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Target-Derived Neurotrophic Factors Regulate the Death of
Developing Forebrain Neurons after a Change in their Trophic

Requirements
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Many neurons die as the normal brain develops. How this is
regulated and whether the mechanism involves neurotrophic
molecules from target cells are unknown. We found that cul-
tured neurons from a key forebrain structure, the dorsal thala-
mus, develop a need for survival factors including brain-derived
neurotrophic factor (BDNF) from their major target, the cerebral
cortex, at the age at which they innervate it. Experiments in vivo
have shown that rates of dorsal thalamic cell death are reduced
by increasing cortical levels of BDNF and are increased in
mutant mice lacking functional BDNF receptors or thalamocor-

tical projections; these experiments have also shown that an
increase in the rates of dorsal thalamic cell death can be
achieved by blocking BDNF in the cortex. We suggest that the
onset of a requirement for cortex-derived neurotrophic factors
initiates a competitive mechanism regulating programmed cell
death among dorsal thalamic neurons.
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As the nervous system develops, many of its neurons die (Oppen-
heim, 1991). Although much is known about the biochemistry of
the intracellular pathways that lead to programmed cell death by
apoptosis, the mechanisms that initiate the process and regulate
its rate are less well defined. A frequently proposed explanation
for programmed cell death among developing neurons whose
targets lie in the periphery is competition for limiting quantities
of neurotrophic factors produced by their target cells (the neu-
rotrophic hypothesis) (Oppenheim, 1991; Lucidi-Phillipi and
Gage, 1993; Snider, 1994; Wright et al., 1997; Burek and Oppen-
heim, 1998; Pettmann and Henderson, 1998). Prominent among
such factors are neurotrophins, nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF), and neurotrophin 3
(NT3) and NT4, which act through high-affinity tyrosine kinase
(Trk) receptors (NGF binds TrkA; BDNF and NT4 bind TrkB;
and NT3 binds TrkA, TrkB, and TrkC) (Chao, 1992; Snider,
1994; Price and Willshaw, 2000). Competition between innervat-
ing neurons resulting in the death of those that are unsuccessful
in gaining sufficient survival-promoting molecules may be a mech-
anism by which the numbers of cells in each structure are matched
to the numbers in the target. Although the neurotrophic hypoth-
esis has received support from work on motoneurons and periph-
eral neurons, for which the connectivity of groups of neurons is
simpler than at higher levels, its applicability to the CNS has
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always been in doubt. The control of programmed cell death
among neurons projecting to targets in the CNS is not under-
stood, and it has been suggested that the mechanisms may be very
different from those operating at lower levels (Lucidi-Phillipi and
Gage, 1993; Snider, 1994; Pettmann and Henderson, 1998; Price
and Willshaw, 2000).

Previous work has suggested that regulation of the extent and
timing of programmed neuronal death in developing forebrain
structures may involve neurotrophic molecules produced locally
within each structure (Ghosh et al., 1994; Meyer-Franke et al.,
1995; Magowan and Price, 1996; Lotto et al., 1997). Do develop-
ing forebrain neurons require neurotrophic molecules produced
by more distant targets, as is the case in the peripheral nervous
system? An answer to this question is crucial for assessing
whether the essential elements of the neurotrophic hypothesis can
be extrapolated to the highest levels of the developing nervous
system. We studied the mechanisms regulating cell death in the
developing dorsal thalamus, a pivotal forebrain structure that
provides input to the sensory areas of the cerebral cortex.
Thalamocortical axons begin to reach the cortex at approximately
embryonic day 14 (E14) to E15 in the mouse (Lotto and Price,
1995; Molnar, 1998; Price and Willshaw, 2000). Previous studies
have indicated that E15 dorsal thalamic neurons do not require
interactions with the cortex to survive and that endogenous
interactions mediated by any one of a number of neurotrophins
may be adequate, suggesting redundancy among individual fac-
tors (Lotto et al., 1997). We examined how these requirements
alter as the cells age.

