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ABSTRACT The rat brain-derived neurotropic factor
(BDNF) gene consists of four S' exons lnked to separate
promoters and one 3' exon encoding the prepro-BDNF protein.
To gain sights Into the regulation ofBDNFmRNA expression,
probes specific for the different 5' exons were used to study the
expresson ofBDNF mRNA in the brain. Following a systemic
isjection ofthe glutamate analog kainc acid, exon I, HI, and m1
mRNAs increased tanendtly in hippocampus and cerebral
cortex. A modest incrase was seen for exon IV, where a new
transcription initiation site was induced by this treatment.
Pretreatments with the N-methyl-D-aspartate (NMDA) recep-
tor antagnist MK801 or the a-amino-3-hydroxy-5-methyl-4-
isoxazoleproplonic acid (AMPA) receptor antagonis 2,3-
dihydroxy-6-nitrosulfanoylbenzo(f)quinoxaline revealed two
region-spcfic patterns of glutamate receptor-mediated regu-
lation. The first pattern found in neocortex, prform cortex,
and amygdala involves regulation of BDNF exon I, UI, andm
mRNAs trgh NMDA and AMPA/kainate receptors. The
second pattern found In the hippocampus involves regulation of
BDNF exon I, U, and HI mRNAs by hig-afnity kainate or
metabotropic receptors. Treatment with the -aminobutyric
acid subtpe A (GABAA) receptor antagonst bicu e in-
crased exon I and UI mRNAs in the dentate gyms, and the
muscinic receptor agonist plocarpine incasd exon I
mRNA mainly in the neocortex. These data show that the four
BDNF promoters allow multiple points of BDNF mRNA reg-
ulation and suggest that the activation of different subtpes of
glutmate receptors differentially regulates the expon of
BDNF exon-spech'ic mRNAs In the brain.

Brain-derived neurotrophic factor (BDNF; refs. 1 and 2) is a
member of the neurotrophin family, which also includes
nerve growth factor (NGF) (3), neurotrophin-3 (NT-3) (4-9),
and neurotrophin 4/5 (NT-4) (10-12). BDNF promotes the
survival of retinal ganglion cells (13), basal forebrain cholin-
ergic neurons (14), and embryonic mesencephalic dopami-
nergic neurons (15, 16) in cell culture. In vivo BDNF has been
shown to increase the survival ofembryonic sensory neurons
(17) and developing as well as injured motoneurons (18-20).
BDNF mRNA is expressed in neurons throughout the

brain with the highest level in the hippocampus (8, 21-24).
The findings that the glutamate analog kainic acid (KA) and
the 'y-aminobutyric acid subtype A (GABAA) receptor an-
tagonist bicuculline increase BDNF mRNA levels in hippo-
campal neurons have led to the hypothesis that the balance
between the activity of the GABAergic and glutamatergic
systems controls the level of BDNF mRNA in the hippo-
campus (25-28). Moreover, stimulation of the septo-
hippocampal pathway transiently increases BDNF mRNA in
the hippocampus (29). Similarly, seizure activity induced by
focal electrolytic lesions (30) or repeated subconvulsive
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electrical stimulations (31) in the hippocampus lead to
marked and transient increases of BDNF mRNA in the
dentate gyrus, neocortex, and piriform cortex.
The increase ofBDNFmRNA following KA treatment has

been suggested to be due to a glutamate receptor activation.
The glutamate receptor family has been classified into two
main groups: the metabotropic receptors, which exert long-
lasting actions through the modulation of intracellular sig-
nals, and the ionotropic receptors, which contain glutamate-
gated cation channels providing fast synaptic responses (32).
lonotropic receptors, further subdivided according to phar-
macological criteria into N-methyl-D-aspartate (NMDA),
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) low-affinity kainate receptor, and high-affinity kain-
ate receptors, have been implicated in the increase ofBDNF
mRNA after treatment with KA (25, 26) and after electrical
stimulations (31).
The recent molecular cloning of the rat BDNF gene has

revealed a complex gene structure with four short 5' exons
and one 3' exon encoding the mature BDNF protein. A
separate promoter is present upstream of each 5' exon (33).
Altemative usage ofthese promoters and differential splicing
result in four BDNF mRNAs with different 5' untranslated
exons. The regulation of BDNF exon-specific mRNAs by
neuronal activation was unknown until now since-previous
studies have used probes from exon V that detect a pool of
all BDNF mRNAs.

