovanadate) for 20 min. Lysates were scraped from plates, briefly
vortexed, and spun in a microcentrifuge for 5 min at full speed to remove
nuclei and other insoluble material. Lysates were normalized for protein
content and then incubated overnight at 4°C with appropriate monoclo-
nal or polyclonal antibodies. Anti-mouse IgG agarose (Sigma) or protein
A-Sepharose beads (Pharmacia, Dorval, Quebec, Canada) were then
added for 90 min, precipitated, washed three times in lysis buffer, and
resuspended in reducing Laemmli sample buffer. Samples were boiled 5
min, subjected to SDS-PAGE, and transferred to nitrocellulose under
standard Towbin conditions. Membranes were rinsed once in TBS with
Tween (TBST; 10 mm Tris, 150 mm NaCl, and 0.2% Tween-20) and
blocked in Blotto (10 mM Tris, 150 mm NaCl, and 5% nonfat dry skim
milk) for 1 hr. Membranes were incubated with primary antibodies
diluted in Blotto for 2 hr at room temperature or overnight at 4°C. After
washing four times in TBST, blots were incubated 90 min in a solution of
Blotto containing HRP-conjugated secondary antibodies diluted 1:10000.
Blots were washed four times with TBST and then visualized using ECL
(Amersham, Arlington Heights, IL).

Neurite extension assays. PC12 cells that do not extend neurites in
response to BDNF or NT-3 were transiently transfected with pBA133
(vector control), pBA317 (encoding epitope-tagged full-length TrkB), or
pBA292 (encoding epitope-tagged full-length TrkC) using Lipo-
fectamine. Twenty-four hours after transfection, cells were washed twice
with DMEM containing 0.1% bovine serum albumin (DMEB) and then
incubated in DMEB containing no addition, containing BDNF (100
ng/ml), or containing NT-3 (100 ng/ml) for a period of 48 hr. Cells were



Kryl et al. « Subcellular Localization of TrkB and TrkC

MYC-TAG
L aa [

—{——1——— TRKB
MYC-TAG

,!L\/V\_(-)_(L

EQKLISEEDL

———+——1— TRKC

B HveTa ==
L aa llr

—

HVG-TAG
M !

—{

l L

RGKYALADASLKMADPNRFRGKDLPYLDQLLE

TRKB.T1

TRKB.T2

FLAG-TAG

TRKB.T1

!

DYKDDDDK

c trkB kG

c wit myc wit I myc
200 =—
— e i w8
92 =—
kB rkC
[ wt | mye | wt | mye
200 =—
=) .
92—
D C T T2
107 —
76 —

Figure 1. Epitope-tagged TrkB and TrkC receptors are fully processed
and recognized by epitope tag—specific antibodies. 4, B, Schematic rep-
resentations of the placement of c-myc, HVG, and FLAG epitope tag
insertion into full-length TrkB and TrkC (A4) and truncated TrkB iso
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then fixed for immunocytochemistry as described below. Neurites ex-
tending greater than two cell body diameters were scored as positive.

Immunocytochemistry. PC12, HEK293, and MDCK cells were pre-
pared for immunocytochemistry 72 hr after transfection. PC12 and
MG8T7 cells were fixed in PBS containing 4% formaldehyde and 0.12 M
sucrose for 20 min at room temperature. Hippocampal neurons were
fixed in PBS containing 4% formaldehyde, 0.12 M sucrose, and 0.3%
Triton X-100 or in 50% methanol and 50% acetone. For MDCK cells
grown on filter supports, a 5 min fixation in 50% methanol and 50%
acetone at room temperature best preserved the Z axis for confocal
microscopy and was used for all MDCK immunocytochemistry. Subse-
quent immunocytochemical steps were the same for all cells. Control
experiments (data not shown) confirmed that intracellular epitopes are
not detected immunocytochemically after fixation with 4% paraformal-
dehyde if cells were not permeabilized with 0.3% Triton X-100. After
fixation, cells were washed once in PBS and then blocked with PBS
containing 2% goat serum for 1 hr at 37°C. Primary antibodies diluted in
PBS containing 2% goat serum were applied for 1 hr at room tempera-
ture, and then cells were washed twice in PBS. 5B6 and 9E10 were used
at 1 pg/ml, and M2 was used at 2.5 ug/ml. ZO-1 was used at a dilution
of 1:250. Fluorochrome-conjugated secondary antibodies were applied
for 1 hr at room temperature at a dilution of 1:800. Cells were washed
twice in PBS, coverslipped, and photographed either on an inverted
Zeiss ICM405 fluorescence microscope or on a Zeiss LSM410 confocal
microscope.