MATERIALS AND METHODS

Culture methods. The region of the dorsal thalamus centered on the
dorsal lateral geniculate nucleus (dlg) was identified and dissected as
described previously (Rennie et al., 1994). Previous reports also describe
in detail the dissociation and serum-free culture protocols (Lotto and
Price, 1997; Lotto et al., 1997) and the fact that, under the conditions
used here, almost all of the cells are neuronal and virtually none divide
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in the cultures (Lotto et al., 1997). Cell viability was determined as
illustrated in Figure 1; terminal deoxynucleotidyl transferase-mediated
biotinylated UTP nick end labeling (TUNEL) reactions were done as
described previously (Gavrieli et al., 1992; Warren et al., 1999). In each
culture, numbers of live and dead and/or dying cells in 10 randomly
selected 0.2 X 0.2 mm windows were counted blind across each of several
wells to give percentages of viable neurons. Data from several indepen-
dent cultures (n values are stated throughout) were averaged for statis-
tical analyses.

Addition of substances to the cultures. Cortical conditioned medium
(CCM) was obtained by dissecting the E19 cortex, sectioning it coronally at
300 um using a Mcllwain tissue chopper, culturing the slices on Costar
(Cambridge, MA) Transwell inserts (35 slices in 500 ul of medium) for 24
hr at 37°C, and removing the medium, which was stored at —20°C. Control
medium was also incubated for 24 hr and stored at —20°C. After thalamic
cells had been cultured for 3 d, 60 ul of medium was removed and replaced
with 70 ul of either control medium or CCM and 10 ul of PBS containing
the protein kinase inhibitor K252a, one of the Trk-IgGs (Genentech, San
Francisco, CA) (Shelton et al., 1995), anti-BDNF (Amgen, Thousand
Oaks, CA) (Ghosh et al., 1994), turkey serum, one or more of the neuro-
trophins, or nothing (final concentrations are given with results). The extra
volume replaced was to compensate for slight evaporation.

Western blots. CCM was concentrated 15-fold in a Vivaspin concen-
trator with a 5000 molecular weight cutoff filter (Vivascience, Lincoln,
UK). Samples were run beside concentrated control medium and aliquots
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Figure 1. Illustrations of some of the main results of this
study. a, Phase-contrast view of a high-density culture of
E15 thalamic cells grown for 2 d in control medium
showing many healthy neurons. b, Same field of view as in
a, showing vital staining with bisbenzimide (blue) and
propidium iodide (orange). The nuclei of most cells are
healthy, showing diffuse staining with bisbenzimide; an
example is shown in c. The nuclei of many of the cells that
are phase-bright in a show dense chromatin condensation
(as exemplified in d), a feature associated with apoptosis
(Kerr et al., 1972). Some of these cells contained pro-
pidium iodide, as shown in e, indicating disruption of
their cell membranes (Rennie et al,, 1994), a feature
associated with late-stage apoptosis. Very rarely, cells
contained propidium iodide without showing chromatin
condensation, as illustrated in f, indicating death by ne-
crosis. g, TUNEL-positive cells ( yellow) in a high-density
culture from an E15 thalamus after 5 d in CCM. h, Same
field of view as in g showing staining with bisbenzimide;
the TUNEL-positive cells have large, dense chromatin
condensations. i, A high-density culture from an E15
thalamus after 5 d in control medium stained with bis-
benzimide; most cells show chromatin condensation, and
in this field of view, only one healthy cell is present
(arrow). j-I, Identification of cell death in vivo using
TUNEL.j, Control, TUNEL on a section of the thalamus
of a P1 mouse pretreated with DNase; all cells are
TUNEL-positive. k&, Three TUNEL-positive cells in the
thalamus of a P1 mouse. /, Many TUN EL-positive cells in
the thalamus of an E19 Pax6—/— embryo. Scale bars: a, b,
i,j, 50 um; g, h, k, I, 25 pm; c—f, 5 pm.

of pure neurotrophin at various concentrations, blotted, and probed with
anti-neurotrophin antibodies (Santa Cruz Biotechnology, Santa Cruz, CA).