In this report we have used exon specific probes from the
rat BDNF gene to demonstrate a differential activation ofthe
four BDNF promoters in specific brain regions following
changes in neuronal activation. NMDA and AMPA/kainate
receptors are involved in mediating the promoter activation
with different patterns ofregulation in different brain regions.

MATERIALS AND METHODS
Animals and Pharmacological Treatments. Adult male

Sprague-Dawley rats (body weight, 200-230 g; Alab, Stock-
holm) were used in all experiments. KA (12 mg/kg of body
weight), bicuculline (2 mg/kg), and pilocarpine (400 mg/kg)
were injected i.p. and the animals were sacrificed at the
indicated times after the injections. For pretreatment with
glutamate receptor antagonists, rats were injected i.p. with
MK801 (2 mg/kg) 10 min before KA injection and with
2,3-dihydroxy-6nitrosulfanoylbenzo(f)quinoxaline (NBQX;
30 mg/kg) 30 and 10 min before KA injection and 10 min after
KA injection.

Abbreviations: NGF, nerve growth factor; BDNF, brain-derived
neurotrophic factor; NT-3, neurotrophin 3; NT-4, neurotrophin 4;
NMDA, N-methyl-D-aspartate; AMPA, a-amino-3-hydroxy-5-
methyl-4isoxazolepropionic acid; GABA, 't-aminobutyric acid; KA,
kainic acid; NBQX, 2,3-dihydroxy-6nitrosulfanoylbenzo(f)quinox-
aline; CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione.
*To whom reprint requests should be addressed.
tDeceased May 16, 1993.
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RNA Preparation and Northern Blot Analysis. Total and
poly(A) RNA from the indicated tissues were purified and
analyzed by Northern blot as described (33). The filters were
hybridized to the following BDNF exon-specific probes: for
exon I, a 0.35-kb Sac 1-HindIII genomic fragment; for exon
II, a cDNA fragment covering the sequence 2067-2229 in the
rat BDNF gene; for exon III, a cDNA fragment covering
sequence 782-975 in the rat BDNF gene; and for exon IV, a
cDNA fiagment covering sequence 1790-2056 in the rat
BDNF gene (33). The same filters were also rehybridized
with a mouse P-actin cDNA probe to standardize for the
amount ofmRNA in each lane. Appropriate exposures of all
autoradiograms were quantified using a Shimadzu CS-9000
densitometer. The levels ofthe different BDNF mRNAs were
then normalized relative to the levels of actin mRNA.
In Situ Hybridization and Image Analysis. The same DNA

fiagments as used for the Northern blots were used to
synthesize UTP[a-35S]-labeled complementary RNA probes.
Coronal sections (14 um) from fresh frozen adult Spraque-
Dawley rat brain were analyzed by in situ hybridization as
described (33). To quantify the relative levels of the different
BDNF transcripts in control and treated brains, the optical
density values of the autoradiograms were measured using a
Quantimet 570 image processing and analysis system (Cam-
bridge Instruments, Cambridge, U.K.). For calibration, an
autoradiographic microscale (Amersham) was coexposed on
all x-ray films. The number of neurons per unit area in the
different brain regions was determined by counting on cresyl
violet-stained sections. The optical density values were di-
vided by the neuron density, thus providing an estimate ofthe
labeling intensity over individual neurons in the areas mea-
sured. All measurements were performed on at least six
different tissue specimens. An overall statistical test using
ANOVA was used to determine the significance of differ-
ences among the various groups of animals.