For immunohistochemistry of transfected neurons in brain slices,
transfected slices were fixed in 2.5% paraformaldehyde and 4% sucrose
in PBS, saturated in 30% sucrose, and freeze-thawed to enable penetra-
tion of antibodies. After a 3 hr incubation in blocking solution (10% goat
serum, 2% bovine serum albumin, and 0.25% Triton X-100 in 0.1 M
phosphate buffer), slices were incubated overnight with primary antibody
at 4°C. M2 monoclonal antibody was used at 1:1000 dilution for TrkB-T1-
and -T2-transfected cells. 9E10 was used at 1:250-1:500 dilution for
myc-TrkB- and myc-TrkC-transfected cells. Anti-GFP antibody was used
at 1:2000 dilution for GFP-transfected cells. After several washes in
blocking solution, slices transfected with truncated or full-length Trk
receptors were incubated for 4 hr at room temperature with Cy3-, FITC-,
or Oregon green 488—conjugated secondary antibodies. A Zeiss Axio-
phot microscope was used for epifluorescence microscopy using standard
filters for rhodamine and fluorescein.

Subcellular fractionation. The postsynaptic density (PSD) fractions
were prepared as described by Carlin et al. (1980) with slight modifica-
tions. All steps were done at 4°C. Adult Wistar rat brains were homog-
enized in 0.32 M sucrose supplemented with 1 mM NaHCO;, 10 mMm
benzamidine, 10 mM leupeptin, and 50 mm PMSF to produce crude
homogenate. This was centrifuged for 10 min at 1400 X g, and the
resulting supernatant was then centrifuged at 710 X g for 10 min. The
supernatant was centrifuged at 13800 X g for 10 min to give pellet P2.
Pellet P2 was resuspended in 7.5 ml/brain of 0.32 M sucrose with 1 mm
NaHCO;, and 4 ml of this solution was layered onto a sucrose density
gradient consisting of 3 ml each of 0.85, 1.0, and 1.2 M sucrose in 1 mMm
NaHCOs;. The gradient was centrifuged at 82500 X g for 2 hr, and a glass
pipet was used to remove the postsucrose membrane fraction between 1.0
and 1.2 M sucrose. This fraction was diluted with Triton X-100 to a final
concentration of 0.5% and spun 20 min at 32800 X g to produce the PSD
fraction. One-half of the pellets were resuspended in 1.8 ml of 0.5%
Triton X-100 and spun at 50000 X g for 1 hr to give the double-extracted
PSD fraction. Final fractions were resuspended in Laemmli buffer.

«—

forms (B) are shown. Arrowheads show the point of sequence divergence
between full-length and truncated TrkB isoforms. C, HEK293 cells were
transiently transfected with myc-TrkB and myc-TrkC, and the receptors
were immunoprecipitated with pan-Trk antibody 203 and immunoblotted
with antibody 203 (fop) or with 9E10 (bottom). D, HEK293 cells tran-
siently transfected with tagged TrkB-T1 or -T2 were immunoprecipi-
tated with 5B6 and immunoblotted with 5B6. Lane C (lane ¢ in C)
represents immunoprecipitate from control, nontransfected HEK293
cells. wt, Wild type.
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Figure 2. Epitope-tagged receptors are expressed at the cell surface.
Nonpermeabilized HEK293 cells were fixed in 4% paraformaldehyde and
immunostained with 9E10 (4, B), 5B6 (C, D), or M2 (E) to detect
transiently transfected epitope-tagged TrkB (A), epitope-tagged TrkC
(B), epitope-tagged TrkB-T1 ( C), and epitope-tagged TrkB-T2 (D). NIH
3T3 fibroblasts expressing FLAG-TrkB-T1 (E) are shown. Bright-field
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RESULTS