Analysis of programmed cell death in tissue sections. trkB—/— and
trkC—/— mice were identified by PCR (Klein et al., 1993, 1994);
Pax6—/— mice were identified by phenotype (Warren and Price, 1997;
Warren et al., 1999). TUNEL reactions (Fig. 1) were done on 10-pum-
thick sections as described previously (Gavrieli et al., 1992; Warren et al.,
1999). Counts of TUNEL-positive cells were made blind with a 40X
objective. All TUNEL-positive cells in every fifth section of the dlg or
dorsal thalamus (the latter in Pax6—/— mice, in which individual tha-
lamic nuclei are less clearly defined than normal) (Stoykova et al., 1996;
Warren and Price, 1997) were counted and expressed as a number per
1000 cells counterstained with bisbenzimide or 4,6-diamidino-2-
phenylindole in the same regions of the same sections. In some brains, we
also counted apoptotic cells identified on the basis of their densely
condensed chromatin, as seen with the counterstaining. This method
gave the same results as did TUNEL reactions, a point also illustrated for
the in vitro results in Figure 1g,h.

In vivo injections. Single injections of BDNF or NT3 (10 ng in 1 ul of
PBS), anti-BDNF or anti-NT3 (1 ul of a 1:12 dilution), or PBS (1 ul)
were made in the occipital cortex of postnatal day 2 (P2) wild-type mice
anesthetized with halothane. Animals recovered for 24 hr before being
deeply anesthetized with sodium pentobarbitone (6 mg, i.p.) and per-
fused transcardially with 4% paraformaldehyde in PBS. Immunohisto-
chemistry with anti-BDNF, anti-NT3, and anti-chicken (which cross-
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reacts with injected turkey antibodies) on sections of the cortex revealed
injection sites of BDNF, NT3, and turkey antibodies (anti-BDNF and
anti-N'T3), respectively.

RESULTS

Embryonic thalamic neurons develop a need for
exogenous trophic factors

We first tested the trophic requirements of developing dorsal
thalamic neurons in vitro. Thalamic tissue centered on the dlg was
dissected from E15 mice (Rennie et al., 1994), dissociated, and
plated in serum-free medium (control medium) (Lotto and Price,
1997) at high plating density (4500 cellsymm?). As shown in
previous work (Lotto and Price, 1997; Lotto et al., 1997), these
methods yield cultures in which nearly all cells are neuronal.
Immunocytochemistry revealed that ~5% of these cells ex-
pressed GABA and were likely to be interneurons. We cultured
the cells for 1-5 d, recognized viable and nonviable neurons as
shown in Figure la—i, and measured the percentages of viable
neurons in each culture.

When control medium was used throughout, most neurons
remained viable after 1-3 d in culture (Fig. 1a,b; see Fig. 3a),
consistent with previous findings (Lotto et al., 1997), but most
died after 4 and 5 d, at ages equivalent to E19 and PO in vivo (Fig.
1i; see Fig. 3a, broken line). A total of 87% of neurons remaining
viable after 5 d were GABAergic, indicating preferential loss of
projection neurons. Adding medium conditioned with E19 dorsal
thalamic explants (using the same protocol as for cortical condi-
tioned medium; see below) to these cultures did not maintain
their viability; there was only on average 8.7 = 1.7% (SEM)
survival at 5 d (n = 15 cultures). Similarly, when dorsal thalamic
cells were obtained from E19 embryos and cultured for 24 hr,
most died (see Fig. 3a, open circle). We conclude that, by the time
dorsal thalamic neurons attain an age equivalent to E19, endog-
enous factors alone are no longer sufficient to maintain their
viability in serum-free culture. This alteration appears to be
regulated intrinsically because it takes place even when the cells
are grown in isolation.

We tested whether E15 cells would survive longer if, on the third
day of culture, we added medium preconditioned with E19 cerebral
cortical slices. Under these conditions, most thalamic cells survived
throughout their 5 d in culture (Fig. 1g,/; see Fig. 3a, solid line). In
controls, viability was not maintained by adding an equivalent
amount of unconditioned medium at 3 d (see Fig. 3a, broken line).
In other experiments, although <25% of dorsal thalamic cells
obtained from E19 embryos and cultured for 24 hr in uncondi-
tioned medium survived (see Fig. 3a, open circle), addition of CCM
to the medium resulted in survival of 68.5 = 4.1% (SEM) of these
cells. These results indicate that the major target of the dorsal
thalamus can provide its neurons with essential trophic support
that they fail to obtain endogenously as they age.

