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Abstract
Delineating the mechanisms of survival pathways that exist in neurons will provide important insight
into how neurons utilize intracellular proteins as neuroprotectants against the causes of acute
neurodegeneration. We have employed cultured rat cerebellar granule cells as a model for
determining the mechanisms of these intraneuronal survival pathways. Glutamate has long been
known to kill neurons by an N-methyl-D-aspartate (NMDA) receptor-mediated mechanism.
Paradoxically, subtoxic concentrations of NMDA protect neurons against glutamate-mediated
excitotoxicity. Because NMDA protects neurons in physiologic concentrations of glucose and
oxygen, we refer to this phenomenon as physiologic preconditioning. One of the major mechanisms
of NMDA neuroprotection involves the activation of NMDA receptors leading to the rapid release
of brain-derived neurotrophic factor (BDNF). BDNF then binds to and activates its cognate receptor,
receptor tyrosine kinase B (TrkB). The efficient utilization of these two receptors confers remarkable
resistance against millimolar concentrations of glutamate that kill more than eighty percent of the
neurons in the absence of preconditioning the neurons with a subtoxic concentration of NMDA.
Exactly how the neurons mediate neuroprotection by activation of both receptors is just beginning
to be understood. Both NMDA and TrkB receptors activate nuclear factor kappaB (NF-kB), a
transcription factor known to be involved in protecting neurons against many different kinds of toxic
insults. By converging on survival transcription factors, such as NF-kB, NMDA and TrkB receptors
protect neurons. Thus, crosstalk between these very different receptors provides a rapid means of
neuronal communication to upregulate survival proteins through release and transcriptional
activation of messenger RNA.

Keywords
N-methyl-D-aspartate; TrkB; receptor activation; cerebellar granular cells; survival pathways;
neurons

Address for correspondence: Ann M. Marini, Department of Neurology, Uniformed Services University of the Health Sciences, Building
A, Room 1036, 4301 Jones Bridge Road, Bethesda, MD 20814, USA. Voice: 301-295-9686; fax: 301-295-0620. amarini@usuhs.mil.

NIH Public Access
Author Manuscript
Ann N Y Acad Sci. Author manuscript; available in PMC 2008 December 8.

Published in final edited form as:
Ann N Y Acad Sci. 2003 May ; 993: 134–160.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



PRECONDITIONING AND NEUROPROTECTION
Preconditioning in vivo has been long been known to reduce infarct size. The initial study was
conducted in gerbil brain where two-minute priming insults were performed followed by five
minutes of test challenge at intervals of one to four days. Determination of surviving neurons
in the CA1 region of the hippocampus was conducted seven days after recirculation.1,2 Similar
paradigms performed in rats have also demonstrated tolerance.3 Protection in brain regions
other than the hippocampus has been demonstrated in the gerbil model.4 Importantly,
significant protection has been observed in the gerbil hippocampus CA1 neurons where the
priming insult was repeated over successive days2 or after single insults.5 Other models, such
as spreading depression6-10 and global ischemia,11 have been found to be neuroprotective
against a subsequent ischemic insult. Although the mechanism(s) of tolerance have not been
delineated, it seems clear that ischemia induced in gerbils result in the release of the excitatory
amino acid glutamate as well as other amino acids.12

The role of NMDA receptors in glutamate-mediated excitotoxicity has been studied in rat
cerebellar granule cells in vitro. Overactivation of NMDA receptors by excitotoxic
concentrations of either glutamate (100μM) or NMDA (1mM) results in neuronal cell death.
13 NMDA is about twenty-fold less potent than glutamate in mediating neuronal cell death via
NMDA receptors.13

Paradoxically, subtoxic concentrations of glutamate or NMDA protect vulnerable neurons
against the excitotoxic effects of glutamate acting on NMDA receptors in cultured rat cerebellar
granule cells.13 The neuroprotective effect was mediated by NMDA receptors and was time
and concentration dependent.14 Since our initial report, other laboratories have demonstrated
neuroprotection in neuronal culture models including pretreating with glutamate,15 through
the release of glutamate in magnesium-free medium16 or in oxygen-glucose deprivation
models.17,18

