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Abstract

One of the most rigorously investigated problems in modern neuroscience is to decipher the
mechanisms by which experience-induced changes in the central nervous system are translated into
behavioral acquisition, consolidation, retention, and subsequent recall of information. Brain-derived
neurotrophic factor (BDNF) has recently emerged as one of the most potent molecular mediators of
not only central synaptic plasticity, but also behavioral interactions between an organism and its
environment. Recent experimental evidence indicates that BDNF modulates synaptic transmission
and plasticity by acting across different spatial and temporal domains. BDNF signaling evokes both
short- and long-term periods of enhanced synaptic physiology in both pre- and postsynaptic
compartments of central synapses. Specifically, BDNF/TrkB signaling converges on the MAP kinase
pathway to enhance excitatory synaptic transmission in vivo, as well as hippocampal-dependent
learning in behaving animals. Emerging concepts of the intracellular signaling cascades involved in
synaptic plasticity induced through environmental interactions resulting in behavioral learning
further support the contention that BDNF/TrkB signaling plays a fundamental role in mediating
enduring changes in central synaptic structure and function. Here we review recent literature showing
the involvement of BDNF/TrkB signaling in hippocampal-dependent learning paradigms, as well as
in the types of cellular plasticity proposed to underlie learning and memory.

Activity-induced changes in the central nervous system (CNS) are widely proposed
mechanisms that allow organisms to adapt behaviorally, to learn and remember. For more than
a century, the most intensely studied aspects of learning and memory have been to determine
the cellular and molecular mechanisms of memory acquisition, consolidation, and subsequent
recall of information. The first formal ideas regarding the ability of experience to shape and
modify brain structures as well as synaptic junctions between nerve cells can be traced back
to the later part of the 19th century (Bain 1872; James 1890; Tanzi 1893; Foster and
Sherringhton 1897; Cajal 1909). More recently, Donald Hebb proposed a cellular mechanism
for associative learning postulating that coincident activity at given synaptic junctions modifies
the properties of those synapses, thereby increasing their efficiency (Hebb 1949). This so-called
Hebbian principle dominates thinking at present of how use-dependent changes at synapses
occur during learning. Investigations into the mechanisms underlying learning have thus
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primarily focused on the computational unit of the nervous system, the synapse. Synapses are
not static; the cellular mechanisms of learning and memory, induced by experience, involve
biochemical modification and morphological remodeling of existing synapses, as well as
genesis of new synapses, resulting in activity-dependent physiological changes, which
collectively define interactions between an organism and its environment. The majority of these
investigations have delved into the mechanisms underlying changes in synaptic strength in one
of the anatomical regions most relevant to learning and memory, the hippocampus. The study
of synaptic plasticity in the hippocampus and its relationship to learning and memory has
unveiled a labyrinth of potential mechanisms and molecular signals beyond the scope of the
present communication, and has been recently reviewed (Martin et al. 2000; Abel and Lattal
2001).

Not only are the mechanisms of neuronal plasticity during brain development similar to those
proposed to occur during learning in the adult nervous system, but biologically similar
molecular signals are often conserved to serve similar functions in a diversity of roles,
enhancing the evolutionary advantage they confer. Due to their established role during brain
development, some of the most attractive molecular candidates for modulating synaptic
plasticity during learning and memory processes are members of the family of neurotrophins
(NTs). Thus, NTs represent molecular signals initially establishing, then allowing an
organism's nervous system to remain in an unbound plastic state. The mammalian NTs, nerve
growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and
neurotrophin 4/5 (NT-4/5), all have been shown to play an essential role in neuronal viability
and differentiation, as well as synaptic plasticity in various brain regions relevant to learning
and memory (for review, see McAllister etal. 1999). Two types of receptors mediate NT action:
high-affinity membrane-bound tyrosine kinase receptors (Trk) and a low-affinity pan-
neurotrophin receptor (p75). Specific Trk receptors have preferential affinities for one or more
of the NTs: TrkA for NGF, TrkB for BDNF and NT-4/5, and TrkC for NT-3. BDNF is one
member providing a target-derived signal for the establishment of neuronal connections during
development, as well as continuing to modify these networks long after their establishment.

BDNF is of particular interest in the hippocampus, an area well-known for its role in memory
and for its high degree of synaptic plasticity, for this region has the highest neuroanatomical
expression of BDNF and its TrkB receptor in the mammalian brain (Murer et al. 2001). Even
though BDNF has been repeatedly hypothesized to play a role in learning and memory,
evidence of such a role in behaving animals is only beginning to emerge. The extensive
literature on the role of NTs in synaptic plasticity, including neurotransmitter release and
intracellular signaling cascades, has been reviewed in recent articles (Segal and Greenberg
1996; Schinder and Poo 2000; Thoenen 2000; Poo 2001; Tyler et al. 2002). The aims of the
present review are to examine the behavioral evidence supporting the involvement of BDNF-
triggered intracellular cascades in hippocampal-mediated learning and memory, as well as to
evaluate the evidence showing the involvement of those same signaling cascades in forms of
hippocampal excitatory synaptic plasticity thought to underlie mechanistically some forms of
learning and memory.

BDNF Signaling Is Necessary for Hippocampal-Dependent Learning

The role of BDNF in activity-dependent forms of synaptic plasticity has been extended by
implicating BDNF directly in learning and memaory processes; however, the majority of these
hypotheses have been based on correlative evidence between the molecular and physiological
similarities of BDNF-induced plasticity and the types of plasticity thought to underlie learning
and memory. More recently, BDNF/TrkB signaling has been implicated in learning and
memory by directly examining its role in a variety of learning paradigms in behaving animals.
Despite the fact that BDNF has been shown to play a critical role in a variety of learning
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paradigms in mice (Bao et al. 1998; Qiao et al. 1998; Aloe et al. 1999; Croll et al. 1999; Horger
et al. 1999), monkeys (Tokuyama et al. 2000), zebra finches (Akutagawa and Konishi 1998;
Wade 2000), and chicks (Johnston et al. 1999; Johnston and Rose 2001), the behavioral tests
used in those studies were not as hippocampal-dependent as spatial learning or contextual fear
conditioning. We focus here on behavioral evidence obtained using specific hippocampal-
mediated spatial learning and contextual fear conditioning paradigms.