On the basis of these in vitro results, we predicted that dorsal
thalamic cell death should increase late in gestation if thalamo-
cortical connections are absent. Thalamocortical connections do
not form in embryos homozygous for a mutation of the transcrip-
tion factor Pax6, despite the presence of major forebrain struc-
tures, including the dorsal thalamus and cortex and many of their
other axonal connections (Stoykova et al., 1996; Warren and
Price, 1997; Kawano et al., 1999; Warren et al., 1999). Previous
studies of Pax6—/— embryos aged E15 or less failed to detect
changes in proportions of dead cells in the dorsal thalamus
(Warren and Price, 1997). We examined two later ages, E17 and
E19 (Pax6—/— newborns suffocate immediately after birth) using
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Figure 2. a, Mean = SEM proportions of dead cells (TUNEL positive)
in the dorsal thalamus of wild-type and Pax6—/— embryos showing a
significant increase in cell death in the mutants on E19 (*p < 0.01; n =
4-5 for each data point). b, Results of an in vitro analysis of Pax6—/—
thalamic cells. Survival of E15 wild-type and mutant cells after culture for
5 d at high density in control medium is shown; either CCM obtained
from Pax6—/— cortex or CCM obtained from wild-type cortex was added
at 3 d (n = 5 for all data points). Both types of CCM rescued thalamic
cells from both wild-types and mutants equally well. Open bars, Data from
wild-type embryos (a) or cells (b). Filled bars, Data from Pax6—/—
embryos (a) or cells (b).

TUNEL (Fig. 1j-/). We detected no difference in the proportions
of TUNEL -positive cells at E17 but observed a large increase at
E19 in the mutants (Fig. 2a). Pax6 is not normally expressed in
the body of the dorsal thalamus at E15 and older (Stoykova et al.,
1996; Warren and Price, 1997), so it is unlikely that lack of
functional PAX6 is directly responsible for increasing propor-
tions of TUNEL-positive dorsal thalamic cells. As reported pre-
viously, proportions of dead cells do not increase in other regions
of the E19 mutant forebrain, including the cerebral cortex (War-
ren et al., 1999), so increased proportions in the dorsal thalamus
do not reflect a generalized loss of viability throughout the brain.
We cultured E15 dorsal thalamic cells from wild-type or
Pax6—/— embryos at high density for 5 d, changing the medium
for either control medium or medium conditioned with wild-type
or Pax6—/— cortex at 3 d. Hardly any wild-type or mutant
thalamic cells survived in control medium, and both types of
CCM rescued both types of cells to the same extent (Fig. 2b),
indicating that mutant dorsal thalamic cells can respond normally
to cortical factors and that mutant cortex has the ability to
produce them. The most likely cause of increased death among
late-gestation mutant dorsal thalamic cells is their failure to
obtain cortical trophic support via thalamocortical connections.