NMDA PROTECTS CULTURED NEURONS VIA A BDNF AUTOCRINE LOOP
Although in vivo protection models require further characterization, it seems clear that neuronal
vulnerability can be reduced by seemingly fundamental and lasting changes in animal and in
neuronal culture model paradigms. We employed cultured cerebellar granule cells to further
characterize the neuroprotective effect of NMDA because: (1) the neurons are relatively
homogenous (about 95% neurons); (2) the neurons express all of the glutamate receptor
subtypes; and (3) the neurons are responsive to various neurotrophic factors and in particular
to the neurotrophins,19,20 a family of trophic factors related by primary amino acid sequence
homology, whose members include brain-derived neurotrophic factor (BDNF), nerve growth
factor (NGF), neurotrophin-3 (NT-3), and NT-4/5.21-25 The biological activity of
neurotrophins depends upon the activation of high-affinity receptors (Trk), a family of
structurally related receptors having a similar intrinsic protein-tyrosine kinase activity26,27
but different ligand binding properties. TrkA, TrkB, and TrkC are, respectively, the receptors
for NGF, BDNF, and NT-3.28-30

We established that BDNF, but not NGF or NT-3, is the only neurotrophin that protects
cerebellar granule cells against glutamate toxicity on day eight in vitro. This is probably
attributed to the fact that TrkB is the only functional neurotrophin receptor expressed in
cerebellar granule cells on day eight in vitro, as also demonstrated by the ability of BDNF to
induce phosphorylation of phospholipase C-γ.31 This protein interacts with activated Trk and
is involved in neurotrophin signaling.32 Most importantly, we showed that NMDA elicited a
time-dependent increase in BDNF in the culture medium and TrkB tyrosine phosphorylation,
suggesting that one of the mechanisms underlying the ability of NMDA to activate TrkB
tyrosine phosphorylation is the increased release of BDNF, which in turn activated tyrosine
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phosphorylation of its own receptor in an autocrine manner.33 This autocrine loop, although
described for developing sensory neurons of the dorsal root ganglia,34 is novel for central
nervous system neurons. The accumulation of BDNF in the culture medium was an early event
in that it occurred within two minutes after exposure to a subtoxic concentration of NMDA
(100μM). The accumulation was greater at five minutes and was not attributable to an increase
in intracellular BDNF levels or BDNF mRNA because intracellular protein and mRNA content
were unchanged. An increase in BDNF levels in the culture medium was also observed after
a three-hour incubation with NMDA. By this time, the NMDA-mediated increase in BDNF in
the medium was accompanied by a concomitant accumulation of BDNF mRNA, suggesting
that at three hours, in addition to the release of BDNF, NMDA affected BDNF synthesis. Thus,
NMDA elicited two temporally distinct responses: an early release of BDNF and a later
synthesis and release of BDNF.33

NMDA ACTIVATES NUCLEAR FACTOR kB TO PROTECT NEURONS
AGAINST GLUTAMATE-MEDIATED EXCITOTOXICITY

The nuclear factor kappa B (NF-kB) family of dimeric transcription factors regulates genes
involved in immunologic responses, cell proliferation, growth factor regulation, and apoptosis.
Also known as the Rel family of transcription factors, the transcriptionally active forms of NF-
kB are made up from combinations of the five monomeric polypeptides, p50 (NF-kB1), p65
(RelA), p52 (NF-kB2), c-Rel, and RelB. Each of the monomeric proteins shares a 300-amino
acid region known as the Rel homology domain (RHD).35 In addition, the RHD confers DNA
binding activity of Rel family members to kB elements having the consensus sequence 5'-
GGPuNNPyPyCC-3'.35 Translocation to the nucleus and DNA binding by NF-kB are inhibited
through the non-covalent association of one of a family of transcription factor inhibitor
proteins, called I-kB (I-kBα, I-kBβ, I-kBγ, or I-kBε).36 A number of signal transduction
cascades converge and result in the phosphorylation of I-kB allowing the NF-kB dimer to
translocate into the nucleus and to bind to consensus sequences of DNA indicated above for
transcriptional activation of specific mRNAs.37 Previous work has demonstrated that
glutamate activates NF-kB in neurons.38,39