The first behavioral evidence supporting the potential role of BDNF in hippocampal-dependent
cognitive performance was the observation of improved spatial memory from rats housed in
enriched environments, which was also correlated with an increased BDNF mRNA expression
in their hippocampi (Falkenberg et al. 1992). Interestingly, these authors found that there were
no differences in basal hippocampal BDNF mRNA expression due to the housing conditions
alone (enriched vs. impoverished). However, rats that were housed in the enriched environment
and tested repeatedly in the Morris water maze had a 48% higher expression of BDNF mRNA
in the hippocampus than did rats that were housed in an enriched environment but did not
undergo the Morris water-maze training. It has since been reported that BDNF mRNA levels
in the dentate gyrus are increased in rats with good retention at 1, 3, and 6 h posttraining, when
compared with poor-retention rats undergoing Morris water-maze training (Ma et al. 1998).
BDNF expression in the CAL region of the hippocampus in rats increases above control values
within 30 min of undergoing a contextual conditioning paradigm (Hall et al. 2000). In addition,
spatial memory formation is associated with increased BDNF mRNA levels when learning
takes place in the eight-arm radial maze, but not when learning is inhibited with a brain nitric
oxide synthase inhibitor (7-nitroindazole; Mizuno et al. 2000). Although the increased levels
of BDNF mRNA under various experimental manipulations designed to test spatio-cognitive
function is good correlative evidence, it does not alone directly show a causal relationship
between BDNF and hippocampal-dependent learning.

The behavioral evidence implicating BDNF in spatial learning and memory has revealed a role
in the acquisition, consolidation, and subsequent recall of information. Although requiring
twice the number of training days to achieve an equal level of performance in the Morris water
maze as age-matched wild-type mice, young (6-8-wk), heterozygous BDNF knockout (KO)
mice showed no deficits in memory retention (Linnarsson et al. 1997). The potential
contribution of the genetic background to the behavioral phenotype has always been a caveat
of the knockout approach for the study of the neurobiology of behavior (Gingrich and Hen
2000; Wolfer and Lipp 2000). The studies reviewed here are no exception; they present,
however, the critical controls performed in littermates of the same genetic background, and
although not absolute, they represent significant comparative observations between siblings of
different genotypes. With these caveats in mind, these authors also found learning deficits in
aged (10-mo) wild-type and BDNF KO mice compared with their young counterparts, with the
age impairments being the greatest in the mutant mice. Consistent with the observations in
BDNF KO mice, quenching of endogenous BDNF with function-blocking anti-BDNF
antibodies also impairs spatial learning and memory in rats. Compared with controls, rats who
received chronic (7-d) intracerebroventricular infusions of anti-BDNF antibody had longer
escape latencies, slower rates of decline in escape latencies, and lower performance in probe
trials in the Morris water maze, all indicative of impaired spatial learning and memory (Mu et
al. 1999). Likewise, disruption of hippocampal BDNF gene expression using BDNF antisense
oligonucleotides severely impairs spatial learning and memory in rats. Infusions of BDNF
antisense oligonucleotides directly into the dentate gyrus elicited a reduction of BDNF mRNA
in the hippocampus. Only when these infusions were performed before memory consolidation
took place did they severely impair retention performance in an inhibitory avoidance learning
task (Ma et al. 1998). It should be noted that these authors found that the same BDNF antisense
oligonucleotide treatment also markedly reduced long-term potentiation (LTP) of excitatory
synaptic transmission, the most intensively studied cellular model of hippocampal associative
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learning (Martin et al. 2000), at perforant path-dentate granule cell synapses. Following a 28-
d training period on the eight-arm radial maze task, rats receiving continuous
intracerebroventricular BDNF antisense oligonucleotide infusions beginning 4 d prior to and
during the subsequent testing period, showed drastic impairments in both reference and
working memory compared with control rats (Mizuno et al. 2000). Reference memory refers
to trial-independent information retention remaining constant over repeated trials, whereas
working memory refers to memory in which the information retained changes across repeated
trials, and thereby is trial-dependent.

Mice with experimental alterations in the expression of the BDNF receptor TrkB also show
impairments in hippocampal-mediated learning. Mice overexpressing a truncated noncatalytic
form of the TrkB receptor, Trkb.T1, showed mild spatial memory deficits in Morris water-
maze tasks, although hippocampal slices from these mice expressed normal LTP in the CAl
region (Saarelainen et al. 2000), showing, as briefly discussed below, an apparent dissociation
between LTP and memory. Using Cre/loxP recombination and the promoter of a-calcium-
calmodulin protein kinase Il (a-CaMKII), a conditional trkB knockout mouse (trk-B—-CRE)
was produced that expresses the knockout transgene only in the forebrain starting at the end
of the second postnatal week during development (Minichiello et al. 1999). This conditional
knockout approach circumvents the always-present issue of potential developmental defects
in constitutive knockout mice, at least to the extent that the period of genetic intervention spans
only from approximately the second postnatal week to the time of behavioral testing a few
weeks later. Despite this caveat, these authors present clear evidence that trkB—CRE mice failed
to successfully learn navigation of the Morris water maze, and their escape latencies never
decreased with repeated training and were only partially reduced when the escape platform
was visible (Minichiello et al. 1999). Furthermore, trk-B—-CRE mice did learn a less stressful
eight-arm radial maze task, although with significantly more errors. Following trk-B—-CRE
testing in a contextual fear conditioning paradigm and a two-way avoidance task, these authors
finally concluded that trkB-CRE mutants maintain a degree of task-specific long-term
memory; however, they show impaired learning or inappropriate coping responses when they
are subjected to complex and/or stressful learning paradigms. These authors also found an
interesting dissociation between the impairment of LTP in the heterozygous mice and their
lack of any behavioral deficits, because it seems that LTP induction and maintenance do not
necessarily translate into behavioral defects in learning and memory in these mice. In fact,
several other studies have shown that impairments in hippocampal LTP are not always
associated with spatial learning deficits, indicating that spatial learning may not require
hippocampal CA1 LTP (Bannerman et al. 1995; Huang et al. 1995; Nosten-Bertrand et al.
1996; Okabe et al. 1998). Alternatively, the precise strength and timing of hippocampal LTP
may be the critical point for spatial learning to occur. In addition, some studies reported lack
of effects on memory retention of acute or chronic intracerebral administration of BDNF
(Fischer et al. 1994; Pelleymounter et al. 1996; Cirulli et al. 2000); however, as stressed by
Fischer et al. (1994), the very restricted penetration of BDNF into the brain parenchyma, which
is likely to limit or restrict the functional efficacy of the infused protein, could explain their
negative results. Based on present behavioral studies, however, there is a general consensus
that BDNF participates in hippocampal-dependent learning and memory formation, and, as we
shall discuss below, also in synaptic plasticity phenomena considered to be the cellular correlate
of associative learning.