RESULTS
Levels of Exon-Spedfic BDNF mRNAs After Treatments

with KA. BDNF exon I mRNA increased 50-fold in the
hippocampus 3 hr after a systemic injection of KA (Fig. 1).
The level was the same at 4.5 hr but tapered off to 10-fold
higher than control 6 hr after the injection. A 10-fold increase
was seen in the cerebral cortex at 3 hr, which remained at the
same level at the later time points. Exon II mRNA increased
5-fold in hippocampus at 3 hr, declined at 4.5 hr and reached
3-fold higher than control at 6 hr (Fig. 1). Only low levels of
exon II mRNA were detected in the cerebral cortex with
3-fold higher levels than control at all time points after the KA
injection. Exon III mRNA showed similar increases in hip-
pocampus and cerebral cortex, with 20-fold higher levels at
3 hr declining to 10- and 3-fold more than control at 4.5 and
6 hr, respectively. In hippocampus and cerebral cortex, exon
IV mRNA increased 2-fold 3 hr after the KA injection and
returned to control levels at 6 hr. RNase protection assays
showed that in hippocampus and cerebral cortex the same
major initiation sites (cap sites) were used for exon I, II, and
III mRNAs in control animals and in animals analyzed 3 hr
after KA treatment, whereas for exon IV mRNA the KA
treatment induced a cluster of cap sites not seen in the control
located 218-222 bp upstream of the 3' end of exon IV (data
not shown).

Exon-Speciflc BDNF mRNA Analyzed by In Situ Hybridiza-
tion. In situ hybridization revealed a more pronounced in-
crease of exon I mRNA than exon H mRNA after the
treatment with KA, although the regional distribution of the
increases was similar for the two exons (Fig. 2 B and G). The
highest increases were seen in the granular cell layer of the
dentate gyrus, pyramidal cell layers of the neocortex and
piriform cortex, dorsal endopiriform nuclei, and lateral and
dorsolateral amygdaloid nuclei. Less pronounced increases
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FIG. 1. Northern blots of BDNF exon-specific mRNAs after
treatment with KA. Poly(A) RNA was isolated from adult rat
hippocampus (Left) and cerebral cortex (Right) of control animals
(CTR) or aninls sacrificed at the indicated time (in hours) after a
systemic injection of KA. The RNA (20 pg per slot) was electro-
phoresed in an agarose gel, transferred to a nitrocellulose filter, and
hybridized to the indicated BDNF exon-specific probes. The same
filter was used for all probes. The filter was also hybridized with a
probe for 3-actin to standardize for the amount of mRNA in each
lane. The filter was washed at high stringency followed by exposure
to x-ray film.

were seefh in the pyramidal layers of the hippocampus,
posterior paraventricular thalamic nuclei, and ventromedial
hypothalamic nuclei. The increase of exon I mRNA in
neocortex was completely blocked by MK801 and reduced by
70%o by NBQX (Figs. 2 C and D and 3). No statistically
significant effect of MK801 was seen in piriform cortex,
whereas NBQX attenuated the increase by 70%o. No blocking
effect was seen in the hippocampus after pretreatment with
MK801. Instead, MK801 potentiated the KA-mediated in-
crease of exon I mRNA in the CAl and CA3 regions 3- and
2-fold, respectively. No effect of NBQX was seen in the
pyramidal layer of hippocampus, whereas the increase in
dentate gyrus was reduced by 50%.
MK801 and NBQX reduced the increase of exon II mRNA

in the neocortex and piriform cortex by 50% (Figs. 2 H and
land 3). NBQX had no significant effect in the hippocampus,
whereas MK801 potentiated the increase ofexon II mRNA 2-
and 3-fold in the CA3 and CAl regions, respectively, and
1.5-fold in the dentate gyrus (Figs. 2H and 4).
Following KA treatment, exon III mRNA increased mark-

