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The neurotrophin, brain derived neurotrophic factor (BDNF), exerts
multiple effects on the development and maintenance of the ner-
vous system, including regulating synaptic plasticity and promot-
ing neuron survival. Here we report the selective failure of BDNF-
dependent survival in cultured hippocampal neurons from the
trisomy 16 (Ts16) mouse, an animal model of Down syndrome.
This failure is accompanied by overexpression of a truncated,
kinase-deficient isoform (T1) of the BDNF receptor tyrosine recep-
tor kinase B (trkB). Adenovirus-mediated introduction of exoge-

nous full-length trkB into Ts16 neurons fully restored BDNF-
dependent survival, whereas exogenous truncated trkB
expression in normal, euploid neurons reproduced the Ts16 BDNF
signaling failure. Thus, the failure of Ts16 neurons to respond to
BDNF is caused by dysregulation of trkB isoform expression.
Such a neurotrophin signaling defect could contribute to develop-
mental and degenerative disorders of the nervous system.
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The neurotrophins comprise a class of polypeptide neuron sur-
vival factors that not only support the survival of postmitotic
neurons (Lewin and Barde, 1996), but also regulate other neuro-
nal functions, including axon growth and synaptic plasticity
(Black, 1999; Lentz et al., 1999; Lu and Chow, 1999; McAllister
et al., 1999; Schinder and Poo, 2000; Thoenen, 2000). The neu-
rotrophins, which include nerve growth factor (NGF), brain-
derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3),
and NT-4/5, act by activating tyrosine receptor kinases (trks)
(Barbacid, 1994; Bothwell, 1995). NGF acts via trkA, BDNF and
NT-4/5 via trkB, and NT-3 via trkC, although the specificity of
these interactions is not absolute. Binding of neurotrophins to trk
dimers initiates trans-autophosphorylation of specific tyrosine
residues on the intracellular domain of the receptor (Segal and
Greenberg, 1996; Kaplan and Miller, 2000). These phospho-
tyrosine residues serve as docking sites for elements of intracel-
lular signaling cascades that lead to the suppression of neuron
death and other effects of the neurotrophins. TrkB and trkC are
also present as truncated forms, which lack the intracellular
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kinase domain and are, therefore, incapable of normal tyrosine
phosphorylation (Klein et al., 1990; Middlemas et al., 1991;
Tsoulfas et al., 1993). The full-length and truncated trk isoforms
are generated by alternative splicing of the primary trk message.
Although there is some evidence that activation of truncated trk
receptors can elicit cellular responses independently of normal
tyrosine phosphorylation (Baxter et al., 1997; Hapner et al., 1998;
Haapasalo et al.,, 1999), truncated trk receptors are generally
thought to inhibit trk-mediated neurotrophin signaling by inter-
acting with full-length receptors to form inactive heterodimers
(Eide et al.,, 1996). The expression of truncated trk receptors is
developmentally regulated (Fryer et al., 1996) and may represent
a normal mechanism for modulating the cellular response to
specific neurotrophins (Ninkina et al., 1996).

We have been studying the functional characteristics of hip-
pocampal neurons from the trisomy 16 (Ts16) mouse (Coyle et
al., 1988), which has a triplication of chromosome 16. Because a
cassette of ~185 genes on human chromosome 21 is located on
mouse chromosome 16 (Hattori et al., 2000), Tsl6 shares a
common genetic defect with the human disorder, Down syn-
drome (trisomy 21; DS), although some mouse chromosome 16
genes that are not on human chromosome 21 are overexpressed in
Ts16. DS is characterized by mental retardation and, in patients
over 40 years of age, Alzheimer’s disease (AD) (Mann et al,,
1984). Neurons from embryonic Ts16 mice undergo accelerated
death by apoptosis (Bambrick et al., 1995; Stabel-Burow et al.,
1997; Hallam and Maroun, 1998; Bambrick and Krueger, 1999),
as do cultured cortical neurons from DS fetuses (Busciglio and
Yankner, 1995). CNS neurons produce BDNF in response to
excitatory stimuli, and this endogenously produced BDNF medi-
ates activity-dependent neuron survival (Ghosh et al., 1994).
However, we have shown that Ts16 hippocampal neurons do not
exhibit activity-dependent survival (Bambrick et al., 1995).
Therefore, we investigated the possibility that the accelerated
death of Ts16 neurons may be attributable to a failure of BDNF
signaling.
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MATERIALS AND METHODS