Environmental Interactions Modulate BDNF Expression in the Hippocampus

One of the basic premises of synaptic plasticity's involvement in learning and memory

consolidation is that it is an activity-dependent process. Any candidate proposed to play a role
in learning by modulating synaptic plasticity should therefore also be regulated in an activity-
dependent manner. Again, BDNF is a strong candidate, because its expression is regulated by
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neuronal activity, as evidenced by increased BDNF mRNA levels in the hippocampus of rats
following the induction of seizure activity (Zafra et al. 1990; Ballarin et al. 1991; Ernfors et
al. 1991; Isackson et al. 1991). Subsequently, BDNF mRNA levels were shown to increase
sixfold in the granule cells of the dentate gyrus 30 min after the induction of epileptiform
activity (Ernfors et al. 1991). Despite the fact that mRNA levels alone do not always represent
protein levels, increases in the amount of BDNF protein have also been found in the
hippocampus following seizure activity (Nawa et al. 1995; Smith et al. 1997; Yan et al.
1997). Whereas both BDNF mRNA and protein levels increase in the hippocampus following
epileptiform activity, investigations have also shown similar results under a variety of more
physiological experimental conditions. Stimulation patterns capable of inducing LTP also
increase BDNF mRNA in the hippocampus (Patterson et al. 1992; Castren et al. 1993).
Interestingly, it has been found that bioelectrical activity in general regulates BDNF mRNA
levels. In cultured neurons, BDNF mRNA levels were found to increase following
depolarization with either high-potassium solutions or with the excitatory amino acid,
glutamate (Zafra et al. 1991; Lindholm et al. 1994; Berninger et al. 1995). Conversely,
inhibition of electrical activity with either y-aminobutyric acid (GABA) or with GABAx,
receptor agonists decreases BDNF expression (Zafra et al. 1991; Lindholm et al. 1994;
Berninger et al. 1995). Furthermore, BDNF expression is modulated in the hippocampus by a
variety of neurotransmitter and neuromodulatory systems, all of which have been implicated
in hippocampal-dependent learning. Hippocampal BDNF expression is regulated by
cholinergic (da Penha Berzaghi et al. 1993; Lapchak et al. 1993; Knipper et al. 1994; French
et al. 1999), serotonergic (Nibuya et al. 1995; Vaidya et al. 1997, 1999), and nitric oxide
(Xiong et al. 1999) manipulations, as well as by both gluco- and mineralocorticoids (Schaaf
et al. 1998; Hansson et al. 2000).

In addition to these in vitro manipulations, and more relevant to learning and memory, BDNF
expression is also regulated in vivo by various environmental interactions. Increased physical
activity increases, and decreased physical activity decreases BDNF mRNA and protein levels
in the rat hippocampus (Neeper et al. 1995, 1996; Oliff et al. 1998; Widenfalk et al. 1999;
Russo-Neustadt et al. 2000). In the hippocampus of rats presented with enriched environments,
BDNF levels are also increased (Falkenberg et al. 1992; Ickes et al. 2000). It has been
established that both exercise and exposure to enriched environments improve performance in
avariety of hippocampal-dependent learning paradigms. In fact, learning itself has been shown
to markedly increase the levels of BDNF in the hippocampus (Kesslak et al. 1998; Hall et al.
2000). The mechanisms of activity-regulated BDNF expression have only recently begun to
be illuminated through investigations into the structure and regulatory mechanisms of the
BDNF gene itself.

The BDNF gene, a slave to activity, is intricately designed, allowing distinctive responses to
awide variety of environmental stimuli throughout development. The BDNF gene is comprised
of four 5’ exons, each preceded by its own promoter region, and one 3’ exon from which the
biologically active protein is ultimately transcribed (Metsis et al. 1993; Timmusk et al. 1993).
This structure permits alternate splicing of four different BDNF mRNAs that are independently
transcribed, based on neuroanatomical localization and the type of neuronal activity triggering
the process; in addition, each one of the four splice variants has two distinct polyadenylation
sites, giving rise to eight different mMRNA species. Each one of the independently regulated 5’
exons is capable of being spliced to the 3’ coding region, thereby providing a mechanism for
differential anatomical and functional BDNF expression within the CNS (Timmusk et al.
1993). Considering that all these MRNA species are translated into the same BDNF protein,
various physiological stimuli may selectively activate different promoters, providing a
complexity reflecting different stability, trafficking, and targeting within neurons. Although
different mechanisms exist for each one, to some degree all exons are regulated in an activity-
dependent fashion (for review, see Murer et al. 2001; Tao et al. 2002). Understanding the
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precise mechanisms of activity-dependent transcription of the BDNF gene, including its spatio-
temporal pattern of activation, will provide insights into the integration between environmental
stimuli and the associated plasticity mediated by BDNF/TrkB signaling. Although it is not yet
clear exactly how activity-dependent expression of BDNF plays a role in plasticity, it seems
as though “plasticity is built into the BDNF gene” (Black 1999).