edly in the granular layer of the dentate gyrus, the CAl and
CA2 regions of the hippocampus, neocortex, and piriform
cortex and the lateral amygdaloid complex (Fig. 2L). A
moderate increase was seen in the CA3 region of the hippo-
campus, the internal pyramidal layer of neocortex, medial
amygdaloid nuclei, ventral paraventricular thalamic nuclei,
and ventromedial hypothalamic nuclei. MK801 reduced the
increase of exon III mRNA in neocortex and piriform cortex
by 80 and 50%6, respectively (Figs. 2M and 4). Similarly,
NBQX reduced the increase in neocortex and piriform cortex
by 70% and 50%6, respectively (Figs. 2N and 3). The increase
in the CA3 region and dentate gyrus was not blocked by
MK801 or NBQX, whereas both antagonists reduced the
increase in CAl region by =5096 (Fig. 3). The KA treatment
induced a modest increase in exon IV mRNA, predominantly
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FIG. 2. In situ hybridization with exon-specific anti-sense complementary RNA probes after pharmacological treatments. Coronal sections
at the level of the dorsal hippocampus were prepared from adult rat control brain (CTR) or from animals 3 hr after systemic injection of KA
or bicuculline (BIC). KA-injected animals pretreated wjth MK801 (KA+MK801) or NBQX (KA+NBQX) were also included in the analysis.
The sections were hybridized to the indicated BDNF exon-specific anti-sense complementary RNA probes. Shown are images ofautoradiograms
obtained after hybridization and exposure to x-ray films for 2 weeks (all treated animals) or 4 weeks (control animals). (Bar in upper left = 5

mm and is the same for all panels.) dg, Dentate gyrus; CAl and CA3, pyramidal layers CAl and CA3 of the hippocampus; pir, piriform cortex.

in the hippocampus and neocortex. This increase was not
blocked by MK801 or NBQX (Fig. 2 R and S).
Three hours after a systemic injection of bicuculline, exon

I and III mRNAs increased 15- and 5-fold, respectively in the
granule cell layer of the dentate gyrus (Fig. 2 E and 0). A
modest increase was also seen for exon I and III mRNAs in
the neocortex and piriform cortex. In contrast, no change or
only small changes were seen for exon II and IV mRNAs in
these brain regions (Fig. 2 J and T).
Three hours after a systemic injection of the muscarinic

receptor agonist pilocarpine, exon I mRNA increased mark-
edly in neurons of layer VI of the parietal cortex (compare
Fig. 4 A and C). A modest increase was also seen in neurons
of layer V, whereas no change was seen in the other brain
regions examined. The pilocarpine treatment had no signif-
icant effect on exon II, III, and IV mRNAs.

DISCUSSION
In this study we have used BDNF exon-specific probes to
demonstrate that BDNF mRNAs containing different 5'
exons are differentially expressed in the adult rat brain. A
separate promoter is present upstream of each of the four 5'
exons as revealed by transfection of promoter-reporter gene
constructs in cell culture (33) and by the expression of these
constructs in transgenic mice (unpublished data). It is there-
fore likely that the changes in exon-specific mRNAs reported
here are due to a differential activation of the four different
BDNF promoters. All exon-specific BDNF transcripts con-
tain the coding sequence for the prepro-BDNF protein,
although sequences within the untranslated 5' exons could
form secondary structures that may affect their translatability

(33). Analysis of BDNF exon-specific sequences in polyso-
mal RNA from hippocampus and cerebral cortex of normal
and KA-treated rats showed that all BDNF exon-specific
mRNAs are associated with polysomes (data not shown).
This implies that all BDNF exon-specific mRNAs are used
for translation of the prepro-BDNF protein.
Treatment with the GABAA receptor antagonist bicucul-

line increases BDNF mRNA in hippocampal neurons (26).
Our results provide evidence that this increase is mediated by
a selective activation of BDNF promoters I and III and is
mostly restricted to the dentate gyrus, a structure highly
enriched in GABAergic nerve terminals and GABA recep-
tors. A marked exon-specific response was also found after
treatment with the muscarinic receptor agonist pilocarpine,
which caused a significant increase of exon I mRNA in the
parietal cortex. The regional restriction in the response to
pilocarpine indicates that only a subset of muscarinic recep-
tors regulates the expression of BDNF exon I mRNA.