Target-derived BDNF contributes to the regulation of
thalamic cell death

As a first step in determining exogenous factors required by
developing thalamic neurons, we applied the protein kinase in-
hibitor K252a, widely used as a selective blocker of the intracel-
lular pathways activated by the neurotrophins (Tapley et al., 1992;
Lotto et al., 1997), to thalamic neurons in vitro. As before, E15
dorsal thalamic neurons were cultured for 5 d. K252a at 500 nm or
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Figure 3. Results on changes in survival in culture. a, b, d, Graphs plot the mean percentages of thalamic cells surviving in high-density culture for 1-5
d under different conditions. a, Cells cultured from E15 in control medium throughout survived well until 3 d, after which most died (n = 12, 4, 9, 8,
and 12 cultures). Most cells from the E19 thalamus died after only 1 d (open circle; n = 4). Addition of CCM on the third day rescued most cells cultured
from E15 (n = 8 at day 4; n = 12 at day 5), and this effect was inhibited by 500 nm K252a and abolished by 1000 nm K252a (n = 4 for each dose). Data
in a are reproduced in b and d for ease of comparison. b, TrkA-IgG or TrkB-IgG (38 ng/ml final concentrations) was added to cultured E15 thalamic
cells either from the outset of culture or with CCM after 3 d. In the former case, viability was assessed at 1 and 2 d (open circles); in the latter case, viability
was assessed at 4 and 5 d (n = 8 for each data point). TrkB-IgG inhibited the effect of CCM at 4 d and abolished it by 5 d, whereas TrkA-IgG had no
effect. TrkB-IgG caused only a small reduction in viability at 1 and 2 d. Anti-BDNF (1:12 dilution, turkey polyclonal) added with CCM at 3 d also
abolished the effect of CCM at 5 d ( filled circles), whereas addition of turkey serum with CCM at 3 d had no effect (symbols offset; n = 4 each). ¢, Samples
of concentrated CCM (right), control medium (middle), and pure BDNF at various concentrations (left) were run alongside each other, blotted, and
probed with anti-BDNF antibodies. This example shows bands of similar intensity in the BDNF and CCM lanes, obtained when 10 ng of BDNF was run
against 10 ul of CCM. Because the CCM was concentrated 15-fold for the Western blots, we estimated that the unconcentrated CCM contained ~70
ng/ml BDNF. d, Control medium plus BDNF or NT4 (both 10 ng/ml) was added after 3 d, and cultures were examined after 4 or 5 d (n = 8 for each

data point). Neither neurotrophin mimicked the effect of CCM.

1 uM (doses shown previously to have specific activity) (Tapley et
al., 1992; Lotto et al., 1997) added with CCM on the third day of
culture significantly reduced the viability of these neurons, as
assessed 2 d later (Fig. 3a). These experiments implicated the
neurotrophins in the continued survival of thalamic cells in the
presence of CCM.

Additional experiments tested the roles of specific neurotro-
phin family members. The activities of TrkA or TrkB receptors
were inhibited by adding TrkA-IgG or TrkB-IgG fusion proteins
with CCM on the third day of culture (Shelton et al., 1995). These
molecules produce specific inhibition by sequestering their corre-
sponding ligands in the culture medium (Shelton et al., 1995). At 38
pg/ml, TrkB-IgG inhibited the survival-promoting effects of CCM
on days 4 and 5 of culture (Fig. 3b); a lower dose, 8 ug/ml, was not
inhibitory (data not shown). In contrast, TrkA-IgG was ineffective,
even at 38 pg/ml (Fig. 3b). TrkB-IgG at 38 ug/ml was added to the
E15 cultures from the outset, and viability was assessed after 1 or
2 d in culture. Survival was only marginally reduced (Fig. 3b, open
circles), indicating a redundancy of TrkB activity in E15 thalamic
cells grown for up to 3 d in culture (consistent with our previous
findings) (Lotto et al., 1997) and demonstrating that TrkB-IgG is
not simply toxic. These results indicate that thalamic cells develop

a requirement for activation of the TrkB receptor at an age
equivalent to E18-E19.