Activity-Dependent BDNF Release Allows Spatio-Temporally Restricted
BDNF Signaling

Itis generally accepted that those cellular processes proposed to underlie learning and memory,
such as LTP in the hippocampus, involve both pre- and postsynaptic changes at existing
synapses. In this context, bidirectional BDNF release and signaling at synapses would allow
modifications affecting both pre- and postsynaptic compartments, making it an ideal candidate
for mediating learning-induced changes by fine tuning the strength of synaptic connections. In
fact, BDNF has been shown to have effects on hippocampal physiology by acting pre-, post-,
and perisynaptically (for review, see Poo 2001). Several fundamental issues regarding the
cellular localization, release, and transport of BDNF have been raised, including the role of
neuronal activity in the release of BDNF. Furthermore, does BDNF undergo retrograde and/
or anterograde transport and/or signaling to mediate its effects on hippocampal synaptic
plasticity, and ultimately learning and memory?

BDNF immunoreactivity has been found in the nucleus and surrounding cytoplasm, dendritic
shafts and spines, axons, and axon terminals of hippocampal pyramidal neurons (for review,
see Murer et al. 2001). Consistent with its ligand localization and signaling at synapses, TrkB
immuno-reactivity was detected in neuronal cell bodies, along axons and dendritic shafts, as
well as at excitatory synapses in both the axon terminals and dendritic spines of hippocampal
neurons (Drake et al. 1999; Tyler and Pozzo-Miller 2001). Additionally, both BDNF and its
TrkB receptor are often coexpressed in the same neuron (Kokaia et al. 1993; Miranda et al.
1993). These findings support the notion that BDNF exerts its actions by activating TrkB
receptors, which trigger signal transduction pathways in both pre- and postsynaptic
compartments, acting in both autocrine and paracrine fashions. Classically, NTs were described
as target-derived factors, which signal and are transported in a retrograde fashion; however,
recently emerging evidence from the CNS also indicates anterograde transport and signaling,
from somata to axonal and dendritic processes.

Most experimental evidence indicates that hippocampal neurons release BDNF via the
regulated pathway in an activity-dependent manner. BDNF immunoreactivity has been
localized to large dense-core vesicles in hippocampal neurons (Fawcett et al. 1997; Smith et
al. 1997; Haubensak et al. 1998; Moller et al. 1998). Recently, activity-dependent release of
BDNF was shown using optical imaging of a BDNF-green fluorescence protein (GFP) fusion
protein in transfected hippocampal neurons maintained in primary culture (Hartmann et al.
2001; Kojima et al. 2001). The localization within synaptic compartments, combined with
recent evidence of anterograde transport, supports the hypothesis that BDNF may act directly
at synapses to modulate synaptic transmission and plasticity. BDNF mRNA has been found in
the granule layer of the dentate gyrus, and BDNF immunoreactivity in mossy fibers indicates
anterograde transport of BDNF protein from dentate granule neurons (Conner et al. 1997; Yan
et al. 1997). Perhaps the strongest evidence of anterograde transport of BDNF was provided
by nuclear injections of BDNF-GFP cDNA, followed by subsequent visualization of the
BDNF-GFP fusion protein in individual living neurons. Fluorescent puncta representing
BDNF-GFP not only moved in the anterograde direction, from nucleus to axon terminals, but
also underwent activity-dependent transfer from pre- to postsynaptic neurons across the
synapse (Kohara et al. 2001). The bidirectional signaling of BDNF at synaptic junctions is in
good agreement with physiological evidence indicating that BDNF enhances synaptic
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transmission by acting both pre- and postsynaptically. Furthermore, the properties of BDNF
transport (retro- and anterograde), release (activity-dependent regulated secretion), and
signaling (paracrine and autocrine actions at pre- and postsynaptic compartments) seem to
make it an ideally suited molecule in facilitating coincidence detection, thereby modulating
the long-term changes in synaptic strength thought to underlie learning and memory
consolidation.

BDNF/TrkB Signaling Mediates Morphological Plasticity in Hippocampal

Neurons

In addition to modifying the strength of established neuronal connections, several
neurotrophins also play a fundamental role in the establishment of proper neuronal networks
during development. In fact, in the peripheral nervous system and in some regions of the central
nervous system, NTs are implicated in guiding and directing the growth of developing axons,
as well as regulating their innervation density (for review, see Murer et al. 2001). With respect
to learning-induced structural changes, it was proposed more than a century ago that changes
in the structure and/or number of synapses may underlie memory formation following learning
(Tanzi 1893; Cajal 1909). Indeed, it has been subsequently shown that increases in synaptic
density follow the acquisition of new behaviors as a consequence of learning (Bailey and
Kandel 1993). Furthermore, spatial training in a complex environment not only improved
performance in hippocampal-dependent spatial tasks, but also increased spine density in basal
dendrites of hippocampal CA1 pyramidal neurons (Moser et al. 1994, 1997). With an intriguing
similarity, the induction of LTP in the hippocampus not only increases BDNF mRNA
expression (Patterson et al. 1992; Castren et al. 1993; Dragunow et al. 1993), but also increases
spine density (Trommald et al. 1996), the appearance of new spines (Engert and Bonhoeffer
1999; Maletic-Savatic et al. 1999), and/or the formation of multiple spine synapses (Toni et
al. 1999). Interestingly, NTs themselves are capable of exerting morphological effects on axons
(Gallo and Letourneau 1998) and dendrites (McAllister et al. 1995) similar to those following
the induction of hippocampal LTP. Similarly, exposure to enriched environments not only
increases BDNF mRNA expression and improves spatial learning, but it has been shown to
have profound effects on spine morphology (Greenough and VVolkmar 1973). Considering this
evidence, it is possible that BDNF signaling meditates the morphological changes following
hippocampal LTP induction, as well as those induced through environmental interactions. It
is thought that all these changes mediate neuronal information processing, and thereby play a
role in learning and memory.

