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demonstrated that the concentration of an-
tigen required for tolerance of double posi-
tive thymocytes is below the concentration
required to detect a mature T cell response
(20). It has also been shown that presenta-
tion of particular antigens in the thymus
can delete a defined population of thymo-
cytes, whereas the same antigens presented
to mature T cells expressing the same TCR
do not elicit a response (21). Although
some of the differences may be attributed to
the comparison of immature and mature T
cells, these experiments also suggest that
the “avidity” required for T cell activation
is stronger than negative selection.

Collectively, these models suggest that
differences in the affinity between the TCR
and its ligand exist for positive selection,
negative selection, and T cell activation.
One way to explain the different develop-
mental fates of the T cell has been to
invoke the presence of two sets of peptides,
one for low-affinity and one for high-affinity
interactions, that mediate positive or neg-
ative selection, respectively (22). Our mod-
el has shown that no special peptides are
involved in discriminating between positive
or negative selection, since the viral pep-
tide antigen that is recognized by mature T
cells will mediate both positive and nega-
tive selection. Further experiments with
unrelated H-2DP-binding peptides will de-
fine how precise the interaction must be for
positive selection. Our findings suggest that
the avidity of the interactions between the
thymocyte and stromal elements is reflected
by the number of TCRs engaged with MHC
molecules at a given time. This in turn may
alter the strength of intracellular signals. It
is likely that other molecules influence the
stability of the TCR:peptide-MHC interac-
tions and directly affect the signals generat-
ed through the TCR. Further studies with
this model will help define the key mole-
cules and interactions required for selection
in the thymus.
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Requirement for BDNF in Activity-Dependent
Survival of Cortical Neurons

Anirvan Ghosh, Josette Carnahan, Michael E. Greenberg*

Cultured embryonic cortical neurons from rats were used to explore mechanisms of
activity-dependent neuronal survival. Cell survival was increased by the activation of
voltage-sensitive calcium channels (VSCCs) but not by activation of N-methyl-p-aspartate
receptors. These effects correlated with the expression of brain-derived neurotrophic factor
(BDNF) induced by these two classes of calcium channels. Antibodies to BDNF (which
block intracellular signaling by BDNF, but not by nerve growth factor, NT3, or NT4/5)
reduced the survival of cortical neurons and reversed the VSCC-mediated increase in
survival. Thus, endogenous BDNF is a trophic factor for cortical neurons whose expression.
is VSCC-regulated and that functions in the VSCC-dependent survival of these neurons.