Reagents. Mouse monoclonal antibody to an extracellular epitope on trkB
[anti-trkB(out)], which recognizes both full-length (trkB.FL) and trun-
cated (trkB.T1) trkB, was obtained from BD Transduction Laboratories
(Lexington, KY). Antibodies to the neuron-specific microtubule-
associated protein M AP2ab and hemagluttin (HA) were obtained from
Sigma (St. Louis, MO), and anti-p75 was from Chemicon (Temecula,
CA). Rabbit polyclonal antibodies to an intracellular epitope on trkB.FL.
[trkB(in)] and to an extracellular epitope on trkC were provided by Dr.
L. Reichardt (University of California San Francisco). Rabbit polyclonal
antibody to an intracellular epitope on the T1 isoform of truncated trkB
[trkB(T1)] (Yan et al., 1997) was a gift of Dr. S. C. Feinstein (University
of California Santa Barbara). Polyclonal antibody specific for phospho-
trk was obtained from New England BioLabs (Beverly, MA). Appropri-
ate rhodamine-, fluorescein-, or peroxidase-conjugated secondary anti-
bodies were obtained from Jackson ImmunoResearch (West Grove, PA).
BDNF and NT-3 were gifts of Regeneron Pharmaceuticals (Tarrytown,
NY); basic fibroblast growth factor (FGF-2) was obtained from Upstate
Biotechnology (Lake Placid, NY). TrkB-IgG (provided by Regeneron) is
a soluble fusion protein consisting of the extracellular, BDNF binding
domain of rat trkB coupled to an Fc fragment of human IgG (Croll et al.,
1998), which decreases the free extracellular BDNF concentration and
inhibits its effects. TrkA-IgG (Regeneron) had no effect on euploid
neuron survival, demonstrating that there were no nonspecific effects of
TrkB-IgG [hippocampal neurons do not respond to NGF (Ip et al.,
1993)].

Preparation and characterization of neuron cultures. Hippocampal neu-
rons were cultured from euploid and Ts16 littermate fetuses on embry-
onic day 15.5 in minimal essential medium (M EM) supplemented with
B27 as previously described (Bambrick et al., 1995). Neurons were plated
at 10* cells/cm? on 12 mm glass coverslips etched with a lettered grid
(Eppendorf AG, Hamburg, Germany) for survival experiments and at
5 X 10° cells/35 mm dish for Western blots. In initial experiments (see
Fig. 2) coverslips and dishes were coated with poly-L-lysine (Sigma); in
later experiments (see Figs. 1B, 6C-E), they were coated with poly-L-
lysine and merosin. Neurons died approximately half as fast on merosin—
poly-L-lysine substrate as compared with poly-L-lysine alone, however the
relative differences between euploid and Ts16 neuron survival and the
effects of neurotrophins were identical on the two substrates. Unless
otherwise indicated, cell culture reagents were obtained from Invitrogen
(Carlsbad, CA).

Measurement of neuron survival. At 3 d in vitro (div), all live neurons in
each of five randomly selected, 175 X 175 um fields per coverslip
(identified by the etched grid) and at least two coverslips per condition
were counted using phase-contrast microscopy. Cells that had assumed a
globular, pyknotic appearance were scored as dead (see Fig. 14, top).
Separate studies have confirmed that cells scored as live by phase-
contrast microscopy exclude trypan blue and are not undergoing DNA
fragmentation (terminal deoxynucleotidyl transferase-mediated biotinyl-
ated UTP nick end labeling-negative). In the experiments shown in
Figure 1B, survival is expressed as the percentage of cells present at 3 div
that remained at 5.5 div. In the experiments shown in Figures 1C, 2, and
5C-E, B27 was removed at 3 div, and the cultures were treated with
neurotrophins or FGF-2; survival is expressed as the percentage of
neurons present at the time of B27 withdrawal that remained at the end
of the treatment period. The significance of differences between euploid
and Ts16 cell counts for each condition was determined by Student’s ¢
test.

Western blot analysis. SDS-solubilized cell extracts were incubated at
100°C for 5 min, fractionated on 4-12% NuPAGE bis-tris gels (Invitro-
gen) and transferred to a nitrocellulose membrane. After blocking in
nonfat dried milk, membranes were incubated for 2-16 hr with primary
antibody followed by incubation with appropriate peroxidase-conjugated
secondary antibodies and visualized by chemiluminescence (Amersham
Pharmacia Biotech, Piscataway, NJ). Blots were quantified by scanning
autoradiographs into NIH Image (version 1.62) to determine the optical
density of each band.

Fluorescence immunocytochemistry. Cultures were fixed in 4% parafor-
maldehyde and incubated overnight with primary antibody at 4°C. Incu-
bation with rhodamine- or fluorescein-conjugated secondary antibody
was for 1 hr. Fluorescence images were acquired using a conventional
microscope equipped with epifluorescence optics (Olympus, Melville,
NY) or a confocal microscope (model LSM410; Carl Zeiss, Jena,
Germany).