Epitope-tagged receptors are processed, appropriately
expressed at the cell surface, and responsive

to neurotrophin

Epitope-tagged forms of rat TrkB and TrkC receptors were pro-
duced for several reasons: (1) to allow reliable detection of Trk
receptors using well characterized epitope tag antibodies, (2) to
identify transfected receptors in neurons expressing high levels of
endogenous Trk receptors, and (3) to determine unambiguously
the subcellular destinations of the various alternatively spliced
TrkB receptor isoforms. For both TrkB and TrkC, a c-myc
epitope was inserted near the N terminal of the fully processed
receptor (Fig. 14). The epitope at this site should be accessible to
antibody but unlikely to interfere with ligand binding, which has
been associated with the extracellular leucine-rich motifs (Win-
disch et al., 1995) and the immunoglobulin-like domains (Haniu
et al., 1995; Perez et al., 1995; Urfer et al., 1995). To confirm that
the epitope-tagged forms of TrkB and TrkC were expressed
appropriately, wild-type and myc-tagged receptors were ex-
pressed in HEK293 cells, immunoprecipitated with the pan-Trk
antibody 203, and then immunoblotted either with anti-Trk 203 or
with 9E10, a monoclonal antibody directed against the myc
epitope tag. Figure 1, B and C, shows that wild-type and myc-
tagged TrkB and TrkC were readily immunoprecipitated from
transfected cells with the 203 antibody and were detected on
immunoblots using either 203 or 9E10, confirming that the myc
epitope-tagged receptors were appropriately expressed. Tran-
siently transfected cells typically produced a fully processed 140—
155 kDa isoform and an immature 120 kDa form. With the
epitope-tagged forms of the receptors, there was a marked in-
crease in the ratio of the immature to mature isoforms, indicating
that the myc-tagged receptors may be less efficiently processed
than their wild-type counterparts in HEK293 cells.

To confirm that the epitope-tagged receptors were present at
the cell surface, HEK293 or N2A neuroblastoma cells were
transiently transfected with expression constructs, fixed without
permeabilization, and then immunostained with either 9E10
(full-length TrkB and TrkC), 5B6 (TrkB-T1 and -T2), or M2
antibody (TrkB-T1). Figure 2 shows that transiently transfected
cells demonstrated typical cell surface immunoreactivity when
stained with the appropriate epitope-directed antibody and that
nontransfected cells within the same field showed very low levels
of background staining. Immunostaining revealed that each of the
tagged receptor isoforms was distributed over the entire cell
surface, extending to the ends of filopodia, with no evidence of
sequestration in any plasmalemmal subdomain.

The epitope tag was located far from the putative ligand-
binding sites of the Trk receptors, but perturbation of receptor
structure could potentially disrupt ligand-induced signaling and,
as a result, disrupt appropriate vectorial sorting. To confirm that
the tagged isoforms of full-length TrkB and TrkC bound and
responded to neurotrophin, we used PC12 cells to determine
whether epitope-tagged TrkB and TrkC mediate neurotrophin
responses. PC12 cells normally survive and extend neurites only
in response to NGF, but PC12 cells transfected with wild-type

<«

images of the fields are shown on the right in A-D. Arrows indicate the
same transfected cell in adjacent panels. Control experiments (data not
shown) confirmed that 4% paraformaldehyde alone does not permeabil-
ize HEK293 cells; intracellular epitopes are detected after fixation with
4% paraformaldehyde only if cells were treated with 0.3% Triton X-100.



Kryl et al. « Subcellular Localization of TrkB and TrkC

Figure 3. Epitope-tagged TrkB and TrkC are functional and distributed
throughout cell bodies and neurites of differentiated PC12 cells. 4, B,
PC12 cells were transiently transfected with either tagged TrkB (A4) or
TrkC (B), treated with 100 ng/ml BDNF (A4; right) or NT-3 (B; right) for
3 d, and then examined for neurite outgrowth. Left, Cells without neu
rotrophin are shown. C, D, PCI2 cells were transfected with either
myc-TrkB ( C) or myc-TrkC (D), treated with BDNF (C) or NT-3 (D) for
3 d, and then fixed and immunostained using 9E10. Scale bars, 20 wm.
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TrkB or TrkC show robust responses to BDNF and NT-3, respec-
tively (Ip et al.,, 1993). Figure 3, A and B, shows that PC12 cells
transiently transfected with myc-TrkB show BDNF-mediated
neurite extension and that PC12 cells transiently transfected with
myc-TrkC showed similar robust responses to NT-3. Cell surface
immunostaining of the transfected PC12 cells showed that both
myc-TrkB and myc-TrkC were distributed uniformly throughout
the cells (Fig. 3C,D), with no apparent concentration in any
cellular plasmalemmal domain. Some of the cells transfected with
myc-TrkB and myc-TrkC showed BDNF- or NT-3-mediated neu-
rite outgrowth in the absence of detectable Trk receptor surface
staining. Nontransfected PC12 cells never showed BDNF- or
NT-3-dependent neurite outgrowth, indicating that low levels of
myc-Trk receptors that are expressed below our immunocyto-
chemical detection limit are capable of mediating biological re-
sponses to neurotrophins. Together, these results indicate that the
myc-tagged full-length Trk receptors are efficiently activated by
their cognate neurotrophins.