Previous studies using probes from the protein coding part
of the BDNF gene (exon V), detecting a pool of all BDNF
exon mRNAs, have revealed marked increases of BDNF
mRNA after treatment with KA (25-28). As shown here,
these increases are the sum result of a differential usage of
BDNF 5' exons. Comparison of the time course for the
increases of exon-specific mRNAs revealed that exon I and
II mRNAs remained elevated for longer times after the KA
treatment compared to exon III and IV mRNAs. This may
reflect the fact that promoters I and II and promoters III and
IV, respectively, are located close to each other within the
BDNF gene (33) and therefore may share regulatory se-
quences.
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FiG. 3. Levels of exon-specific BDNF mRNAs in different brain
regions after KA treatment alone or in the presence of glutamate
receptor antagonists. Computerized image analysis was used to
measure the optical density on autoradiograms obtained after hy-
bridization of the sections shown in Fig. 2. The regions analyzed are
indicated. The number of neurons per unit area was calculated for
each region and the optical density values were divided with the
neuronal density. Thus the bars represent a measure of the relative
labeling intensity over individual neurons in different brain areas.
The level of exon III mRNA in the CAl region after KA treatment
was arbitrarily set at 100. Six measurements were made for each
probe and brain area and the results shown are the mean values ±
standard deviation. Asterisks indicate significant effects of pretreat-
ing the animals with glutamate receptor antagonists compared to KA
alone (P < 0.05 using ANOVA). Abbreviations as in Fig. 2.

The position of the cap sites for exon I, II, and III mRNAs
was the same in control and KA-treated animals, suggesting
that the structure and the translatability of these mRNAs
were not changed after the KA treatment. However, for exon
IV a new major cap site was induced by KA and this shift
removes part of the 5' end of exon IV mRNA, which may
improve the translatability ofthis mRNA (33). Thus, for exon
IV mRNA, transcriptional and translational changes may
control the amount of prepro-BDNF protein synthesized
after KA treatment.

In addition to the direct activation ofkainate receptors, KA
causes a release of glutamate in the brain and this has been
suggested to mediate the increase ofBDNF mRNA (25). The
different regional distributions in the response comparing the
four exons could be due to the fact that the BDNF promoters
are differentially induced following activation of various sub-
sets ofglutamate receptors. The results obtained by the use of
specific glutamate receptor antagonists revealed two main
patterns of region-specific, glutamate receptor-mediated reg-
ulation of exon-specific BDNF mRNAs.
The first pattern was seen in the neocortex, piriform

cortex, and amygdaloid complex, where the increases of
exon I,1, and III mRNAs were partially blocked by MK801
and NBQX. This suggests that NMDA and AMPA/kainate
receptors are involved in the regulation of promoters I, II,
and Ill in these brain regions. The only exception was the
increase of exon I in the piriform cortex, which was blocked
only by NBQX, indicating that NMDA receptors are not
involved. The finding that NMDA and AMPA/kainate re-
ceptors are involved in the KA induction of exon-specific
BDNF mRNA suggests that (i) polysynaptic pathways using

FIG. 4. Pilocarpine-mediated increase of BDNF exon I in the
parietal cortex. Shown are emulsion autoradiograms obtained after
hybridization of sections to a BDNF exon I mRNA-specific probe.
The sections were prepared from control brain (A) or 3 hr after
systemic injections of pilocarpine (C, E, and F) or KA (D). (B)
Bright-field illumination included as an overview of the area ana-
lyzed. Note labeled cells (some of which are indicated by arrows) in
layer IV of the parietal cortex in the pilocarpine-treated animal (C)
but not in the control brain (A). (F) Bright-field illumination of
labeled neurons in layer IV of the parietal cortex after pilocarpine
treatment. (Bar in A = 500 ,um and is the same for B-D; bar in E =
125 ,n and is the same for F.) CPu, caudate-putamen; II, Ill, IV, V,
and VI, layers of the parietal cortex.

different glutamate receptors are involved or (ii) presynaptic
kainate receptors stimulated by KA induce glutamate release
and activate postsynaptic glutamate receptors in a similar
fashion to that described in the hippocampus (34, 35). Cor-
relation of the glutamate receptor subtype distribution in the
piriform cortex and amygdaloid complex (36-39) and the
blockade of the kainate response by NBQX suggest that the
kainate effect might be triggered by either homodimeric
GluR5Q (unedited) or heterodimeric KA2/GluR6 or KA2/
GluRS receptors. The increases of exons I, II, and III in
neocortex may be due to an activation of heterodimeric
GluR6/KA receptors that are sensitive to 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX) and mainly localized in
cortical layers II and IV (37, 38, 40). In addition, glutamate
receptor subunits 1, 2, and 3 forming AMPA low-affinity
kainate receptors (41-43) and the NMDA receptors formed
by subunits 1, 2A, and 2B (44), also present in these brain
areas, may participate in the regulation of BDNF exon-
specific mRNA expression.
The second main pattern of BDNF mRNA regulation by