We obtained a polyclonal anti-BDNF antibody known to block
specifically the trophic effects of BDNF in culture (Ghosh et al.,
1994) and added it or turkey serum (a control, because the
antibody was raised in turkey), both diluted 1:12, with CCM on
the third day of culture. Viability as determined 2 d later re-
mained high in cultures with turkey serum alone but was very low
in cultures containing the antibody (Fig. 3b). We confirmed the
ability of the antibody to block BDNF in our hands as follows.
Previous work has shown that most E15 thalamic cells grown for
2 d at low density (1000 cellsymm?) die unless the medium is
supplemented with neurotrophic factors such as BDNF (Lotto et
al., 1997). We added BDNF (40 ng/ml final concentration) to E15
thalamic cells grown at low density for 2 d and confirmed a 138%
increase in survival (p < 0.01; n = 4 cultures with and without
BDNF), which was prevented by adding anti-BDNF (1:12 dilu-
tion) with the BDNF (n = 4). To check that the antibody lacked
nonspecific toxic effects, we added it (1:12 dilution) to E15 tha-
lamic cells grown at high density (4500 cells/mm?) for 2 d and
found no significant effect on survival (n = 4 cultures with and
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Figure 4.  Effects of loss of Trk receptors and
changing cortical BDNF levels in vivo.
Graphs were obtained by counting TUNEL-
positive cells and TUN EL-negative cells (ex-
amples shown in Fig. 1k,/) in a series of
equally spaced sections. @, Mean = SEM pro-
portions of dead cells in the wild-type, b
trkC—/—, and wkB—/— dlg in mice aged
E15-P4 (n = 3-5 for each data point). Pro-
portions increased with age and were signifi-
cantly higher (p < 0.05) in #kB—/— mice
than in wild-type and #rkC—/— mice at E17,
E19, and P1, as indicated (asterisks). b, c, The
left and right occipital cortices in a section of
a P3 mouse 24 hr after an injection of 1 ul of
turkey anti-BDNF antibody into the right
side (c), reacted with a biotinylated anti-
chicken antibody (which cross-reacts with tur-
key antibody) to reveal the injection site. Dif-
fuse staining of the cortical neuropil (c)
suggested diffusion of up to ~1 mm around
the injection site. Scale bar, 100 um. d,
Mean + SEM proportions of dead cells in the
dlg after injections into the cortex on P2 (n =
4 for all data points); BDNF and anti-BDNF
caused significant changes compared with the
saline controls (*p < 0.01).

without antibody). These results indicated that thalamic cells
developed a requirement for BDNF after 3 d.

Previous studies have shown that, during the last week of
gestation, the embryonic cortex contains mRNA for BDNF (Mai-
sonpierre et al., 1990; Behar et al., 1997). Western blots detected
BDNF but not other neurotrophins in CCM, indicating that the
cortex may be a potent source of the BDNF required by devel-
oping thalamic cells. We estimated that the CCM added to the
cultures would provide BDNF at a final concentration of ~50
ng/ml (Fig. 3c). We added pure BDNF and other neurotrophins
at 3 d, either singly or in various combinations, at a wide range of
doses including 50 ng/ml and covering those known to be effective
in other systems and in thalamic cells at earlier ages (Lotto et al.,
1997). None was effective in increasing viability above that seen
with control medium at 4 and 5 d. Examples of these results are
shown in Figure 3d, for BDNF and NT4. As a control, we con-
firmed that the neurotrophins used in these experiments were
active by showing in parallel experiments that they caused a sig-
nificant increase in the viability of E15 thalamic cells grown at low
plating density for 1-2 d (Lotto et al., 1997). These results indicate
that, although BDNF becomes essential, it is insufficient for the
survival of thalamic cells at an age equivalent to E18-E19. Tha-
lamic cells start to require BDNF as well as other factors that are
present in CCM at approximately this time. In contrast, in younger
thalamic cells, activation of TrkB is not an absolute requirement,

Owild type
OtrkC -/-
WirkB -/-
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and BDNF or any of the other neurotrophins are sufficient for the
survival of most dorsal thalamic cells (Lotto et al., 1997).