Full-length TrkB and TrkC and truncated TrkB isoforms
are not strongly sorted in MDCK cells

In epithelial cell lines, cell surface proteins can be selectively
directed to basolateral or apical domains. Sorting of several
non-neuronal receptor tyrosine kinases, including the hepatocyte
growth factor receptor, the epidermal growth factor receptor, and
the insulin-like growth factor-I receptor, has been examined in
epithelial cells, and all of these are selectively retained in the
basolateral domain (Maratos-Flier et al., 1987; Crepaldi et al.,
1994; Remacle-Bonnet et al., 1995). Studies comparing targeting
in MDCK cells and neurons have revealed that membrane pro-
teins sorted to the basolateral domain of MDCK cells are re-
tained in the somatodendritic domain of neurons and that pro-
teins retained within the apical domain of MDCK cells tend to
traffic to the axonal compartment of neurons (Dotti and Simons,
1990; Jareb and Banker, 1998). Examples include the GABA ,
receptor, which is dendritic in neurons and targeted basolaterally
in MDCK cells (Killisch et al., 1991; Perez-Velazquez and An-
gelides, 1993), and GABA transporter proteins GAT-1 and
GAT-3, which are limited to the axons in neurons and to the
apical membranes of MDCK cells (Pietrini et al., 1994; Ahn et al.,
1996).

Using the MDCK model system, we asked whether TrkB and
TrkC are preferentially sorted to apical or basolateral domains.
MDCK cells grown to confluence on porous filter culture sup-
ports were transiently transfected with myc-TrkB or myc-TrkC
and then immunostained for the epitope-tagged Trk receptor and
for ZO-1, a zonula adherens junctional protein that defines the
boundary between apical and basolateral domains (Stevenson et
al., 1986). Optical sectioning by confocal microscopy revealed that
myc-TrkB was not present in the apical domain of transfected
MDCK cells but that cell surface staining was readily detected in
the basolateral membrane, below the level of ZO-1 (Fig. 4A4).
Transfected cells showed considerable intracellular staining, pre-
sumably reflecting myc-TrkB within the endoplasmic reticulum
and/or Golgi apparatus. MDCK cells transfected with myc-TrkC
showed a similar distribution, but low levels of apical immuno-
staining were detected (Fig. 4B). We attempted to produce stable
Trk-transfected MDCK cell sublines to study this distribution
biochemically, but this cell type did not tolerate TrkB or TrkC
expression; cell surface expression of myc-TrkB or myc-TrkC was
not detected in any of ~200 G418-resistant clones examined.

Immunocytochemical localization of the HVG-tagged trun-
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Figure 4. Myc-TrkC, HVG-TrkB-T1, and HVG-TrkB-T2 are not pref-
erentially distributed in MDCK cells, but full-length myc-TrkB is ex-
cluded from the apical domain. MDCK cells transiently transfected with
full-length TrkB (A), TrkC (B), TrkB-T1 (C), or TrkB-T2 (D) were
immunostained with 9E10 (A4, B; top panels) or with 5B6 (C, D; top panels)
and with anti-ZO-1 (4-D; bottom panels) to define tight junctions. Each
set of panels shows confocal optical sections that progress from apical (Ap;
right) to basolateral (BI; left). Scale bars, 20 pm.

cated TrkB isoforms within MDCK cells did not reveal any
preferential distribution. Figure 4, C and D, shows that expression
of the TrkB-T1 and -T2 isoforms was readily detected above, at,
and below the level of ZO-1 staining in MDCK cells, indicating
little or no preferential sorting to or retention within basolateral
or apical domains. As with the full-length forms of TrkB and
TrkC, considerable amounts of the truncated TrkB receptors were
detected intracellularly, presumably reflecting relatively slow
transit of these receptor isoforms through the endoplasmic retic-
ulum and Golgi.