KA was found in the hippocampus. In this region the in-
creases ofBDNF exon I, II, and III mRNAs did not seem to
be mediated through NMDA receptors since MK801 did not
block the kainate induction. On the contrary, pretreatment
with MK801 potentiated the kainate-induced increase ofexon
I mRNA in the CAl and CA3 regions and exon II in CA1,
CA3, and dentate gyrus. This suggests that activation of
NMDA receptors, formed by subunits 1 and 2A or 1 and 2B
in these hippocampal regions (44), could be negatively cou-
pled to the expression of exon I and II mRNAs. In most of
the hippocampal regions the induction of BDNF exon I, II,
and III mRNAs was not blocked by NBQX. This finding is

Neurobiology: Metsis et al.
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intriguing since it has recently been shown (37) that the
glutamate receptor subunit GluR6 is enriched in the dentate
gyrus and CA3 region and forms homodimeric, CNQX low-
sensitivity, high-affinity kainate receptors. Although we can-
not rule out the involvement of metabotropic receptors due
to the lack of selective antagonists, our data suggest that the
KA-mediated increases of exon I and III mRNAs in the
hippocampus may occur through the GluR6 subtype of kain-
ate receptors.

Exceptions to the pattern ofregulation in the hippocampus
were seen in the dentate gyrus, where the increase of exon I
mRNA was blocked by NBQX, and in the CAl region, where
the increase of exon III mRNA was blocked by MK801 and
NBQX. This suggests that NMDA receptors are not regu-
lating exon I mRNA in the dentate gyrus, whereas NMDA
and AMPA/kainate receptors could be involved in the in-
crease of exon III mRNA in the CAl region. In this case, in
addition to a postsynaptic activation of AMPA/kainate re-
ceptors, presynaptic kainate receptors (34) could induce
glutamate release from hippocampal mossy fibers (35) and
activate postsynaptic NMDA receptors. Given that in both
cases the kainate action could be blocked by NBQX, it may
be possible that either the heterodimeric AMPA high-affinity
kainate receptor GluR6/KA2 (38) or AMPA low-affitnity
kainate receptors formed by subunit 1, 2, 3, or 4 (41, 43, 46)
may be involved since they are sensitive to CNQX and
expressed in the CAl region and dentate gyrus.

Since all treatments in this study were applied systemically,
we cannot rule out more complex indirect pathways leading to
the differential activation ofBDNF promoters. However, the
significant correlation ofthese effects with glutamate receptor
subtype distribution leads us to suggest that some particular
combination of glutamate receptor subunits, if functional in
that particular region, may be responsible for the specific
induction of the different BDNF promoters.
The regional variations in the brain in the expression of the

four BDNF 5' exon mRNAs in response to changes in
neuronal activation suggest that the four transcription units
within the BDNF gene are independently regulated. The
blocking effects of glutamate receptor antagonists on BDNF
exon-specific mRNAs suggest that a broad spectrum of
different glutamate receptors regulates, in a precise manner,
the expression ofBDNF mRNA in different brain areas. The
functional consequence of this regulation is not known, but
the fact that the treatments used in this study enhance
memory, at low doses, or induce seizures, at high doses (45,
47, 48), suggests that BDNF may provide a trophic feedback
to the afferent nerve terminals, which results in a reinforce-
ment of these inputs.
M.M., T.T., and E.A. would like to dedicate this work to the

memory of Prof. Hikan Persson whose premature death is a great
loss for all of us. We thank C. F. Ibanez and R. Sehgal for critical
comments on the manuscript. Financial support was obtained from
the Swedish Natural Science Research Council, The Bank of Sweden
Tercentenary Foundation, Konung Gustav V:s och Drottning Vic-
torias Stiftelse, Gertrude och Ivar Philipsons Stiftelse, Fredrik och
Ingrid Thurings Stiftelse, The Swedish Board for Technical Devel-
opment, U.S. grants (University of Colorado) AG04418 and
NS09199, and funds from the Karolinska Institute. M.M. and T.T.
were supported by Regeneron Pharmaceuticals and E.A. was sup-
ported by the Spanish Ministerio de Educaci6n y Ciencia (FPI
Program) and The European Molecular Biology Organization.