Replication-deficient recombinant adenoviruses. Adenoviruses were gen-
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erated as described (Gonzalez et al., 1999). Viruses encoded TrkB
isoforms epitope-tagged at the C terminus with HA and the fluorescent
marker protein green fluorescent protein (GFP) under control of the
cytomegalovirus promoter and an internal ribosome entry site sequence
to allow translation of a bicistronic message. The virus designated AdTR
encoded mouse truncated TrkB isoform TrkB.T1 (cDNA gift of Dr. M.
Barbacid, Centro Nacional de Investigaciones Oncologicas, Madrid,
Spain). The virus designated AdFL encoded mouse full-length TrkB.
Virus designated Ad— encoded lacZ and GFP and served as a control for
infection and overexpression of exogenous protein. Anti-HA immuno-
staining was used as an indicator of AdJFL and AdTR infection in this
study; GFP fluorescence was used to confirm infection by Ad— (75% of
neurons were infected). Virally mediated transgene expression and func-
tion were evaluated by Western blot, immunocytochemistry (ICC), and
in a pheochromocytoma (PC12) neurite outgrowth assay as described
(Gonzalez et al., 1999). PC12 cells (which normally express TrkA but not
TrkB) infected with AdFL extended neurites in response to recombinant
BDNF as well as to NGF (M. Scott and R. Balice-Gordon, unpublished
results).

RESULTS

Accelerated death of Ts16 neurons caused by failure
of BDNF signaling

Cultures of normal (euploid) and Ts16 neurons were prepared
from embryonic littermate hippocampi and maintained in serum-
free medium containing the chemically defined supplement B27
(Brewer et al., 1993). The cultures contained almost exclusively
postmitotic neurons. By 3 div, neurons from both genotypes took
on the characteristics of differentiated neurons with extensive
processes. At this time there were no differences in soma size or
in neurite length or branching between the two genotypes. As
illustrated in Figure 14, some cells in both euploid and Ts16
cultures died over 5 div. We previously reported that Ts16 neu-
rons die about three times faster than euploid neurons (Bambrick
et al., 1995; Bambrick and Krueger, 1999). Similarly, in the
present study, ~13% of euploid and ~42% of Ts16 neurons died
over a 2.5 d period (Fig. 1B). Addition of trkB-IgG (Croll et al.,
1998) to deplete endogenous BDNF from the medium reduced
the survival of euploid neurons to Ts16 levels without affecting
Ts16 neuron survival (Fig. 1B). This demonstrates that BDNF is
normally secreted in euploid hippocampal neuron cultures, where
it promotes neuron survival and that this autocrine BDNF-
mediated survival pathway is not functioning in Ts16 cultures.

To determine whether Ts16 neurons were capable of respond-
ing to BDNF, B27 was removed, and the ability of exogenous
BDNF alone to support neuron survival was determined. Re-
moval of B27 caused approximately half of both euploid and Ts16
neurons to die within 1 d (data not shown). In euploid neurons,
this death was blocked by BDNF (100 ng/ml), whereas the Ts16
neurons were not rescued by the exogenous BDNF (Fig. 1C).
BDNF failed to rescue Ts16 neurons even at 1 ug/ml, 10 times the
maximally effective concentration for euploid neurons (data not
shown).

To determine whether Ts16 neurons are capable of responding
to other survival factors, B27 was withdrawn at 3 div and replaced
with BDNF, NT-3, or FGF-2 (Fig. 2). Although BDNF was
unable to promote the survival of Ts16 neurons, NT-3 and FGF-2
rescued both euploid and Ts16 neurons to the same extent. Thus,
Ts16 neurons have a selective failure of the survival response to
BDNF.

Ts16 neurons overexpress truncated trkB

The failure of BDNF-dependent survival in Ts16 neurons could
be caused by a loss of the BDNF receptor, trkB. Therefore, we
analyzed trkB expression in euploid and Ts16 cultures by Western
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Figure 1. A, Phase-contrast images of euploid (fop) and Ts16 (bottom)
neurons prepared from E15.5 hippocampus. The same fields are shown at
4 div (left) and 5 div (right). One of the three euploid neurons present at
4 div had died by 5 div (arrowhead). Three of the five Ts16 neurons at 4
div had died by 5 div (the middle neuron is indicated by the arrowhead).
Parts of the grid used to repeatedly locate the same fields can be seen in
the background. Scale bar, 20 um. B, Survival of euploid ( filled bars) and
Ts16 (open bars) hippocampal neurons at 5.5 div in the continuous
presence of B27. TrkB-IgG (2 ug/ml) was added at 3 div as indicated.
Survival is expressed as a percentage of cells present at 3 div that were
still present at 5.5 div. In the absence of trkB-IgG, 14% of euploid neurons
and 42% of Ts16 neurons died, a threefold increase in death of the Ts16
cells. C, Survival of euploid ( filled bars) and Ts16 (open bars) hippocam-
pal neurons at 4.5 div in the presence of 100 ng/ml BDNF. B27 was
removed, and BDNF was added at 3 div. Survival is expressed as a
percentage of cells present at 3 div that were still present at 4.5 div. In
MEM+BDNF, 16% of euploid neurons, and 50% of Ts16 neurons died.
Error bars show SEM (n = 3), and the asterisk indicates euploid and Ts16
survival were significantly different by ¢ test (*p < 0.001).