Distribution of Trk receptor isoforms in cultured
hippocampal neurons

To study trafficking of Trk receptor in neurons, we transiently
transfected epitope-tagged Trk receptor isoforms into pyramidal
neurons cultured from E18 rat hippocampi. Dissociated neurons
were allowed to polarize and express distinct axonal and soma-
todendritic domains for 5 d, transfected, and then fixed for im-
munocytochemical analysis 1-4 d later. Figure 54 shows a typical
pyramidal hippocampal neuron immunostained with an antibody
directed against MAP2, which is located within dendritic pro-

Figure 5. Neither full-length nor truncated receptors are preferentially
sorted in dissociated hippocampal neurons. 4, MAP2 immunostaining of
a typical pyramidal cell demonstrates polarization in our culture system.
The arrow (right) indicates the axonal process in the phase panel. B-D,
Hippocampal neurons transiently transfected with myc-TrkB (B), myc-
TrkC (C), or FLAG-TrkB-T1 (D) were fixed in paraformaldehyde and
immunostained with 9E10 or M2. Scale bars, 20 um.

cesses of polarized neurons (Caceres et al., 1984). The prominent
M AP?2 staining within the dendritic processes and the absence of
immunoreactivity from the axonal domain indicate that these
cells are indeed well polarized. The retention of full-length TrkB
in the basolateral domain of MDCK cells suggested that TrkB
may be selectively enriched in the somatodendritic domain. How-
ever, pyramidal neurons transfected with full-length TrkB or
TrkC showed no evidence of receptor sorting to either axonal or
somatodendritic domains. Instead, full-length TrkB and TrkC
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Figure 6. Left, top. Full-length TrkB and TrkC and truncated TrkB-T1 show no preferential sorting in pyramidal neurons in visual cortical brain slices.
Ferret cortical slices were transfected with myc-TrkB (A4), myc-TrkC (B), or FLAG-tagged TrkB-T1 (C) and immunostained with either 9E10 (4, B)

or M2 (C). Arrows indicate axonal processes. Scale bar, 20 pm.

Figure 7. Left, bottom. Truncated TrkB is not excluded from any cell surface neuronal compartment. To determine whether truncated TrkB isoforms
can be detected throughout transfected neurons, we cotransfected cortical slices with FLAG-TrkB-T1 and BFP. Double immunofluorescent staining was
performed using M2 (A) or anti-BFP (B). Arrows indicate axons. Scale bar, 20 um.

Figure 8. Right. Full-length and truncated receptors are present in postsynaptic densities. Brain homogenate, the presucrose gradient fraction, and
postsynaptic density fractions were prepared as described in Materials and Methods, and equal amounts of each fraction were separated by SDS-PAGE
and immunoblotted with antibodies directed against the CaM kinase-1I (CaMK II'), synaptotagmin, GIluRI, or GluRII/RIII or with TrkB.out, which

recognizes both full-length and truncated forms of TrkB.

appeared evenly distributed in all areas of these polarized cells
(Fig. 5B,C).

For neuronal transfections of truncated TrkB isoforms, we
focused on TrkB-T1 rather than TrkB-T2 because TrkB-T1 is the
predominant truncated isoform expressed in the CNS (Allen-
doerfer et al., 1994; Escandon et al., 1994; Kniisel et al., 1994;
Valenzuela et al., 1993; Fryer et al., 1996). Hippocampal neurons
transfected with a FLAG-tagged form of TrkB-T1 showed uni-
formly strong expression in all parts of neurons, and as with
full-length TrkB or TrkC, it did not show any preferential local-
ization in axons or dendrites (Fig. 5D).

Distribution of Trk receptor isoforms in cortical

brain slices

Although dissociated hippocampal neurons are partially polar-
ized in culture, neurons maintained in vitro do not contain the full
complement of sorting signals that are present in vivo. For exam-