1.
2.

3.
4.

5.

Barde, Y.-A., Edgar, D. & Thoenen, H. (1982) EMBO J. 1, 549-553.
Leibrock, J., Lottspeich, A. H., Hofer, M., Hengerer, B., Masiakowski,
P., Thoenen, H. & Barde, Y.-A. (1989) Nature (London) 341, 149-152.
Levi-Montalcini, R. (1987) Science 237, 1154-1162.
Hohn, A., Leibrock, J., Bailey, K. & Barde, Y. A. (1990) Nature
(London) 344, 339-341.
Maisonpierre, P. C., Belluscio, L., Squinto, S., Ip, N. Y., Furth, M. E.,
Lindsay, R. M. & Yancopoulos, G. D. (1990) Science 247, 1446-1451.

6. Rosenthal, A., Goeddel, D. V., Nguyen, T., Lewis, M., Shih, A.,
Laramee, G. R., Nikolics, K. & Winslow, J. W. (1990) Neuron 4,
767-773.

7. Kaisho, Y., Yoshimura, K. & Nakahama, K. (1990) FEBS Lett. 266,
187-191.

8. Ernfors, P., Ibanez, C. F., Ebendal, T., Olson, L. & Persson, H. (1990)
Proc. Natl. Acad. Sci. USA 87, 5454-5458.

9. Jones, K. R. & Reichardt, L. F. (1990) Proc. Natl. Acad. Sci. USA 87,
8060-8064.

10. Hallbook, F., Ibanez, C. F. & Persson, H. (1991) Neuron 6, 845-858.
11. Berkemeier, L. R., Winslow, J. W., Kaplan, D. R., Nikolics, K., Goed-

del, D. V. & Rosenthal, A. (1991) Neuron 7, 857-866.
12. Ip, N. Y., Ibanez, C. F., Nye, S. H., McClain, J., Jones, P. F., Gies,

D. R., Belluscio, L., Le Beau, M. M., Espinosa, R. I., Squinto, S. P.,
Persson, H. &Yancopoulos, G. D. (1992) Proc. Natl. Acad. Sci. USA 89,
3060-3064.

13. Johnson, J. E., Barde, Y.-A., Schwab, M. & Thoenen, H. (1986) J.
Neurosci. 6, 3031-3038.

14. Alderson, R. F., Alterman, A. L., Barde, Y. A. & Lindsay, R. M. (1990)
Neuron 5, 297-306.

15. Hyman, C., Hofer, M., Barde, Y. A., Juhasz, M., Yancopoulos, G. D.,
Squinto, S. P. & Lindsay, R. M. (1991) Nature (London) 350, 230-232.

16. Knfsel, B., Winslow, J. W., Rosenthal, A., Burton, L. E., Seid, D. P.,
Nikolics, K. & Hefti, F. (1991) Proc. Nat!. Acad. Sci. USA 88, 961-965.

17. Hofer, M. M. & Barde, Y.-A. (1988) Nature (London) 331, 261-262.
18. Oppenheim, R. W., Qin-Wei, Y., Prevette, D. & Yan, Q. (1992) Nature

(London) 360, 755-757.
19. Yan, Q., Elliott, J. & Snider, W. D. (1992) Nature (London) 360,

753-755.
20. Sendtner, M., Holtmann, B., Kolbeck, R., Thoenen, H. & Barde, Y.-A.

(1992) Nature (London) 360, 757-759.
21. Ernfors, P., Wetmore, C., Olson, L. & Persson, H. (1990) Neuron 5,

511-526.
22. Hofer, M., Pagliusi, S. R., Hohn, A., Leibrock, J. & Barde, Y. A. (1990)

EMBO J. 9, 2459-2464.
23. Wetmore, C., Ernfors, P., Persson, H. & Olson, L. (1990) Exp. Neurol.