The patterning of connections in the de-
veloping nervous system is determined by
the axonal and dendritic growth of individ-
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ual neurons as well as by naturally occurring
cell death. There is considerable evidence
that both the morphology and survival of
neurons can be influenced by neuronal ac-
tivity (I-4). The survival of peripheral
neurons in vitro is enhanced by the activa-
tion of VSCCs. In central neurons another
major source of calcium entry is the
N-methyl-D-aspartate (NMDA) subtype of
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glutamate receptors. It is not known if
calcium influx through these two different
calcium channels can similarly promote the
survival of central neurons. Moreover, be-
yond a requirement for calcium influx (4),
the mechanism by which neuronal activity
leads to enhanced survival is not known.
We now show that the survival of embry-
onic cortical neurons is differentially regu-
lated by the activation of distinct calcium
channels and provide evidence that the
effect of calcium channel activation on
neuronal survival is mediated by the en-
hanced expression of BDNF, which acts as
a trophic factor for these neurons.
Enhanced activity in cortical cultures from
rats at embryonic day 17 or 18 (E17-E18) (5)
was attained by membrane depolarization
(with elevated extracellular KCl) or by the
stimulation of glutamate receptors with L-glu-
tamate, NMDA, or kainic acid. To examine
the effectiveness of these and other agents in
stimulating cortical neurons, we used an assay
that allowed us to determine if intracellular
signaling pathways were being activated in
individual cultured neurons. The cyclic ade-
nosine monophosphate-responsive, element-
binding protein (CREB) becomes rapidly
phosphorylated on Ser'>* when cells are ex-
posed to a variety of extracellular stimuli. This
phosphorylation event can be detected in
single neurons by immunostaining with an
antibody that specifically recognizes only
phosphorylated CREB (PCREB) (6). In un-
stimulated cultures, less than 5% of the neu-
rons showed PCREB immunoreactivity (Fig.
1A). After an 8-min treatment with 50 mM
KCl or 10 pM glutamate, over 85% of the
neurons showed PCREB immunoreactivity,
which indicates that both KCl and glutamate
can effectively activate in these neurons in-
tracellular signaling pathways that lead to
CREB phosphorylation (Fig. 1, B and C).
To determine the effects of depolarizing
stimuli on the survival of embryonic cortical
neurons, we stimulated cells 1 day after their
plating and examined them 48 hours after the
onset of the treatment (7). Depolarizing con-
centrations of KCl (25 and 50 mM) led to a
two- to threefold increase in cell survival as
well as increased neurite outgrowth (Fig. 1,
D, E, and G). In contrast, glutamate (10 pM)
and NMDA (25 pM) did not have an effect
on the survival of embryonic cortical neurons
(Fig. 1, F and G). Kainate (30 uM) treatment
resulted in a small but significant (P < 0.01)
increase in cell survival, but was much less
effective than elevated concentrations of ex-
tracellular KCl (Fig. 1G) (8). Even at 10
times higher concentrations, glutamate,
NMDA, and kainate did not significantly
promote cell survival. Consistent with previ-
ous observations (4), we prevented the en-
hanced survival brought about by 50 mM KCl
by chelating extracellular calcium with 1 mM
EGTA and reduced the KCl-induced survival

with the L-type VSCC blocker nifedipine,
which suggests that the survival effects of
increased KCl concentrations require calcium
influx.

Because neurogenesis is not over at E17—
E18 (9), we examined whether the in-
creased cell number after KCl treatment
reflected enhanced cell survival or in-
creased proliferation. Cell counts at differ-
ent times after plating indicated that un-
treated cultures underwent significant cell
loss during the experimental window of 48
hours and that this decrease in cell number
was prevented by KCl (10). In separate
experiments, we labeled cortical subplate
neurons in vivo at E14 with an injection of
bromodeoxyuridine (BrDU) (9). By E17-
E18, all the BrDU-labeled neurons were
postmitotic. In cortical cultures from
BrDU-injected animals, treatment with

KCI but not glutamate led to increased
survival of labeled neurons (10). Thus,
prolonged depolarization enhances the sur-
vival of postmitotic cortical neurons, and
the survival of subplate neurons is specifi-
cally increased by this treatment.

Because neurotrophic factors have been
implicated in the survival of several neu-
ronal populations, we considered the possi-
bility that the distinct survival effects of
KCl and glutamate might involve differen-
tial regulation of the expression of a neuro-
trophin. Because BDNF is expressed widely
in the cortex (11) and can be regulated by
neuronal activity (12), we examined the
regulation of BDNF by KCl and glutamate
in primary cortical cultures. Although sev-
eral early signaling events, such as CREB
phosphorylation and expression of c-fos,
were regulated similarly by KCl and gluta-
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mate, BDNF expression showed a difference
in its regulation by these stimuli. Whereas
glutamate led to a transient induction of
BDNF expression that peaked after 1 hour
and subsequently decreased rapidly, the in-
duction by KCI was delayed, reached peak
expression at 3 hours, and remained elevat-
ed over a longer duration (Fig. 2A). More-
over, the peak BDNF expression induced by
KCl was significantly higher than that in-
duced by glutamate (Fig. 2A). In both
cases, the induction of BDNF expression
was blocked by 2 mM EGTA, which indi-
cates that the increased expression required
extracellular calcium (Fig. 2, B and C).