ple, the microtubule-associated protein Tau has a strictly axonal
distribution in vivo but is distributed throughout polarized pri-
mary pyramidal neurons maintained in vitro (Dotti et al., 1987).
To examine the Trk receptor in situ, we investigated the distri-
bution of Trk receptors in short-term cortical slice cultures. Neu-
rons within slice preparations maintain their organotypic organi-
zation and more closely approximate the in vivo situation than do
primary dissociated cultures yet still allow ready access for trans-
fection and microscopy (Stoppini et al., 1991). To assess Trk
receptor distribution, we used particle-mediated gene transfer to
transfect epitope-tagged Trk receptors into pyramidal neurons in
brain slices prepared from 2-week-old ferret visual cortex. In
agreement with the results obtained from dissociated hippocam-
pal neurons, myc-TrkB and myc-TrkC were distributed evenly
throughout pyramidal neurons, with no selective sorting to axonal
or dendritic processes (Fig. 64,B). FLAG-TrkB-T1 showed a
distribution similar to that of its full-length counterpart, with no
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overt enrichment in axonal or dendritic compartments (Fig. 6C).
To verify that tagged receptors were expressed throughout trans-
fected neurons, we transfected Trk receptor expression plasmids
with BFP, a variant of GFP that fills dendrites and axons of
transfected neurons (see Lo et al., 1994). Cotransfected neurons
immunostained for BFP and for FLAG-TrkB-T1 revealed com-
plete overlap between BFP and the T1 isoform (Fig. 7). Similar
results were obtained for full-length TrkB and TrkC (data not
shown), indicating that both TrkB and TrkC are trafficked to all
regions of transfected neurons.

TrkB receptor isoforms in postsynaptic densities

The results described above indicate little preferential sorting of
Trk receptors into the major cellular compartments of polarized
epithelial cells and postmitotic neurons. To confirm this biochem-
ically, we used subcellular fractionation to determine whether
TrkB receptors might be differentially sorted to, or excluded from,
synapses of central neurons in vivo. PSDs were isolated from adult
rat brain and were examined by immunoblotting to determine
whether full-length or truncated TrkB isoforms are selectively
enriched or depleted. Fractions were assayed by immunoblot
using an antibody directed against synaptotagmin, which is nor-
mally excluded from PSDs, or with antibodies directed against
CaM kinase-1I1, GluRI, or GluRII/III, all of which are selectively
enriched in PSDs (Matthew et al., 1981; Kelly et al., 1984; Rubio
and Wenthold, 1997). Figure 8 shows that each of these marker
proteins shows the expected distribution, with CaM kinase-II,
GluRI, or GluRII/III strongly enriched in PSDs and synaptotag-
min depleted from the PSD fraction. Immunoblots for full-length
TrkB revealed that the receptor was clearly present in the PSD
fraction but only moderately enriched compared with CaM
kinase-II, GluRI, or GIuRII/III. Truncated TrkB is present
within the PSD fractions at detectable levels, yet its level is
depleted in the PSD compared with the total brain homogenate.
This latter finding is consistent with the known cellular distribu-
tion of truncated TrkB; much of the truncated TrkB expression
within the adult CNS is within glial cells (Frisén et al., 1993;
Rudge et al., 1994; Armanini et al., 1995; Wetmore and Olson,
1995) and does not have access to the PSD compartment. These
results suggest that truncated TrkB expressed in neurons is nei-
ther selectively retained nor excluded from biochemically isolated
PSDs but that the full-length receptor may be moderately en-
riched in this compartment.

DISCUSSION

The critical role of neurotrophins and Trk receptors in promoting
the survival and development of the peripheral nervous system is
well established, but the function of neurotrophins in the CNS
has been more difficult to ascertain. Considerable evidence now
indicates that neurotrophins in the CNS regulate neuronal form
and function both during development and into adulthood (for
review, see Thoenen, 1995; Lewin and Barde, 1996; McAllister et
al., 1999). The mechanisms underlying neurotrophin regulation
of plasticity remain poorly understood but likely include both
long-range and localized effects on neuronal function and struc-
ture. Local interactions between ligand and receptor may be
regulated by mechanisms including activity-dependent neurotro-
phin targeting or release (Blochl and Thoenen, 1995, 1996; Keith
et al., 1996; Thoenen, 1995; Canossa et al., 1997; Rutherford et
al., 1997; Tongiorgi et al., 1997), dependence on concurrent
electrical activity (McAllister et al., 1996), and specific spatial
organization of Trk receptor expression and function. For this
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latter possibility, we hypothesized that the existence of multiple
alternatively spliced variants of each Trk receptor might provide
a powerful mechanism for local modulation of neurotrophin
responsiveness via differential targeting of specific catalytic and
kinase-deficient Trk isoforms and have asked whether neurons
sort distinct TrkB receptor isoforms to particular subcellular
domains. We found that the full-length TrkB receptor is not
vectorially sorted in neurons. TrkB was excluded from the apical
domain of MDCK cells yet was present in axonal and somato-
dendritic compartments in dissociated hippocampal neurons and
in pyramidal neurons in cortical brain slices, with no apparent
enrichment in either compartment. Similarly, the truncated iso-
forms of TrkB were not preferentially sorted in MDCK cells, in
cultured hippocampal neurons, or in neurons within cortical
slices. Finally, we found that full-length and truncated TrkB
receptors are present but not strongly enriched in postsynaptic
densities isolated from intact adult rat brain.