blotting with an antibody [anti-trkB(out)] that recognizes the
extracellular domain of the receptor (Fig. 34). Euploid and Ts16
neurons expressed both a 145 kDa band corresponding to the
full-length, functionally active isoform, trkB.FL, and a 95 kDa
band. The 95 kDa band is a catalytically inactive, truncated
isoform of trkB (Klein et al., 1990; Middlemas et al., 1991). The
95 kDa band was determined to be the T1 isoform of truncated
trkB (trkB.T1) using an antibody (Yan et al., 1997) to the unique,
intracellular domain present on that isoform (Fig. 3C). Truncated
trkB isoforms have been proposed to inhibit BDNF signaling via
trkB by a dominant-negative mechanism (Eide et al.,, 1996).
Western blots using anti-trkB(out) showed that, compared with
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Figure 2. Survival of euploid ( filled bars) and Ts16 (open bars) neurons
16 hr after withdrawal of B27 at 3 div. BDNF (100 ng/ml), NT-3 (100
ng/ml), FGF-2 (10 ng/ml), or vehicle (Control) was added at the time of
B27 withdrawal. Survival is expressed as a percentage of cells present at
the time of B27 withdrawal that were still alive 16 hr later. Error bars show
SEM (n = 3), and the asterisk indicates where euploid and Ts16 survival
were significantly different (*p < 0.01). Survival of euploid neurons in the
presence of BDNF, NT-3, and FGF-2 was significantly different (*p <
0.05) from that in the absence of survival factors. Survival of Tsl6
neurons in the presence of NT-3 and FGF-2, but not in the presence of
BDNF, was significantly different (p < 0.05) from that in the absence of
survival factors.

euploid neurons, Ts16 neurons expressed slightly less trkB.FL but
substantially more trkB.T1 (Fig. 34). Analysis of these blots
revealed that the ratio of trkB.FL to trkB.T1 expression was 3.8 in
euploid neurons and only 1.5 in Ts16 neurons (Fig. 3B). The
increased trkB.T1 immunoreactivity at 95 kDa in Ts16 neurons
(Fig. 3C) demonstrates that the increased intensity of the 95 kDa
band seen with anti-trkB(out) (Fig. 34) reflects increased expres-
sion of the T1 isoform and not proteolytic degradation of
trkB.FL.

The expression of the NT-3 receptor, trkC, and its truncated
isoforms was the same in euploid and Ts16 neurons (Fig. 3D),
consistent with the survival-promoting effect of NT-3 in both
genotypes (Fig. 2). All of the neurotrophins also bind to the
low-affinity neurotrophin receptor p75, which may facilitate neu-
rotrophin activation of trk receptors (Chao and Hempstead,
1995) or may mediate neurotrophin-dependent neuron death in
the absence of trk receptors (Majdan and Miller, 1999; Lee et al.,
2001). However, p75 expression was the same in euploid and Ts16
neurons (Fig. 3E). Thus, the altered expression of truncated trkB
is not due to a general defect in the expression of neurotrophin
receptors in Ts16 neurons.

All Ts16 neurons express both full-length and
truncated trkB
In order to rule out the possibility that Ts16 cultures contain a
higher proportion of neurons that express only trkB.T1, we ana-
lyzed euploid and Ts16 cultures by fluorescence ICC using anti-
trkB(in), which recognizes an intracellular domain present only
in the full-length trkB isoform and anti-trkB(T1). All of the
neurons in both euploid and Ts16 cultures expressed both
trkB.FL and trkB.T1 (Fig. 4). The cellular distributions of the two
isoforms were similar, with expression in the plasma membrane
and cytoplasm as has been reported for trkB.FL (Meyer-Franke
etal., 1998; Du et al., 2000). The distributions were indistinguish-
able between the two genotypes.