The difference in the pattern of BDNF
expression in response to KCl and gluta-
mate suggested that the induction of BDNF
by these stimuli may be mediated by the
activation of distinct calcium channels.
Induction of BDNF expression by KCl was
completely blocked by the L-type VSCC
blocker nifedipine but was not affected by
the NMDA receptor blocker D-2-amino-5-
phosphonovaleric acid (APV) or by the
non-NMDA glutamate receptor blocker
6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX) (Fig. 2C). In contrast APV, but
not nifedipine or CNQX, effectively
blocked BDNF induction by glutamate
(Fig. 2B). The minor inhibitory effects of
nifedipine on glutamate stimulation of
BDNF expression (Fig. 2B) were not seen
consistently. These results indicate that
KCl and glutamate induced BDNF expres-
sion by the activation of L-type channels
and NMDA receptors, respectively.

The kinetics and level of BDNF expres-
sion induced by KCI and glutamate indicat-
ed a correlation between BDNF mRNA
levels induced by these stimuli and the
effectiveness of the stimuli in promoting
survival. To determine if BDNF was a likely
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candidate to mediate the survival of cortical
neurons, we examined the response of cor-
tical neurons to BDNF and other members
of the neurotrophin family. Immunostain-
ing with an antibody that specifically rec-
ognizes the phosphorylated form of CREB
indicated that an 8-min stimulation of cort-
tical cultures with BDNF, NT3, or NT4/5,
but not nerve growth factor (NGF), led to
CREB phosphorylation in virtually every
neuron (>95%) (10). Similarly, stimula-
tion with BDNF, NT3, or NT4/5 led to the
induction of c-fos expression (Fig. 3, A and
C), whereas NGF was ineffective. Thus,
BDNF, NT3, or NT4/5 can lead to the
activation of a variety of signaling mole-
cules that may be involved in mediating
physiological responses in cortical neurons.

By blocking the effects of BDNF with
specific antibodies to BDNF (anti-BDNF), we
examined the possibility that endogenous
BDNF regulates the survival of cortical neu-
rons. Anti-BDNF was generated to full-length
human recombinant BDNF (13), and the
specificity of these antibodies was confirmed
by immunoblot. Antibodies to BDNF recog-

Table 1. Effects of BDNF antibodies on the
neurotrophin-dependent survival of chick DRG
cells.

Cell survival at 48 hours (%)

Treatment Pre-

No . BDNF
immune -
serum sera antisera
BDNF 60+5 58 +3 5+1
(20 ng/ml) :
NGF 70+5 64 +4 654
(10 ng/ml)
NT3 33+4 36 +4 30+6
(20 ng/ml)
Untreated 4+2
kc- B _gu G ol
Q0 < %
=3 3 i < s <
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and 1.5 kb (indicated by arrowheads). (A) Kinetics of BDNF mRNA expression after stimulation of
cortical neurons with 10 uM glutamate or 50 mM KCI. Unst., unstimulated. (B and C) BDNF mRNA
amounts after stimulation with glutamate (1 hour) (B) or KCI (4 hours) (C) in the presence of various
ion channel blockers and a calcium chelator. The pharmacological agents used were 'H,O (control;
C), APV (100 M), nifedipine (Nif.) (5 uM), EGTA (2 mM), and CNQX (40 uM); they were added 10
min before stimulation. After being probed for BDNF mRNA, the blots were stripped and hybridized
with a probe to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) to indicate that equivalent

amounts of RNA were loaded in the various lanes.
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nized BDNF but did not show detectable
cross-reactivity to the related neurotrophins
NGEF and NT3 (Fig. 3D) (14). The ability of
these antibodies to block the survival effects of
BDNF was examined in primary cultures of
chick dorsal root ganglion (DRG) cells (15),
whose survival is enhanced by the presence of
neurotrophins (16). Compared to untreated
cultures (4% survival), cultures treated with
BDNF (60%), NGF (70%), or NT3 (33%)
showed increased cell survival (Table 1).
When these cultures were treated with neu-
rotrophins in the presence of anti-BDNF
(17), BDNF-dependent survival was blocked,
but the NGF- and NT3-dependent survival
was unaffected (Table 1). In addition, preim-
mune serum did not affect the BDNF-depen-
dent survival of DRG neurons.