Our studies provide the first direct analysis of the distribution
of TrkB receptor isoforms in polarized cells. Recent immuno-
staining studies have demonstrated that TrkB receptors are de-
tectable in the cell soma, axons, and dendrites of several different
classes of CNS neurons, but these experiments could not resolve
whether different TrkB isoforms were differentially distributed
within neurons because the antibodies used either did not distin-
guish between TrkB isoforms or recognized only the full-length
receptor (Cabelli et al., 1996; Fryer et al., 1996; Yan et al., 1997).
In this study, we created epitope-tagged receptors to determine
unambiguously the subcellular localization of each of the Trk
isoforms studied. Moreover, using particle-mediated gene trans-
fer, we were able to visualize the location of Trk receptor iso-
forms in individual dendrites and axons in neurons within slice
preparations. Such precise localization has not been possible
using conventional immunostaining studies because of the high
density of neuronal processes in most regions of the CNS.

Our findings are important for two main reasons. First, we
found that Trk receptors are distributed throughout axons and
dendrites. According to traditional views of neurotrophic inter-
actions, receptors for target-derived factors should be present
within axonal domains so that a neuron can respond to a trophic
agent released by its target (Purves et al., 1988). Our studies
demonstrate that Trk receptors are indeed expressed in axons but
that they are also expressed in somatodendritic compartments,
suggesting that neurotrophins may function as autocrine, para-
crine, or anterograde factors within the CNS (Acheson et al.,
1995; Levine et al., 1995; von Bartheld et al., 1995; Acheson and
Lindsay, 1996; Patterson et al., 1996; Canossa et al., 1997; Ruth-
erford et al., 1997).

Second, our localization studies suggest that localized neuro-
trophin effects do not result from differential sorting of full-length
and truncated receptors to subdomains of the neuronal plasma
membrane. We were particularly interested in the subcellular
targeting of the truncated TrkB receptors because they have been
shown to have dominant-inhibitory and autonomous signaling
properties (Eide et al., 1996; Ninkina et al., 1996; Baxter et al.,
1997). However, truncated TrkB isoforms did not show restricted
localization in MDCK cells, dissociated hippocampal neurons, or
cortical neurons in intact brain slices, suggesting that differential
sorting of these isoforms is not a mechanism that restricts neu-
rotrophin effects to particular neuronal subdomains. In fact, the
correlated expression patterns of the truncated receptors with
their full-length isoform support models in which truncated re-
ceptors regulate full-length TrkB activity generally by ligand
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sequestration or dominant-negative repression. These studies do
not address whether the truncated TrkB receptors have an auton-
omous signaling role but indicate that any such function is un-
likely to be compartmentalized by receptor localization.

In our final series of experiments, we used a biochemical
approach to determine whether the TrkB receptor is enriched in
synapses, because recent studies on the effects of BDNF and
NT-3 have suggested that neurotrophin signaling may be targeted
to synaptic sites (Kang and Schuman, 1995; Thoenen, 1995;
Akaneya et al., 1996; Levine et al., 1996; Stoop and Poo, 1996;
Carmignoto et al., 1997; Vicario-Abejon et al., 1998). Postsynap-
tic densities isolated from adult rat brain were examined for
enrichment or depletion of TrkB receptor isoforms, and TrkB was
found to be moderately enriched in PSD fractions when com-
pared with proteins such as glutamate receptors and CaM kinase-
II, which are known to be concentrated within these structures
(Kelly et al., 1984; Rubio and Wenthold, 1997). Low levels of
truncated TrkB were present within PSDs but at levels consider-
ably lower than that in total brain homogenate, suggesting that
PSDs have a relatively high ratio of full-length to truncated TrkB.
Because of our immunocytochemical results, this distribution is
unlikely to reflect differential sorting or retention of these iso-
forms but rather that glia are the major source of truncated TrkB
expression in the adult CNS (Frisén et al., 1993). Wu et al. (1996)
recently showed that full-length TrkB is present within PSDs and
suggested that the receptor may be concentrated at this location.
Although our analysis clearly shows that full-length TrkB is
present within PSDs, our comparison of the relative enrichment
of the full-length TrkB receptor in PSDs to other marker proteins
indicates that the full-length TrkB enrichment in this location is
moderate and supports our immunocytochemical data that show
that TrkB is present throughout the neuron.