We also considered the possibility that the results in Figure
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Figure 3. Abnormal expression of trkB isoforms in Ts16 neurons. 4, Western blot of euploid and Ts16 hippocampal neurons using anti-trkB(out), which
labels a common epitope on the extracellular side of full-length (145 kDa) and truncated (95 kDa) trkB. Result is typical of seven experiments. B, The
ratio of trkB.FL to trkB.T1 in euploid and Ts16 neurons. Error bars show SEM (n = 3; *p < 0.05). C, Western blot of euploid and Ts16 neurons using
anti-trkB(T1), which labels an internal epitope on trkB.T1. D, Western blot of euploid and Ts16 neurons using an antibody to trkC that labels both
full-length (150 kDa) and truncated (110 kDa) isoforms. Western blot of euploid and Ts16 neurons using anti-p75. Results in C-E are typical of three

independent experiments.
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Figure 4. Fluorescence ICC of euploid (a, ¢) and Ts16 (b, d) neurons
using anti-trkB(in) (a, b) or anti-trkB(T1) (¢, d). Labeling was detected by
fluorescein-coupled secondary antibodies. Scale bar, 20 um.

34-C could be attributable to differences in the relative propor-
tions of neurons and astrocytes in the euploid and Ts16 cultures,
because astrocytes express primarily truncated trkB (Rudge et al.,
1994). However, cultures from both genotypes contained >95%
of M AP2ab-immunoreactive neurons (cf., Fig. 7) with the re-
mainder being flat cells identified as astrocytes by GFAP ICC.
The proportion of glial cells was the same in euploid and Ts16
cultures. Furthermore, cortical astrocytes, cultured from euploid
and Ts16 littermate fetuses as previously described (Bambrick et
al., 1996), contained the same amount of trkB.T1 by Western blot
analysis, demonstrating that differences in trkB.T1 expression
(Fig. 34-C) were not attributable to differences in trkB.T1 levels
in the small percentage of contaminating astrocytes (data not
shown). Thus, the reduced trkB.FL:trkB.T1 ratio observed in
Ts16 cultures (Fig. 3B) reflects a change in trkB isoform expres-
sion in the Ts16 hippocampal neurons.
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Figure 5. Reduced trkB phosphorylation in Ts16 neurons. Euploid and
Ts16 neuron cultures were preincubated without B27 for 4 hr and then in
the absence or presence of 100 ng/ml BDNF for 5 min. Cells were
subjected to Western blot analysis using anti-phospho-trk (P-trkB) or
trkB(out) (trkB). 4, Representative result from a single experiment. B,
Mean = SEM of data from four experiments. Band intensity was deter-
mined as described in Materials and Methods. The euploid P-trkB:trkB
ratio in the presence of BDNF is expressed as 100%. The dotted line
shows the level of trkB phosphorylation predicted from the trkB.FL:
trkB.T1 ratio in Ts16 neurons (see Results). *p < 0.05; n = 4.

BDNF-stimulated trkB phosphorylation is reduced in
Ts16 neurons

If trkB.T1 acts by a dominant-negative mechanism to reduce trkB
signaling, there should be less BDN F-stimulated tyrosine phos-
phorylation of trkB in Ts16 neurons. To test this prediction we
measured phosphorylation of trkB by Western blot analysis using
antibodies specific for phosphotyrosine in position Y490 in trk-
B.FL. This antibody was raised to phospho-trkA, and it also
recognizes the corresponding phosphorylated tyrosine in trkB
and trkC. Because there is no detectable trkA in mouse hip-
pocampal neurons (data not shown) and any BDNF-stimulated
phospho-trkC could be distinguished on the basis of molecular
size on these gels, in mouse hippocampal neurons, the BDNF-
induced increase in trk phosphorylation determined with this
antibody is phospho-trkB. As shown in Figure 54, there was no
detectable phosphorylation of trkB in the absence of BDNF,
whereas 100 ng/ml BDNF caused a dramatic increase in trkB
phosphorylation. There was ~33% less trkB phosphorylation in
Ts16 neurons (Fig. 5B). The predicted change in BDNF/trkB
signaling via full-length homodimers for any reduction in the
trkB.FL:trkB.T1 ratio can be computed assuming a dominant-
negative mechanism of inhibition by the truncated isoform (Eide
et al., 1996). Based on our observation that the trkB.FL:trkB.T1
ratio is 3.8 in euploid neurons and 1.5 in Ts16 neurons (Fig. 3B),
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Figure 6. Expression of exogenous trkB.FL restores BDNF survival signaling in Ts16 neurons. 4, Euploid neurons were exposed to adenovirus carrying
trkB.T1-HA DNA (AdTR), resulting in expression of trkB.T1 detected on Western blots using anti-trkB(out) (left). Anti-HA ICC revealed that the
exogenous trkB.T1 was expressed in the plasma membrane and cytoplasm (right). B, Ts16 neurons were exposed to adenovirus carrying trkB.FL-HA
DNA (AdFL) resulting in expression of trkB.FL detected on Western blots using anti-trkB(out) (left). Anti-HA ICC revealed that like exogenous
trkB.T1, exogenous trkB.FL was expressed in the plasma membrane and cytoplasm (right). In A and B, the control virus, Ad—, did not contain trkB, and
anti-HA was detected by confocal ICC with rhodamine-conjugated secondary antibody. Scale bar, 20 um. C, Expression of trkB.T1 in euploid neurons
inhibited BDNF survival signaling. Euploid neurons were either left untreated (@, Uninf) or treated with Ad— (V¥), AdFL (V), or AdTR (O) at 2 div.
At 3 div, B27 was withdrawn from the cultures, and 100 ng/ml BDNF was added. Surviving neurons were repeatedly counted in five identified fields on
each of two coverslips per condition. We counted 250—400 neurons for each data point. Solid line, Linear regression for uninfected data; dotted line, linear
regression for AdTR-treated neurons. D, Expression of trkB.FL in Ts16 neurons restored BDNF survival signaling. Ts16 neurons were either untreated
(@, Uninf) or treated with Ad— (V¥), AdFL (V), or AdTR (O) at 2 div. At 3 div, B27 was withdrawn from the cultures, and 100 ng/ml BDNF was added.
Surviving neurons were repeatedly counted in five identified fields on each of two coverslips under each condition. We counted 250—400 neurons for each
data point. Solid line, Linear regression for Uninf data; dotted line, linear regression for AdFL-treated neurons. E, Summary of the effect of trkB.FL
expression on BDNF survival signaling. Data show mean = SEM (n = 3 experiments) survival 36 hr after B27 withdrawal. *Significantly different from
control, p < 0.01. Approximately half of the untreated euploid neurons died in the absence of 100 ng/ml BDNF, whereas <20% died in its presence.
BDNEF did not increase survival of untreated Ts16 neurons; however, in Ts16 neurons treated with AdFL, BDNF elicited a survival response that was
indistinguishable from that of euploid neurons.