The specific inhibition of BDNF-induced
signaling by anti-BDNF was also confirmed in
cortical neurons. Stimulation with BDNF as
well as with NT3 or NT4/5 leads to a robust
induction of c-fos expression in these cultures
(Fig. 3, B and C). Preadsorption (12 hours at
4°C) of BDNF, NT3, or NT4/5 with anti-
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neurotrophins and spe- Lo = 2

cificity of antibodies to g ag
BDNF (anti-BDNF). In
all of these experi-
ments, the final con-
centration of each of

the growth factors is 50 32.5—
ng/ml. In (A) through
(C), Northern blots con- 57,5

taining 10 pg of total -
RNA per lane were hy-
bridized with a probe to

the coding region of c-fos. Unst., unstimulated
(A) Expression of c-fos in cortical cultures 1 hour
after stimulation with NGF, BDNF, or NT3. BDNF
and NT3, but not NGF, lead to a robust induction
of c-fos expression. (B and C) Expression of c-fos
in cortical neurons stimulated for 1 hour with
BDNF, NT3, or NT4/5 before and after preadsorp-
tion with anti-BDNF. Northern blots (25) show that
anti-BDNF blocks BDNF-induced c-fos expres-
sion but does not affect c-fos induction by NT3 or
NT4/5. (D) Anti-BDNF (immune) recognizes re-
combinant BDNF on a protein immunoblot (arrow-
head) but not NGF or NT3 (200 ng of protein per
lane). The preimmune serum (Pl) does not recog-
nize recombinant BDNF. Molecular size stan-
dards are indicated to the left in kilodaltons.



BDNF completely blocked BDNF induction
of c-fos expression but had no effect on the
induction of c-fos by NT3 or NT4/5 (Fig. 3, B
and C). Thus, anti-BDNF blocked signaling
by BDNF without interfering with signaling
by even closely related neurotrophins.

The importance of endogenous BDNF in
the survival of cortical neurons was examined
by growing cultures in the presence of anti-
BDNF. Although control turkey sera and
function-blocking antibodies to NT3 (anti-
NT3) had insignificant effects on the survival
of cortical neurons, two independently de-
rived antibodies to BDNF led to significant
cell loss in these cultures (Fig. 4) (18). The
effects of anti-BDNF on cell survival were
visible within 24 hours, at which point there
was some neuronal loss and reduced neurite
outgrowth from many of the remaining neu-
rons. By 48 hours, over 80% of the cortical
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¢ Untreated
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Fig. 4. Survival of cortical neurons requires BDNF E 400
function. (A through D) Cortical cultures from E17
animals were treated 1 day after plating with control
sera (C) or with one of two BDNF antibodies (anti—
BDNF-1 or anti-BDNF-2) for 48 hours. Compared to
controls (B), cultures treated with anti-BDNF showed
severe cell loss (C and D). Many of the remaining cells
in anti-BDNF-treated cultures appeared atrophied
(E) Quantitative
analysis of the effects of BDNF antibodies on neuronal
survival indicates that over 80% of the neurons die
when cultured in the presence of anti-BDNF. Unst,,