Consistent with the functional convergence of intracellular signals among BDNF signaling,
synaptic plasticity, and learning and memory, BDNF/TrkB signaling has also been shown to
enhance dendritic growth and branching (McAllister et al. 1995), as well as spine dynamics
(Horch et al. 1999) in pyramidal neurons from the visual cortex. In this context, BDNF has the
capacity to translate neuronal activity into structural changes in the formation of ocular
dominance columns in the visual cortex (Cabelli et al. 1995; for review, see McAllister et al.
1999). In addition, BDNF increases dendritic spine density in cerebellar Purkinje neurons in
culture (Shimada et al. 1998). The axons of entorhinal and commissural fibers from TrkB~/~
knockout mice had fewer axon collaterals and decreased density of axonal varicosities in both
the hippocampus proper (CA1 and CA3 regions), as well as in the dentate gyrus (Martinezet
al. 1998). These mice also show decreased synaptic innervation in both the stratum radiatum
and the stratum lacunosum-moleculare of the hippocampus proper, as well as in the molecular
layer of the dentate gyrus (Martinezet al. 1998). Furthermore, BDNF increases the number of
dendritic spines on apical dendrites of CA1 pyramidal neurons (Fig. 1), as well as the number
of CA3-CAL excitatory synapses in hippocampal slice cultures (Tyler and Pozzo-Miller
2001).
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BDNF induces enduring structural changes in a manner consistent with those morphological
modifications classically and mechanistically thought to underlie learning and memory.
Because most observations of BDNF-induced structural changes have been made using
embryonic neurons in primary culture or cultured brain slices from young animals still
undergoing developmental plasticity, it remains to be established if BDNF/TrkB signaling
induces similar morphological changes in the mature CNS. Furthermore, several interesting
issues need to be addressed, such as whether BDNF/TrkB signaling modifies dendritic spine
morphology. Considering that fundamental biophysical properties of the dendritic spine, such
as Ca%* compartmentalization, depend on the morphology of the spine head and neck (Yuste
and Bonhoeffer 2001), it will be of paramount importance to establish if the activity-dependent
release of BDNF promotes the sculpting of dendritic spines in hippocampal pyramidal neurons
(W.J. Tyler and L.D. Pozzo-Miller, in prep.). Taken together, these observations support the
hypothesis that BDNF/TrkB signaling mediates the structural changes in hippocampal neuron
spine density triggered by LTP-inducing stimulation paradigms in vitro, as well as during
learning and environmental interactions in behaving animals.

The Effects of BDNF/TrkB Signaling Modulate LTP and NMDA Receptor
Function: A Role in Cellular Models of Learning and Memory

Induction of LTP increases BDNF mRNA levels in hippocampal and dentate neurons
(Patterson et al. 1992; Castren et al. 1993; Dragunow et al. 1993; Bramham et al. 1996).
Furthermore, LTP induction is impaired at CA3-CA1 synapses of hippocampal slices from
BDNF knockout mice, despite normal basal synaptic transmission (Korte et al. 1995; Patterson
et al. 1996; Pozzo-Miller et al. 1999). These deficits are not a developmental defect because
they can be rescued following either exogenous application of recombinant BDNF (Patterson
et al. 1996; Pozzo-Miller et al. 1999) or adenovirus-mediated transfection of the BDNF gene
(Korte et al. 1996) in hippocampal slices in vitro from BDNF-KO mice. Supporting the
hypothesis that BDNF plays a role in hippocampal synaptic plasticity, it was further shown
that LTP is attenuated following both theta burst and tetanic stimulation in slices pretreated
with function-blocking anti-BDNF antibodies or the fusion protein TrkB-IgG, a molecular
scavenger of endogenous BDNF (Figurov et al. 1996; Kang et al. 1997). Indicative of a
permissive role for BDNF in hippocampal LTP, Figurov and colleagues (1996) found that
BDNF allows the induction of LTP in hippocampal slices from neonatal rats (P12-P13),
normally incapable of expressing LTP, likely because of the lack of endogenous BDNF
expression at this age. In addition to its permissive role in the induction phase of LTP, BDNF
has also been shown to play a role in the maintenance phase of LTP (Korte et al. 1998).
Furthermore, infusion of BDNF into the dentate gyrus induced a slowly developing, long-
lasting potentiation of excitatory synaptic transmission at medial perforant path-granule cell
synapses in anesthetized rats (Messaoudi et al. 1998). Interestingly, the properties, time course
(Fig. 3A), and transcription dependency of this in vivo BDNF-induced LTP (Messaoudi et al.
1998, 2002; Ying et al. 2002) were similar to those described for mMRNA and protein synthesis-
dependent late phase LTP (L-LTP) in the hippocampus (Nguyen et al. 1994).

Several observations have shown a role for intact BDNF/TrkB signaling in making the
transition from the early phase (E-LTP) to L-LTP. A 15-min pretreatment of hippocampal
slices with the scavenger TrkB-IgG before induction of LTP resulted in a decaying potentiation
in the CA1 region, which returned to baseline within 150 min, with no effects on basal synaptic
transmission (Figurov et al. 1996; Kang et al. 1997; Korte et al. 1998). BDNF knockout mice
show virtually no L-LTP (Korte et al. 1998); however, in a small number of cases, E-LTP can
be induced in these mice (Korte et al. 1998; Pozzo-Miller et al. 1999). Korte et al. (1998)
propose that BDNF/TrkB signaling may differentially regulate E-LTP and L-L TP, and/or TrkB
ligands may not be necessary for all forms of observed E-LTP.
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Coincident timing of pre- and postsynaptic activity is known to be a critical requirement for
induction of long-term changes in synaptic strength (Bi and Poo 2001). Whereas there is
extensive evidence of the modulatory effects of BDNF/TrkB signaling on presynaptic plasticity
(for review, see Tyler et al. 2002), BDNF has also been shown to have intriguing postsynaptic
effects. Changes in postsynaptic responsiveness to presynaptic glutamate release may include
enhanced glutamate receptor function, as well as modulation of voltage-gated ion channels.
Furthermore, enhanced postsynaptic responsiveness is thought to provide a mechanism for
facilitating the temporal specificity requirements of coincidence detection, thereby resulting
in greater changes in synaptic strength even when presynaptic glutamate release has not been
enhanced (Bi and Poo 2001). In addition to the profound enhancement of presynaptic
neurotransmitter release induced by BDNF, the evidence supporting the postsynaptic effects
of BDNF/TrkB signaling alone generates possibilities for a role of BDNF-induced plasticity
in learning and memory.