this calculation predicts a 37% decrease in full-length trkB ho- neurons illustrated in Fig. 6B). ICC using anti-HA revealed that

modimers and, therefore, in BDNF-stimulated trkB autophos-
phorylation, in the Ts16 neurons (Fig. 5B, dotted line). Thus,
BDNF stimulation of trkB tyrosine phosphorylation is reduced in
Ts16 neurons by an amount predicted from the measured de-
crease in the trkB.FL:trkB.T1 ratio.

Expression of exogenous trkB.FL in Ts16 neurons
restores BDNF survival signaling

If trkB.T1 acts as a dominant negative inhibitor of BDNF signal-
ing through trkB.FL, then overexpression of trkB.T1 relative to
trkB.FL is a possible cause of the BDNF signaling failure in Ts16
neurons. To test this hypothesis, we used replication-deficient
adenoviruses to introduce trkB.FL or trkB.T1 into the neurons to
experimentally manipulate the proportions of the two trkB iso-
forms (cf., Gonzalez et al., 1999). The viruses contained DNA
coding for trkB.FL (AdFL), trkB.T1 (AdTR), or no trkB DNA
(Ad—). The latter virus served as a control for the effects of the
viral infection itself. Both recombinant trkB genes contained an
HA sequence at the C- (cytoplasmic) terminus to enable the
detection of the exogenous trkB proteins, independently of en-
dogenous trkB. Euploid and Ts16 neurons infected with AdTR
expressed increased levels of trkB.T1 as detected by either anti-
trkB(out) or anti-trkB(T1) (trkB.T1 in euploid neurons illustrated
in Fig. 6A4). Similarly, euploid and Ts16 neurons infected with
AdFL expressed increased amounts of trkB.FL (trkB.FL in Ts16

75% of the neurons expressed exogenous trkB.T1 or trkB.FL,
moreover, examination of expression of the HA tag by fluores-
cence confocal ICC revealed that most of the exogenous trkB.T1
and trkB.FL in infected neurons was located on the plasma
membrane (Fig. 6A4,B, right panels). Ad— did not affect levels or
distribution of endogenous trkB.FL and trkB.T1 (data not
shown).