and had substantial neurite loss

unstimulated; C, control

neurons were lost from cultures treated with
anti-BDNF (Fig. 4E). The fact that virtually
every neuron in these cultures can initiate
intracellular signaling (CREB phosphoryl-
ation) in response to BDNF suggests that most
neurons are directly dependent on BDNF for
survival. However, the possibility that only
some neurons are directly BDNF-dependent
and that their death leads to secondary loss of
other neurons cannot be ruled out. These
observations indicate that BDNF is a trophic
factor for cortical neurons and that endoge-
nous BDNF participates in the survival of
embryonic cortical neurons in culture.
Because treatment of cortical cultures
with KCl leads to a prolonged increase in
BDNF expression, we next examined
whether the increased cell survival after
treatment with KCl was also dependent on
BDNF function. Cortical cultures from E18
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embryos were depolarized with 50 mM KCl
after 1 day in culture. The cultures were
also treated with one of two antibodies to
BDNF, anti-NT3, or control sera. Only
anti-BDNF completely prevented the sur-
vival effects of KCl upon examination 48
hours after treatment (Fig. 5). In the pres-
ence of anti-BDNF, cell survival was com-
parable to that of unstimulated cultures
treated with anti-BDNF. This probably re-
flects an inhibition by anti-BDNF of basal
as well as KCl-induced BDNF. According-
ly, simultaneous treatment of the cultures
with excess recombinant BDNF (1 pg/ml)
inhibited the effects of anti-BDNF on KCI-
induced cell survival (Fig. 5E). These ex-
periments indicate that increased cell sur-
vival that occurs as a consequence of VSCC
activation requires BDNF function.

A number of previous studies, both in vivo
and in vitro, have shown that neuronal activ-
ity can regulate cell survival (1-3). Recent
evidence suggests that calcium influx through
VSCCs is a critical primary event in this
response (4). Here we have extended these
observations by showing that the expression
of BDNF induced by the activation of differ-
ent calcium channels correlates with their
ability to promote the survival of embryonic
cortical neurons. We also provide evidence
that endogenous BDNF acts as a trophic
factor for these neurons (19) whose function
is required for VSCC-dependent cell survival.
Together, these experiments suggest that one
mechanism of activity-dependent neuronal
survival involves the VSCC-mediated in-
crease in BDNF production, which in turn
acts as a trophic factor.

The differential regulation of BDNF ex-
pression by NMDA receptors and VSCCs also
suggests a mechanism that might explain the
observation that calcium influx through
NMDA receptors is more excitotoxic than
calcium influx through VSCCs (20). It is
possible that calcium influx through either
channel represents an excitotoxic assault;
however, the robust increase in BDNF expres-
sion after VSCC activation could act as a
neuroprotectant, whereas the transient and
weaker induction of BDNF after NMDA re-
ceptor activation may be ineffective in pro-
tecting the neurons.

These experiments provide the first evi-
dence that BDNF is a trophic factor for
cortical neurons. The widespread expression
of BDNF as well as its receptor, TtkB, in the
cerebral cortex supports a trophic role for
BDNF during cortical development (115-1).
Cortical neurons in vivo are likely to experi-
ence the kinds of stimulation that might lead
to prolonged increases in BDNF expression
and neuronal survival. The activity of retinal
ganglion cells during late embryonic develop-
ment consists of rhythmic bursts of action
potentials (22). Such patterns of activity
when transmitted to the cerebral cortex would
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Fig. 5. Increased survival of cortical neurons under
depolarizing conditions is prevented by anti-BDNF. (A 4
through D) Cells were left untreated (Unst.) or treated
for 48 hours with 50 mM KCI (KCI) in the presence of
control sera (C) or anti-BDNF (anti-BDNF-1).

increase in cell survival after KCI treatment (B)

by anti-BDNF (D).

with excess BDNF (1 pg/ml).

be expected to lead to prolonged depolariza-
tion of cortical neurons, which would allow
for the activation of calcium channels. Calci-
um imaging studies in acute slices have also
shown evidence for spontaneous bursts of
calcium currents in ensembles of neurons in
the developing cortex (23). It has also recent-
ly been shown that retinal activity in adult
animals regulates BDNF expression in the
visual cortex (24). One possibility suggested
by our experiments is that during early devel-
opment cortical neurons might produce
BDNEF that acts locally by autocrine or para-
crine mechanisms to promote survival. The
activity-dependent regulation of BDNF ex-
pression, together with these possible modes
of neurotrophin action, suggest a mechanism
by which synaptic stimulation might regulate
the survival of postsynaptic neurons.
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Long-Range Cis Preference in DNA
Homology Search over the Length of a
Drosophila Chromosome