One surprising finding in our studies was the lack of correlation
between full-length TrkB targeting in MDCK cells and neurons.
It has generally been assumed, on the basis of studies by Dotti and
Simons (1990) that compared the targeting of viral proteins in
MDCK cells and neurons, that neurons and epithelial cells use
common targeting mechanisms. Many subsequent studies with
several mammalian proteins, such as the GABA, receptor and
GABA transporter proteins, have shown a strong correspondence
between sorting to the basolateral domain of MDCK cells and to
the somatodendritic domain of neurons and between the apical
domain of MDCK cells and the axonal compartment (Dotti and
Simons, 1990; Dotti et al., 1991; Killisch et al., 1991; Perez-
Velazquez and Angelides, 1993; Pietrini et al., 1994; de Hoop et
al.,, 1995; Ahn et al., 1996). However, we found that full-length
TrkB was limited to the basolateral region of MDCK cells but was
expressed in both axons and dendrites of neurons. We are not the
first to discover the lack of correlation in the targeting of mem-
brane proteins between polarized epithelial cells and neurons.
For example, B-amyloid precursor protein and Na "-=K* ATPase,
both basolaterally targeted in MDCK cells, are not directed to
dendrites in neurons (Hammerton et al., 1991; Pietrini et al.,
1992; Haass et al., 1995; Yamazaki et al., 1995). Certain apically
targeted proteins in MDCK cells, including the p75 neurotrophin
receptor, are also not spatially restricted in neurons but are
expressed in both axons and dendrites (Jareb and Banker, 1998).

Our studies do not fully exclude the possibility that overexpres-
sion of the Trk receptor isoforms or the addition of the epitope
tags to these receptors may disrupt targeting of these proteins.
However, we believe that this is unlikely for several reasons. First,
previous immunocytological studies using antibodies against the
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extracellular domain of the TrkB receptor isoforms to examine
endogenous TrkB receptor localization revealed staining
throughout neurons and in cell bodies, axons, and dendrites
(Cabelli et al., 1995; Fryer et al., 1996; Yan et al., 1997). These
studies, however, could not determine whether individual iso-
forms exhibited restriction to specific subcellular areas. Second,
many studies have shown that overexpression of polarized pro-
teins does not alter their polarized expression either in MDCK
cells or in neurons (Dotti and Simons, 1990; Ahn et al., 1996;
Jareb and Banker, 1998). Third, the presence of epitope tags does
not alter the targeting of neuronal proteins, such as opioid recep-
tors, glutamate receptors, and various actin isotypes (Keith et al.,
1996; Petersen et al., 1997; Bassel et al., 1998; Lissin et al., 1998).
Fourth, Trk receptor constructs with three different epitope tags
with distinct amino acid sequences produced comparable results.
Finally, epitope tags did not alter neurotrophin-dependent signal-
ing of TrkB and TrkC, measured by their ability to support
survival and neurite outgrowth in PC12 cells, increasing the
likelihood that these tags did not alter trafficking of the Trk
receptors in our experiments.

In conclusion, our results show that Trk receptors are not
strongly sorted to particular neuronal subdomains and suggest
that local effects of the neurotrophins on central neurons are not
regulated by spatially restricted receptor distributions. Each of
the receptor isoforms examined showed a relatively homoge-
neous distribution in both axonal and dendritic compartments
with good agreement between dissociated neuronal cultures and
neurons in intact brain slices. The TrkB distribution within bio-
chemically defined PSDs agrees with our immunocytochemical
analysis, showing only moderate enrichment of full-length TrkB
isoforms in these structures. Thus, if local interactions between
neurotrophins and their receptors do occur, they must do so via
other mechanisms such as activity-dependent neurotrophin re-
lease and dependence on concurrent electrical activity.
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