We sought supporting evidence for our in vitro results from a
series of in vivo experiments. First, we hypothesized that in mice
lacking functional TrkB receptors we might see at least some
evidence for increased cell death among dorsal thalamic cells
during the days after E15, even allowing for the caveats outlined
in Discussion. We examined the dlg because dissections for the in
vitro work were centered on it (Rennie et al.,, 1994), it is well
defined even in the embryonic brain, and it is known to express
high levels of TrkB throughout this period (Ringstedt et al., 1993;
Allendoerfer et al., 1994; Lotto et al., 1997) (confirmed with our
own in situ hybridizations; data not shown). We measured pro-
portions of TUNEL-positive cells, as illustrated in Figure 1j-/, in
sections through the dlg of wild-type mice and mice homozygous
for targeted mutations of sequences encoding the catalytic do-
mains of the TrkB or TrkC receptors (trkB—/— or trkC—/—)
(Klein et al., 1993, 1994). In wild-type embryos, proportions of
dead cells in the dlg increased with age, most sharply just after
birth (Fig. 4a), compatible with previous findings (Spreafico et al.,
1995; Alcantara et al., 1997). In trkB—/— embryos, proportions of
dead cells were not different from wild-types at E15 but were
significantly elevated at E17-P1 (Fig. 4a). The proportional in-
crease over wild-types was greatest at E17 and less at E19 and P1.
There was no significant difference from wild types at P4. In
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trkC—/— embryos, proportions of dead cells were no different
from wild types at all of the ages studied (Fig. 4a). trkB—/— and
trkC—/— mice die at approximately P7 (Alcantara et al., 1997),
but the transient nature of the effect in ##kB—/— mice and the lack
of effect in rkC—/— mice argue against the effect in ##kB—/—
mice being a nonspecific result of increasing poor health. The lack
of an effect in the #7kB—/— embryos at E15 is compatible with our
culture results, suggesting redundancy of TrkB and BDNF at
these early times.

We then examined the effects of injecting various neurotro-
phins or neurotrophin blockers into the occipital cortex of P2
mice. Figure 4c illustrates the appearance of the injection sites
(revealed immunohistochemically), in this case of anti-BDNF 24
hr after administration. By comparing immunostaining in the
neuropil on the injected and uninjected sides (Fig. 4b), we esti-
mated that substances spread through the cortex by up to 1 mm.
Proportions of dead cells in the dlg after injections of saline, NT3,
or anti-NT3 (Fig. 4d) were similar to those found in wild-type
mice of comparable age (Fig. 4a). Injections of BDNF or anti-
BDNF produced significantly lower and higher proportions, re-
spectively (Fig. 4d). This finding indicates that altering the access
of dlg neurons to BDNF in the occipital cortex can regulate their
death rates.

DISCUSSION

Previous work has indicated that, at the age at which dorsal
thalamic neurons start to innervate the cerebral cortex, they
interact with each other to promote their own survival and that
this interaction requires signaling through neurotrophin recep-
tors (Lotto et al., 1997). Early dorsal thalamic cells are promis-
cuous, however, producing and responding to NGF, BDNF, NT3,
and NT4 (Lotto et al., 1997). In line with these findings, our
present results indicate a redundancy of BDNF and of activation
of the TrkB receptor at young ages. Addition of TrkB-IgG or
BDNF blocking antibody in vitro or the absence of TrkB recep-
tors in vivo had little effect on the viability of E15 dorsal thalamic
neurons, presumably because other neurotrophins covered for the
specific loss. One of our major new findings is that dorsal thalamic
neurons are programmed to change their trophic requirements as
they age. One component of this change is to a requirement for
BDNF. This change is different from the types of switching of
neurotrophin requirements seen in the peripheral nervous system
(Davies, 1997). Trigeminal, vestibular, and nodose neurons are all
initially neurotrophin independent but become dependent on one
or two specific neurotrophins; trigeminal neurons later switch
from dependency on BDNF and NT3 to dependency on NGF
(Davies, 1997). The purpose of these peripheral changes is un-
clear (Davies, 1997). For dorsal thalamic neurons, the onset of
more stringent survival requirements may precipitate a competi-
tion for BDNF with the removal of dependent cells unable to
obtain enough of this factor. This may induce the observed
increase in dorsal thalamic cell death normally seen shortly after
the change (Fig. 4a, wild-type data).

Our findings indicate that the source of the BDNF on which
dorsal thalamic neurons become dependent is most likely the
cerebral cortex and that BDNF is not the only cortex-derived
factor required. Thus, conditions are established under which
competition between thalamic cells for target-derived trophic
factors may occur. Increasing or decreasing the availability of
BDNF in the cortex influences the proportion of cells in the
dorsal thalamus that die, suggesting that such a competition
may be an important mechanism regulating cell numbers.
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Although our experimental evidence for this focuses on the
occipital cortex and dlg, it is likely that this conclusion applies
to other cortical arcas and to dorsal thalamic nuclei, which also
express BDNF and TrkB.