William R. Engels,* Christine R. Preston,
Dena M. Johnson-Schlitz

P element-induced chromosome breakage on the X chromosome of Drosophila mela-
nogaster was repaired six times more frequently when a homologous template was
located anywhere on the X chromosome rather than on an autosome. Cis-trans comparisons
confirmed that recombinational repair was more frequent when the interacting sequences
were physically connected. These results suggest that the search for homology between
the broken ends and a matching template sequence occurs preferentially in the cis con-
figuration. This cis advantage operates over more than 15 megabases of DNA.

Most genetic recombination events are pre-
ceded by a homology search to align the
interacting DNA sequences. This alignment
can take place on the level of whole chromo-
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One way to study this process is provided by P
transposons in D. melanogaster. Excision of
these elements initiates recombinational re-
pair, which requires a genome-wide homology
search for a template (I, 8-10). This template
is normally the corresponding gene on the
sister chromatid or homolog, but it can also be
an ectopic sequence carried on a transposable
element anywhere in the genome (9). In the
experiments rteported here, we use ectopic
templates to examine the process of genome-
wide homology searching.

A comparison of gene conversion frequen-
cies for 10 template sites on the X chromo-
some and 28 on the two major autosomes is
shown in Fig. 1. For each site, we measured
the rate at which a P element insertion
mutation at the white locus was restored to the
wild type in the presence of a white sequence
template at the indicated genomic position
(11). Such reversions occur when the P ele-
ment in white excises and sequences from the
template are copied into the vacated site,
replacing some of the flanking sequence (9).
These events, which occur in the premeiotic
germ cells when P transposase is present, are
interpreted as repair of double-strand DNA

Fig. 1. Conversion rates for template sites. The five major chromosome
arms (X, 2L, 2R, 3L, and 3R) of Drosophila are shown with template sites
indicated according to their cytological position (21). Bars represent
estimated conversion rates associated with each template site, defined as
the proportion of X-bearing gametes in which the w" allele had reverted
to the wild type and had acquired sequences from the template gene
(17). For sites marked with a solid dot (@), the template was P[walter], a
modified white gene carried on a P element (9). The white gene in
P[walter] has 12 single-base modifications that alter restriction sites but
do not prevent expression of the gene (9). We confirmed conversion
events by verifying that at least one of these marker sites had been copied
into the reverted w gene (717). Three templates (O) carried a slightly
modified form of P[walter] that had lost its mobility or in which some of the
markers had been substituted (9). (The immobile element at 34C is
missing part of its 5" P end.) All reversion events occurred in the germ line
of w"¥ males with a single copy of one of the template elements and the
A2-3 (99B) element to provide transposase (74). A total of 3298 single-
male crosses were performed to yield 209,057 potential revertant proge-
ny. The results were pooled with an earlier data set obtained by identical
methods and reported previously (9), accounting for 43% of the data
shown here. All data for sites 1B, 2B, 3D, 5B, 7F, 8E, 11A, 16C, 18A, 23D,
48A, and 57E3-10 are new, and data from sites 25F, 31F, 35CD, 64A, 65D,
73F, 78D4-5, 85E, 91F, 96B1-5, 100B1-2, and 100D include both exper-
iments. The remaining sites were tested only in the first experiment. The
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new P[walter] insertion sites were obtained by mobilizing previous inser-
tions with transposase and selecting for jumps (74). Cytological positions
were determined by in situ hybridization to polytene chromosomes with a
labeled white DNA probe (23).

e = 5% conversion
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