In the developing hippocampus, BDNF enhances synaptic transmission postsynaptically by
selectively modulating the NMDA subtype of glutamate receptors. Levine et al. (1995) first
showed that BDNF rapidly increases spontaneous synaptic transmission in primary
hippocampal neurons in vitro, mediated by postsynaptic protein tyrosine phosphorylation.
Introduction of K-252a, a general Trk receptor tyrosine kinase inhibitor, into the postsynaptic
neuron had no effects on the frequency of spontaneous excitatory postsynaptic currents
(SEPSC), but it prevented the BDNF-mediated increase in SEPSC amplitude (Levine et al.
1995). Furthermore, intracellular addition of okadaic acid, a protein phosphatase inhibitor,
enhanced the effect of BDNF on sEPSC amplitude, strengthening the hypothesis that BDNF/
TrkB signaling triggers protein phosphorylation of glutamate receptors (Levine et al. 1995).
Interestingly, it has been previously shown that phosphorylation of tyrosine residues of NMDA
receptor subunits enhances NMDA receptor function (Wang and Salter 1994). Consistent with
this observation, TrkB activation has been shown to rapidly phosphorylate the NMDA receptor
subunits NR1 and NR2B in isolated postsynaptic densities (Suen et al. 1997; Lin et al. 1998).
With respect to NMDA receptor subunit involvement in learning and memory, restricted
genetic deletion of the NR1 subunit in the CA1 region of the hippocampus using the conditional
Cre/loxP recombination approach produces impaired NMDA-dependent LTP, and spatial
memory (Tsien et al. 1996a,b). It was subsequently reported that BDNF increases NMDA-
mediated currents, as well as the NMDA receptor component of evoked EPSCs in cultured
hippocampal neurons (Sakai et al. 1997; Levine et al. 1998; Song et al. 1998; Crozier et al.
1999). Specifically, single-channel analysis indicated that BDNF rapidly increased the single-
channel open probability (P,) of NMDA receptors, but did not affect the mean open time or
unitary conductance in outside-out patch (Jarvis et al. 1997) or cell-attached (Levine et al.
1998) recordings in cultured hippocampal neurons. The actions of BDNF on NMDA receptor
function in the hippocampus have direct implications concerning its ability to facilitate
dendritic spine Ca2* influx, and thus intracellular signaling mechanisms relevant to cellular
models of learning and memory, such as LTP.

Neurotrophins have also been shown to modulate voltage-gated ion channels relevant to
neuronal excitability (Lesser et al. 1997). The most intriguing evidence of neurotrophin
modulation of neuron excitability by activating ionic conductances is the observation that rapid
and local BDNF application evokes a fast membrane depolarization capable of eliciting action
potentials in hippocampal pyramidal, dentate granule, and cerebellar Purkinje neurons
(Kafitzet al. 1999). This membrane depolarization is mediated by TrkB-receptor-dependent
activation of a TTX-insensitive, persistent Na* current (Kafitz et al. 1999). Furthermore, this
BDNF-mediated fast membrane depolarization cooperates with paired synaptic release of
glutamate to lower the threshold of LTP induction by removing the Mg2* block of NMDA
receptors and enhancing Ca2* influx into dendritic spines through NMDA channels
(Kovalchuk et al. 2002). These novel observations further extend the possibilities for BDNF-
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induced modulation of neuronal excitability, synaptic transmission, and plasticity acting across
different time domains depending on the spatio-temporal pattern of the signaling cascades
triggered by TrkB receptor activation. Owing to their voltage sensitivity, NMDA receptors are
considered molecular coincidence detectors underlying Hebbian learning principles (Bi and
Poo 2001). The modulation of these molecular coincidence detectors by BDNF/TrkB signaling
illustrates a potentially fundamental role for BDNF in learning and memory processes.

BDNF/TrkB Signaling and the Convergence of Intracellular Cascades
Relevant to Learning and Synaptic Plasticity

Activation of the full-length catalytic form of Trk receptors involves ligand-initiated receptor
dimerization, and autophosphorylation of specific tyrosine residues in their intracellular
domain (for reviews, see Segal and Greenberg 1996; Huang and Reichardt 2001). The
autophosphorylated tyrosine residues of Trk receptors provide interaction sites for adapter
proteins, leading to the activation of several other enzymes. Ultimately, the propagation of
these cascades leads to the activation of several central intracellular signaling pathways. Some
of the proteins activated by autophosphorylated Trk receptors are phospholipase C-y (PLC-y;
Obermeier et al. 1994; Stephens et al. 1994); the adapter proteins Shc, rAPS, and SH2-B
(Obermeier et al. 1994; Stephens et al. 1994; Qian et al. 1998); phosphatidylinositol 3-kinase
(PI3K; Kaplan and Stephens 1994; Stephens et al. 1994); and the tyrosine kinase Fyn (lwasaki
et al. 1998). These activated proteins also lead to Ras-dependent activation of the mitogen-
activated protein (MAP) kinase, ERK (extracellular signal-regulated kinase; Kaplan and
Stephens 1994; Sweatt 2001). Activated PLC-y hydrolyzes phosphotidylinositol 4,5-
bisphosphate to produce inositoltriphosphate (IP3), which in turn triggers Ca2* release from
internal stores, and diacylglycerol (DAG), which activates protein kinase C (PKC; Kaplan and
Stephens 1994). The intracellular Ca2* signal subsequently activates several forms of calcium/
calmodulin-dependent kinases (CaMK; Finkbeiner et al. 1997). Through these signaling
cascades, BDNF has been shown to induce phosphorylation and activation of the cyclic AMP
response element-binding protein (CREB), which triggers gene transcription, through both
CaMK-regulated (Finkbeiner et al. 1997) and MAPK-dependent pathways (Finkbeiner et al.
1997; Ying et al. 2002).

The link between BDNF/TrkB intracellular signaling, synaptic plasticity, and hippocampal-
dependent learning is strengthened by the observations that similar molecules play fundamental
roles in these processes (Fig. 2). Genetic manipulations indeed illustrate the overlap of
signaling pathways induced by BDNF/TrkB and those previously shown to be relevant to
synaptic plasticity, and learning and memory. Mice with genetic deletions or mutations of PKC
(Abeliovich et al. 1993), a-CaMKII (Silva et al. 1992), CREB (Bourtchuladze et al. 1994), and
Fyn (Grant et al. 1992) have all been shown to have deficits in spatial learning and/or retention
of spatial information. Again, these findings do not directly illustrate a direct role for BDNF
in hippocampal-dependent learning and memory, but rather lend support to this hypothesis,
because BDNF/TrkB signaling positively modulates those same molecules that, when altered,
impair hippocampal-dependent learning.