Our evidence points to the importance of target-derived fac-
tors, including BDNF, in regulating cell death in the developing
dorsal thalamus. This is in agreement with previous findings that
occipital lesions in newborn rats cause cell death among dlg
neurons and that this death can be countered by administering
diffusible proteins from the developing cortex to the lesion site
(Cunningham et al., 1987; Eagleson et al., 1992). There remains
an issue of what proportion of dorsal thalamic cells become
dependent on BDNF. Our culture results suggest that the major-
ity of dorsal thalamic cells do become dependent. This observa-
tion is in contrast to the observation from our work and that of
Alcéntara et al. (1997) that death rates in the dlg in #7kB—/— mice
are not sufficient to obliterate this structure, as might have been
predicted from our in vitro results. It is a strong possibility that the
knock-out results underestimate the numbers of neurons that
become dependent on BDNF during the development of normal
mice. It is widely recognized that conventional knock-outs of
neurotrophins and their receptors in vivo show less neuronal loss
in the CNS than would be predicted from in vitro analyses (Snid-
er, 1994; Pettmann and Henderson, 1998). Why this occurs is not
clear. One hypothesis is that the loss of one factor throughout the
preceding stages of development produces a compensatory in-
crease in the activity of other pathways. In the system that we
have studied, the absence of TrkB signaling among developing
dorsal thalamic neurons before the narrowing of their neurotro-
phin requirements may minimize the impact of a lack of TrkB
signaling at the time of the change. For example, as the mutant
neurons move out of their promiscuous phase to develop a
requirement for BDNF, they may quickly skip to using a different
neurotrophin instead. It seems highly plausible that they would
have a reduced tendency to narrow to a pathway that has not
existed during their promiscuous phase. Such a possibility might
explain why the greatest proportional increase in dead cells in the
dorsal thalamus of ##kB—/— mice was seen right at the start of the
switching period predicted from in vitro results (in fact, it was
slightly earlier than predicted, although such precise comparisons
are of dubious significance given the variations between the
experimental paradigms) and why this increase dwindled over the
following days. Given these considerations, it is not difficult to see
why the results from in vitro work with normal cells appear to
contrast quantitatively, although not qualitatively, with those
from the #rkB—/— mice. Certainly, the lesser effect in the mutants
does not imply that BDNF does not play a crucial role in the
survival of a large proportion of dorsal thalamic neurons during
normal development.

Relevant to the above discussion is the observation that the
effect of acute blockade of BDNF in the cortex of normal mice
was quantitatively greater than the effect in the #kB—/— mice.
These experiments were done several days after the switch to a
requirement for BDNF was predicted to have occurred, when the
expectation would be that the system would have little chance to
compensate for the block. Clearly, we do not know the efficiency
of the antibody block, but it is likely to have been less complete
than the total dissociation between the dorsal thalamus and the
cortex that occurs in the Pax6—/— mice. In these mutants, we
observed greater proportions of TUNEL-positive cells than in
any of the other in vivo experiments, presumably because all
target-derived trophic support is removed, which is unlikely with
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the other paradigms. Given that the clearance of dead cells is
known to be rapid in vivo and may take as little as several hours
(Barres et al., 1992), the high proportions of TUNEL-positive
cells in sections of the thalamus of E19 Pax6—/— mutants likely
reflect a very high rate of cell loss. This might obliterate the
structure within a few days if it were not for the fact that the
mutant mice die first. Taking all of our results together, we
conclude that a very high proportion of dorsal thalamic neurons
become dependent on target-derived cortical trophic factors for
their survival late in embryogenesis. Furthermore, during normal
development, most of these cells become dependent on a supply
of BDNF, which is obtained from the cortex.

In the developing brain, neurotrophins have important roles in
the refinement of dendritic arbors and axonal connections and in
the regulation of neuronal plasticity (McAllister et al., 1995;
Ghosh, 1996; Huang et al., 1999), but their roles as survival
factors have been less clear. Our results indicate an important role
for target-derived factors, including BDNF, in regulating survival
in the developing brain.
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