Four promoters of the rat BDNF gene are known to be active in brain.40 The primary DNA
sequences of these promoter regions are highly conserved between rats and humans and appear
to be differentially transcribed in the brain, at least in the rat.41 The rat BDNF gene is composed
of four 5'- untranslated exons (1-4), and each BDNF transcript is initiated separately within
the 5' flanking region from each of these untranslated exons. The primary transcripts are
differentially spliced to a single 3'- coding region, exon 5, which encodes the entire sequence
for the mature polypeptide. At least one functional element has been described that controls
levels of exon3-specific BDNF mRNAs. This sequence (5'-TCACGTCA-3') is located 35bp
from a known exon 3 transcription start site40 and was shown to mediate L-type voltage gated
calcium-dependent BDNF gene expression via CREB or some other related transcription factor
in primary cortical neurons.42 We observed that one of these segments, from the 5'- flanking
region of exon 3, contained an NF-kB candidate sequence. Because BDNF is one of the proteins
involved in mediating the neuroprotective effect of NMDA and because the rat BDNF gene
has potential binding sites for activated NF-kB, we examined if NF-kB played a role in the
neuroprotective activity of NMDA.

NEUROPROTECTIVE CONCENTRATIONS OF NMDA ACTIVATE NF-kB
Exposure of cultured cerebellar granule cells to a maximum neuroprotective concentration of
NMDA (100μM) induced a distinct retardation band of a DNA-protein binding activity within
40min using the double-stranded rat BDNF gene-derived NF-kB target DNA in an
electrophoretic mobility shift assay (see Figure 1). Specificity of the NF-kB-DNA association
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was shown by incubating the nuclear extracts with a 100-fold molar excess unlabeled double-
stranded rat BDNF gene-derived oligonucleotide, which resulted in the disappearance of the
band (Fig. 1). Furthermore, using specific antibodies specific to either p50 or p65 of NF-kB
demonstrated that both subunits were part of the DNA-protein complex.14

BDNF ACTIVATES NF-kB BINDING ACTIVITY
We showed previously that one of the major molecular mechanisms of NMDA neuroprotection
is the release of BDNF, which in turn binds to and activates TrkB receptors through an autocrine
loop.33 Because NF-kB has been shown to be neuroprotective in many systems, we
hypothesized that exogenous BDNF activates TrkB receptors leading to the activation of NF-
kB. Incubation of cultured neurons with BDNF (100ng/mL) induced two distinct retardation
bands using the double-stranded rat BDNF gene-derived NF-kB target DNA (see Figure 2).
Specificity of the NF-kB-DNA interaction was shown by incubating the nuclear extracts with
a 100-fold molar excess of unlabeled double-stranded target DNA, which resulted in the
disappearance of the specific bands (Fig. 2). Because BDNF activates NMDA receptors via
phosphorylation through the release of glutamate and NMDA receptors activate NF-kB (see
Fig. 1), the neurons were pretreated with MK-801 (1μM) to ensure that the NMDA receptors
were blocked.

NF-kB TARGET DNA BLOCKS NMDA-MEDIATED NEUROPROTECTION
To test the hypothesis that NF-kB was critical for the neuroprotective effect of NMDA in the
cultured neurons, we used a small target or “decoy” oligonucleotide described by Mattson et
al.43 This target contained the NF-kB-like sequence of the rat BDNF gene that we used in our
EMSA-based experiments. The cultured neurons were incubated for twenty-four hours with
either the rat BDNF gene-derived NF-kB double-stranded oligonucleotide target or a scramble
double-stranded DNA containing the same bases but in a random sequence. Following the
addition of either the target or scramble DNA, a maximum neuroprotective concentration of
NMDA (100μM) was then added for six hours followed by the addition of an excitotoxic
concentration of glutamate (100μM) for twenty-four hours. Neuronal viability was determined
using the fluorescein diacetate staining method.13 Pretreatment of the cultured neurons with
NMDA (100μM) protected all of the vulnerable neurons against the excitotoxic actions of
glutamate acting on NMDA receptors and was comparable to the survival observed in untreated
neurons (see Figure 3). In sharp contrast, only about 30% of the neurons survived twenty-four
hours after the addition of an excitotoxic concentration of glutamate (100μM). Neuronal loss
observed in the presence of the NF-kB target DNA followed by the addition of an identical
excitotoxic concentration of glutamate was significantly different compared with neuronal
cultures pretreated with either NMDA (100μM) or in the presence of the scramble DNA. These
results strongly suggest that the specific factor required for NMDA-mediated neuroprotection
is activated NF-kB.