The signaling pathway underlying the BDNF-induced synaptic potentiation in the dentate gyrus
as first described by Messaoudi et al. (1998) has recently been investigated (for review, see
Bramham et al. 2002). Ying et al. (2002) found that BDNF microinfusion into the dentate gyrus
in vivo leads to a slowly developing and long-lasting potentiation of excitatory synaptic
transmission at medial perforant path-granule cell synapses, hence coined BDNF-LTP, with a
concomitant and rapid increase in phosphorylated ERK (p-ERK; Fig. 3). Furthermore, local
infusion of specific MAP kinase kinase (MEK) inhibitors (PD98059 and U0126) during BDNF
administration blocked both in vivo BDNF-LTP, as well as the increase in p-ERK. These
observations show that the induction of in vivo BDNF-LTP is dependent on MEK-ERK
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signaling, consistent with the findings that both LTP induction and spatial learning induce
enhanced phosphorylation of TrkB and ERK in the dentate gyrus (Gooney et al. 2002).
Furthermore, ERK signaling is required for activation of CREB and up-regulation of the
immediate early gene activity-regulated cytoskeleton-associated protein (Arc; Ying et al.
2002). Arc translation, in turn, is pivotally involved in the formation of L-LTP and
hippocampal-dependent long-term memory (Guzowski et al. 2000). Because of the
involvement of the MAPK pathway in memory formation and synaptic plasticity (for review,
see Sweatt 2001), and combined with the findings previously discussed regarding BDNF-LTP,
this pathway seems a likely target for investigations examining the effect of BDNF in
behavioral learning paradigms. In fact, recent work by Alonso et al. (2002) shows the
requirement of BDNF in the formation of both short- and long-term memory involving ERK-
dependent and -independent mechanisms.

Alonso et al. (2002) show that BDNF signaling via ERK1/2 is required in a hippocampal-
dependent one-trial avoidance learning paradigm in rats. Bilateral hippocampal CA1 infusions
of a function-blocking anti-BDNF antibody prior to avoidance training impaired short-term
memory retention scores. Further support for the involvement of BDNF in the one-trial
avoidance task is provided by the observation that the infusion of exogenous BDNF into the
CAL region facilitates short-term memory retention scores (Fig. 4A; Alonso et al. 2002). In
additional experiments, not only did BDNF infusion elicit a rapid increase in p-ERK, but the
infusion of anti-BDNF antibody decreased p-ERK (Alonso et al. 2002). In the same study,
BDNF was also shown to play a role in the formation of long-term memory (Fig. 4B). As
shown in Figure 4, these authors found differences in the BDNF and anti-BDNF antibody
effects between short-term (Fig. 4A) and long-term (Fig. 4B) memory test session
performances. These results are consistent with previous work by Izquierdo et al. (1998)
supporting the hypothesis that short- and long-term memory formation essentially involve
separate mechanisms. Indeed, Alonso et al. (2002) found a similar dissociation, because an
amnesic effect was induced by anti-BDNF antibody infusion 15 min prior to training, coupled
with the absence of a BDNF effect at the same time point (Fig. 4B). These data indicate that,
at least at that time point, the limiting factor to produce a memory enhancement seems not to
be the amount of endogenous BDNF, but rather a downstream event triggered by BDNF
signaling. As previously mentioned, the requirement of endogenous BDNF in the CA1 region
involves different signaling cascades during different memory consolidation process.
Consistent with recent findings obtained regarding contextual conditioning (Hall et al. 2000),
Alonso et al. (2002) also showed that one-trial inhibitory avoidance training resulted in a rapid
and transient induction of BDNF mRNA expression in the hippocampus. This induction of
BDNF expression was not accompanied by rapid changes in the levels of BDNF protein.
Several studies have shown that changes in BDNF mRNA and protein are not always correlated
(Nanda and Mack 2000; Pollock et al. 2001), including the increase in BDNF mRNA
expression after LTP induction in the rat hippocampus (Dragunow et al. 1993), which is not
necessarily accompanied by changes in BDNF protein levels (Walton et al. 1999). The lack of
change in BDNF protein levels may reflect an increased turnover rate of BDNF protein, or
may represent the lack of translation of the newly synthesized BDNF mRNA, indicating that
the BDNF gene may be regulated at the level of translation as well as of transcription.
Alternatively, experience-dependent changes in BDNF protein trafficking may account for this
discrepancy (Pollock et al. 2001). However, evidence showing that BDNF protein levels do
not necessarily increase in parallel with BDNF mRNA levels indicates that the latter must be
interpreted with caution when attempting to discern its function. Taken together with the
physiological in vivo BDNF-LTP reported by Ying et al. (2002), these results strongly indicate
that BDNF signaling is converging on the MAP kinase pathway to induce both behavioral and
physiological long-lasting and enduring changes consistent with the role of BDNF in spatial
learning and memory. Albeit the evidence from Ying et al. (2002) comes from the dentate
gyrus region, whereas Alonso et al. (2002) provide evidence from the CA1 region of the

Learn Mem. Author manuscript; available in PMC 2010 January 13.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tyler etal. Page 12

hippocampus proper, these studies provide definitive evidence that BDNF indeed plays a
fundamental role in hippocampal-dependent learning and memory.