If trkB.T1 acts as a dominant-negative inhibitor of BDNF
signaling, raising the trkB.FL:trkB.T1 ratio in Ts16 neurons by
expressing exogenous trkB.FL should restore BDNF survival
signaling. To test this hypothesis, neuron survival was studied in
cultures infected with Ad—, AdFL, and AdTR (Fig. 6C-E). Time
courses of neuron survival in the presence of BDNF after B27
removal are shown for euploid (C) and Ts16 (D) neurons. Ad—
and AdFL did not substantially affect the BDN F-induced survival
of euploid neurons. In contrast, AdTR, which raised trkB.T1
expression (Fig. 6A), increased the rate of euploid neuron death
(Fig. 6C, dotted line) to a level approximately equal to the rate of
death of uninfected Ts16 neurons in the presence of BDNF.
When added to Ts16 cultures (Fig. 6D), AdTR slightly increased
the rate of neuron death, whereas Ad— had no effect. In contrast,
AdFL increased Ts16 neuron survival in the presence of BDNF
to the level of survival of euploid neurons in the presence of
BDNF (Fig. 6D, dotted line). The essential findings are summa-
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Figure 7. Cultured neurons were incubated in the absence of B27 and
the presence of 100 ng/ml BDNF for 36 hr and then immunostained for
MAP2ab using a rhodamine-conjugated secondary antibody. Most eu-
ploid neurons had smooth neurites (a). In contrast, of the surviving Ts16
neurons, many had fragmented neurites (arrowheads) indicative of early
neurodegeneration (b). Ts16 neurons treated with AdFL (c) had very few
fragmented neurites, and the cultures were morphologically indistinguish-
able from euploid neurons. Scale bar, 20 pwm.

rized in Figure 6 E. BDNF reversed ~65% of the euploid neuron
death induced by B27 withdrawal but had no effect on Ts16
neuron survival. Infection of Ts16 neurons with AdFL, which
raised expression of trkB.FL (Fig. 6B), completely restored the
ability of BDNF to rescue the Ts16 neurons. Uninfected, BDNF-
treated Ts16 neurons frequently had fragmented neurites (Fig.
7b), characteristic of early stages of neuronal apoptosis (Martin et
al., 1988). In contrast, AdFL-infected Ts16 neurons rarely had
fragmented neurites in the presence of BDNF and were morpho-
logically indistinguishable from euploid neurons (Fig. 7a,c)

DISCUSSION

We report here that BDNF promotes the survival of euploid
hippocampal neurons, but not of Ts16 neurons, and that the Ts16
defect may be caused by altered expression of the BDNF receptor
trkB. Ts16 neuron survival was not supported by exogenous
BDNF, and removal of endogenous BDNF by the addition of
trkB-IgG reduced euploid neuron survival to that of Ts16 neurons
without affecting Ts16 survival (Fig. 1). This failure is specific to
BDNF because survival signaling by NT-3 and FGF-2 is unaf-
fected in Ts16 neurons (Fig. 2). Thus, a chromosomal abnormality
in mice (Ts16) with considerable similarity to human Ts21 (DS)
(Hattori et al., 2000) results in the selective failure of BDNF-
induced survival signaling.

These results provide an explanation for an observation we had
previously made on the apparent absence of activity-dependent
survival of Ts16 neurons (Bambrick et al., 1995). We showed that,
in contrast to euploid neurons, low concentrations of glutamate
(=1 uM) do not promote the survival of Ts16 neurons. Because
activity-dependent neuron survival was shown to be mediated by
the synthesis and release of endogenous BDNF (Ghosh et al.,
1994), we evaluated the possibility that BDNF mediated-survival
may be defective in Ts16 neurons. The failure of BDNF survival
signaling demonstrated here is sufficient to explain the absence of
activity-dependent survival in Ts16 neurons (Bambrick et al.,
1995).

The selective failure of BDNF signaling in Ts16 neurons ap-
pears to be attributable to abnormal expression of full-length and
truncated isoforms of the BDNF receptor trkB (Fig. 34), result-
ing in a 60% decrease in the trkB.FL:trkB.T1 ratio (Fig. 3B).
Expression of the T1 truncated isoform of trkB is elevated in
Ts16 neurons (Fig. 3C). Levels of the NT-3 receptor trkC and its
truncated isoforms were similar in euploid and Ts16 neurons (Fig.
3D), consistent with normal NT-3-promoted survival of Ts16
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neurons (Fig. 2). Expression of the low-affinity neurotrophin
receptor p75 was also normal in Ts16 neurons (Fig. 3E). The
increased levels of trkB.T1 expressed in Ts16 neurons would be
expected to reduce BDNF signaling by forming heterodimers
with trkB.FL that are incapable of signaling to downstream ef-
fectors. Indeed, BDNF-stimulated trkB phosphorylation is re-
duced in Ts16 neurons (Fig. 5). This reduction in trkB-mediated
signaling may account for the failure of BDNF to promote sur-
vival of Ts16 neurons. To directly test this hypothesis, we used
replication-deficient adenoviruses to manipulate the levels of
trkB.T1 and trkB.FL in the neurons. Our results are consistent
with the hypothesis that BDNF survival signaling through trkB is
dependent on the ratio of trkB.FL:trkB.T1, because increasing
trkB.T1 expression eliminates BDNF survival signaling in eu-
ploid neurons and increasing trkB.FL expression restores BDNF
survival signaling in Ts16 neurons (Fig. 6).