109, 141-152.
24. Phillips, H. S., Hains, J. M., Laramee, G. R., Rosenthal, A. & Winslow,

J. W. (1990) Science 250, 290-294.
25. Zafra, F., Hengerer, B., Leibrock, J., Thoenen, H. & Lindholm, D.

(1990) EMBO J. 9, 3545-3550.
26. Zafra, F., Castren, E., Thoenen, H. & Lindholm, D. (1991) Proc. Natl.

Acad. Sci. USA 88, 10037-10041.
27. Ballarin, M., Ernfors, P., Lindefors, N. & Persson, H. (1991) Exp.

Neurol. 114, 35-43.
28. Dugich-Djordjevich, M. M., Tocco, G., Lapchak, P. A., Pasinetti,

G. M., Najm, I., Baudry, M. & Hefti, F. (1992) Neuroscience 47,
303-315.

29. Lindefors, N., Ernfors, P., Falkenberg, T. & Persson, H. (1992) Exp.
Brain Res. 88, 771-779.

30. Isackson, P. J., Huntsman, M. M., Murray, K. D. & Gall, C. M. (1991)
Neuron 6, 937-948.

31. Ernfors, P., Bengzon, J., Kokaia, Z., Persson, H. & Lindvall, 0. (1991)
Neuron 7, 165-176.

32. Nakanishi, S. (1992) Science 258, 597-603.
33. Timmusk, T., Palm, K., Metsis, M., Reintam, T., Paalme, V., Saarma,

M. & Persson, H. (1993) Neuron 10, 475-489.
34. Represa, A., Tremblay, E. & Ben-Ari, Y. (1987) Neuroscience 20,

739-748.
35. Gannon, R. L. & Terrian, D. M. (1991) Neuroscience 41, 401-410.
36. Bettler, B., Boulter, J., Hermans, B. I., O'Shea, G. A., Deneris, E. S.,

Moll, C., Borgmeyer, U., Hollmann, M. & Heinemann, S. (1990) Neuron
5, 583-595.

37. Egebjerg, J., Bettler, B., Hermans, B. I. & Heinemann, S. (1991) Nature
(London) 351, 745-748.

38. Herb, A., Burnashev, N., Werner, P., Sakmann, B., Wisden, W. &
Seeburg, P. H. (1992) Neuron 8, 775-785.

39. Sommer, B., Burnashev, N., Verdoorn, T. A., Keinanen, K., Sakmann,
B. & Seeburg, P. H. (1992) EMBO J. 11, 1651-1656.

40. Werner, P., Voigt, M., Keinanen, K., Wisden, W. & Seeburg, P. H.
(1991) Nature (London) 351, 742-744.

41. Keininen, K., Wisden, W., Sommer, B., Werner, P., Herb, A., Ver-
doom, T. A., Sakmann, B. & Seeburg, P. H. (1990) Science 249,
556-560.

42. Boulter, J., Hollmann, M., O'Shea, G. A., Hartley, M., Deneris, E.,
Maron, C. & Heinemann, S. (1990) Science 249, 1033-1037.

43. Nakanishi, N., Schneider, N. A. & Axel, R. (1990) Neuron 5, 569-581.
44. Monyer, H., Sprengel, R., Schoepfer, R., Herb, A., Higuchi, M.,

Lomeli, H., Burnashev, N., Sakmann, B. & Seeburg, P. H. (1992)
Science 256, 1217-1221.

45. Matsuoka, N., Maeda, N., Ohkubo, Y. & Yamaguchi, I. (1991) Brain
Res. 559, 233-240.

46. Boulter, J., Hoilman, M., O'Shea-Greenfield, A., Hartley, M., Deneris,
E., Maron, C. & Heinemann, S. (1990) Science 249, 1033-1037.

47. Izquierdo, I. &Medina, J. H. (1991) Trends Pharmacol. Sci. 12,260-265.
48. Flood, J. F., Baker, M. L. & Davis, J. L. (1990) Brain Res. 25, 197-202.

8806 Neurobiology: Metsis et al.