Conclusions

BDNF/TrkB signaling is conserved during ontogeny, mediating both developmental and adult
synaptic plasticity. Classically, BDNF provides a target-derived factor promoting the survival
and differentiation of different populations of neurons in the developing nervous system. In
the adult nervous system, BDNF induces several forms of neuronal plasticity in the
hippocampus, thus making it an ideal candidate to mediate learning and memory. Although
the behavioral evidence implicating BDNF in hippocampal-mediated learning is convincing,
it has yet to be determined how endogenous BDNF signaling is translated into hippocampal
synaptic plasticity during the learning process. The time course, spatial compartmentalization,
and signaling specificity of the intracellular cascades triggered by the BDNF/TrkB complex,
as well as its subsequent actions on its molecular targets following an animal's exposure to
environmental stimuli, will need to be thoroughly investigated before we can fully understand
how this signaling pathway plays a role in synaptic plasticity and learning in the intact nervous
system. Continued investigations and generation of novel approaches will advance our basic
understanding of the molecular biology and physiology of BDNF-induced plasticity. This
progress will also provide important contributions to our understanding of fundamental issues
in neuroscience such as the role of hippocampal synapses in governing spatial learning by
acquiring, processing, integrating, storing, recalling, and synthesizing information within the
central nervous system.
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Figure 1.

BDNF increases dendritic spine density in CA1 pyramidal neurons of hippocampal slices.
Representative apical dendritic segments from CA1 pyramidal neurons from a serum-free
(control; left) and a BDNF-treated hippocampal slice culture (250 ng/mL, 5-7 div; right). CA1
pyramidal neurons were filled with Alexa-594 during whole-cell recording, and later imaged
by laser-scanning confocal microscopy. (Middle) Histograms of the number of dendritic spines
per 10 um of apical dendrite. The tyrosine kinase inhibitor K-252a blocked the BDNF-induced
increase in dendritic spine density. Adapted from Tyler and Pozzo-Miller (2001).

Learn Mem. Author manuscript; available in PMC 2010 January 13.



1duasnue Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Tyler etal.

Page 21

Cytoskeleton

(EREBI[EE{,H mRNA —»

Protein
Synthesis

Figure 2.

BDNF/TrkB signaling convergence on the MAP kinase pathway is implicated in both synaptic
plasticity and learning and memory. The figure summarizes the evidence that BDNF is released
from, and acts on, both pre- and postsynaptic compartments. BDNF has been repeatedly shown
to enhance the release of the neurotransmitter glutamate from presynaptic nerve terminals.
Postsynaptically, BDNF has been shown to phosphorylate some subunits of NMDA receptors.
Following the binding of BDNF to the TrkB receptor, the signaling cascade converges on the
MAP kinase pathway through the activation of ERK. Phosphorylated ERK then activates one
or more of several targets such as CREB, other immediate early genes (IEG), cytoskeletal
elements, protein synthesis, and/or voltage- and ligand-gated ion channels. The MAP kinase
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pathway has been shown to have a clear role in learning and memory (for review, see Sweatt
2001). (LDCV) Large dense core vesicle; (BDNF) brain-derived neurotrophic factor; (DV)
docked vesicle; (Glu) glutamate; (NT) neurotrophin; (Pre) presynaptic terminal; (Post)
postsynaptic spine; (NMDA) N-methyl-D-aspartate; (TrkB) tyrosine kinase B receptor; (1P3)
inositoltriphosphate; (CaMKK) calcium calmodulin kinase kinase; (CaMKIV) calcium
calmodulin kinase 4; (CREB) cyclic AMP response element-binding protein; (IEG) immediate
early gene; (ERK) extracellular signal-regulated kinase; (MAPK) mitogen-activated protein
kinase; (MEK) MAPK kinase; (PLC-y) phospholipase C-y; (MRNA) messenger RNA,; (Raf)
proto-oncogenic serine/threonine protein kinase; (Ras) rat sarcoma proto-oncogenic G-protein;
(Grb2) growth factor receptor-bindingprotein 2; (SH-2) src homology domain 2; (SHC) SH-2-
containingprotein; (SOS) nucleotide exchange factor son of sevenless.
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In vivo BDNF infusions into the dentate gyrus induce LTP and are coupled to an increase in
ERK activation. (A) Time-course plots of medial perforant path-evoked EPSPs during BDNF
infusion (white triangle; 2 ug/2 pL). BDNF was infused 300 um above the medial perforant-
granule cell synapses, during the period indicated by the white bar (n = 16). An MEK inhibitor
(U0126; 30 um) pre- and coinfused with BDNF blocked the BDNF-LTP. The period of MEK
inhibitor (black bar) and BDNF plus MEK inhibitor (hatched bar) application are indicated.
Values are means +SEM expressed in percentage of baseline. (B) Bar graph of the EPSP slope
changes obtained at 15 min and 3 h after infusion; asterisks indicate p < 0.05 significant
difference from baseline. Cytochrome C, which has a similar molecular weight and charge as
BDNF, was used as protein control. Infusion of cytochrome C (2 pgin 2 pL, 25 min) had no
significant effect on the fEPSP slope. (C) Group mean +SEM changes in p-ERK2
immunoreactivity levels based on densitometric analysis. Optical density values are expressed
asaratio between the treated and untreated (control) side for each hippocampal subfield. BDNF
infusion increased activation of ERK2 at 15 min (n =8) and 3 h (n = 7) in the infused dentate
gyrus. BDNF infused into the dentate gyrus had no effect on ERK2 phosphorylation in
hippocampal regions CAL or CA3. Delivery of U0126 abolished the increase in ERK2
phosphorylation at both 15 min and 3 h (n = 4) at both time points. Cytochrome C infusion had
no effect on p-ERK2 immunoreactivity levels. (D) Representative p-ERK immunoblots for the
group data shown in C. Total ERK2 protein levels were unchanged following BDNF infusion.

Adapted from Ying et al. (2002).
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Figure 4.

Hippocampal BDNF is required for the formation of both short- and long-term memory. (A)
Median (interquartile range) latency to step down from the platform of the inhibitory avoidance
box in the test session 1.5 h after training. Histograms represent latency scores for animals
receiving bilateral CA1 infusions of saline, BDNF (0.25 pg/side), or a function-blocking anti-
BDNF antibody (0.5 pg/side), 15 min prior to, immediately before, or 1 h following avoidance
training. (B) Median (interquartile range) latency to step down from the platform of the
inhibitory avoidance box in the test session 24 h after training. Histograms represent latency
scores for animals receiving bilateral CAl infusions of saline, BDNF (0.25 pg/side), or anti-
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BDNF antibody (0.5 pg/side), 15 min prior to, immediately before, or 1, 4, or 6 h following
avoidance training. Adapted from Alonso et al. (2002).
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