BDNF-induced tyrosine phosphorylation of trkB is reduced by
~35% in Ts16 neurons (Fig. 5), as would be predicted from the
reduced trkB.FL:trkB.T1 ratio observed in Tsl6 neurons (Fig.
3B). This provides further support for the conclusion that altered
trkB isoform expression is the primary cause of the BDNF
signaling failure in Ts16 neurons. Interestingly, there is complete
BDNPF signaling failure with ~65% of the downstream signal
remaining. This suggests that BDN F-mediated survival in Ts16
neurons is particularly vulnerable to small decreases in trkB
signaling.

The mechanism underlying the abnormal trkB.FL:trkB.T1 ra-
tio in Ts16 neurons is not known. Because trkB.FL and trkB.T1
are generated from the same gene by alternative splicing (Klein et
al., 1990; Middlemas et al., 1991), abnormal trkB splicing in Ts16
neurons may generate more trkB.T1 and less trkB.FL. Alterna-
tively, the synthesis or degradation of trkB mRNA or protein may
be altered in Ts16 neurons to produce more trkB.T1 and less
trkB.FL. Any of these mechanisms may be directly attributable to
overexpression of one or more genes on chromosome 16 or may
be secondary to another Ts16 phenotype such as elevated cyto-
plasmic [Ca*"], which has been observed in both Ts16 neurons
(Schuchmann et al., 1998) and Ts16 astrocytes (Bambrick et al.,
1997).

The levels of both trkB.FL and trkB.T1 are developmentally
regulated in the normal nervous system (Fryer et al., 1996;
Ninkina et al., 1996), reflecting continuing control of BDNF
responses in specific cell types throughout development and
adulthood. The present study is the first report of neuropatho-
logical consequences of overexpression of trkB.T1. It is important
to note that, in vivo, failure of BDNF-dependent neuron survival
may not always result in neuron death because of the redundancy
of neurotrophic factors in the brain. For example, because both
NT-3 and FGF-2 are fully effective survival factors for Ts16
neurons (Fig. 2), there may be no increase in neuron death if
sufficient levels of these factors are present, even if BDNF sig-
naling is not functioning. However, if neurodegenerative stres-
sors, including genetic mutations, environmental toxins, oxidative
stress, and aging, reduce the levels of other trophic factors,
neurons lacking a functional BDNF-dependent survival mecha-
nism would be expected to selectively to undergo accelerated
death.

It has been suggested that neurodegenerative disorders such as
AD and Parkinson’s disease (PD) may arise from decreased
production of endogenous neurotrophins and, consequently, may
be treated by application of exogenous neurotrophins to the brain
(Eide et al., 1993; Hefti, 1994; Lindsay, 1994; Yuen and Mobley,
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1996; Salehi et al., 1998). Clinical trials of intracranial injections
of BDNF and other neurotrophic substances for the treatment of
AD, PD, amyotrophic lateral sclerosis, and other disorders have
been largely unsuccessful, possibly because of a failure of the
neurotrophins to reach the target neurons (Aebischer and Ridet,
2001). The present results raise the alternative possibility that in
some neurodegenerative disorders, affected neurons may lose the
ability to respond to neurotrophins because of abnormal trk
isoform expression and, therefore, therapies designed to raise
neurotrophin levels in the brain would be ineffective. It is of
interest that, as in Ts16 mouse neurons, trkB.T1 is elevated in
hippocampal and cortical neurons of AD patients (Ferrer et al.,
1999), demonstrating that dysregulation of trk isoform expression
occurs in a human neurodegenerative disorder. The demonstra-
tion here of the ability to reverse a spontaneous, naturally occur-
ring failure to respond to a neuron survival factor by introducing
a particular isoform of its receptor suggests a new potential
therapeutic strategy for treatment of neurodegenerative
disorders.

BDNF regulates other neural functions besides survival, in-
cluding the generation and differentiation of neurons during
development, axon growth and growth cone mobility, and synap-
tic plasticity (Black, 1999; Lentz et al., 1999; Lu and Chow, 1999;
McAllister et al., 1999; Schinder and Poo, 2000; Thoenen, 2000).
It was recently shown that BDNF also promotes neurogenesis
from adult stem cells in vivo (Benraiss et al., 2001; Pencea et al.,
2001). If one or more of these BDNF-mediated responses were
also affected by aberrant trkB expression, cognitive function
could be compromised because of errors in connectivity and the
failure to properly modulate synaptic plasticity, even in the ab-
sence of neuronal loss. Such deficits could contribute to mental
retardation and premature AD in DS.
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