NMDA NEUROPROTECTION INCREASES BCL-2 GENE EXPRESSION
FOLLOWING EXCITOTOXICITY

Glutamate excitotoxicity induces apoptosis in cerebellar granule cells cultured in depolarizing
concentrations of potassium chloride.44 Because apoptosis or programmed cell death reduces
antiapoptotic genes in the Bcl-2 family, we hypothesized that glutamate-mediated neuronal
cell death may involve a reduction in Bcl-2 mRNA, a major antiapoptotic protein in the cultured
neurons. Glutamate (100μM) rapidly attenuates mRNA levels of bcl-2. This effect was
observed at three and six hours (data not shown), and twenty-four hours following treatment
(see Figure 4). We hypothesized that NMDA neuroprotection might be mediated, in part, by
blocking the reduction in bcl-2 mRNA. By itself, neuroprotective concentrations of NMDA
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(100μM) increased bcl-2 (Fig. 4) mRNA levels. Thus, NMDA (100μM) pretreatment reversed
the effects of excitotoxicity by increasing bcl-2 mRNA levels 24h after glutamate (100μM)
addition (Fig. 4, hatched bars). Pretreatment with MK-801 (1μM) had substantially the same
effect.

OVERVIEW OF NMDA RECEPTOR-MEDIATED NEURONAL SURVIVAL
The central hypothesis of the activity-dependent release of BDNF by NMDA receptors from
cultured rat cerebellar granule cells is shown in Figure 5. Activation of NMDA receptors results
in an influx of calcium through NMDA receptor-associated channels, and BDNF is released,
which in turn binds to and activates TrkB receptors. This is the early response in NMDA
receptor-mediated neuroprotection against glutamate excitotoxicity. Activation of TrkB
receptors along with the influx of calcium through NMDA receptors leads to an activation of
the transcription factor nuclear factor kappaB (NF-kB) within 40 minutes that we showed was
critical for NMDA neuroprotection (see Fig. 3; Ref. 14). Thus, activation of the transcription
factor NF-kB, and possibly other transcription factors such as CREB,42 increase the expression
of BDNF mRNA and synthesis of BDNF protein.33 The increase in BDNF mRNA and protein
is the later response in NMDA receptor-mediated neuroprotection. In addition, NMDA
increases the synthesis of Bcl-2 mRNA, suggesting that the Bcl family of anti-apoptotic
proteins play a role in the survival effects of NMDA.

The notion that pretreatment with a subtoxic concentration of NMDA protects neurons against
an excitotoxic concentration of glutamate in physiologic concentrations of glucose and oxygen
can be viewed as preconditioning. Classic cerebral ischemic preconditioning involves brief
episodes of sublethal ischemia, which provide resistance against damage incurred by a lethal
ischemic insult.1-3,45 It has also been shown that NMDA receptors play a major role in
ischemic preconditioning,46 whereas cycloheximide treatment blocks the neuroprotective
effect mediated by ischemic preconditioning in vivo.47 These findings are reminiscent of our
own, where pretreatment of cultured neurons with subtoxic concentrations of NMDA are
neuroprotective and NMDA neuroprotection is blocked by cycloheximide.13 Thus, our model
reflects physiologic preconditioning rather than ischemic preconditioning. Although the
molecular mechanisms underlying ischemic preconditioning are unclear, we show that NMDA
receptor activation results in the release of BDNF, which plays a major role in establishing the
neuroprotective state in the cultured neurons. In addition, the transcriptional activation of
BDNF mRNA by NMDA requires NF-kB, a critical factor in NMDA neuroprotection, which
increases exon 3 of the bdnf gene.14 Other molecular mechanisms leading to the synthesis and
release of BDNF mRNA and protein are under current investigation, but our results suggest
that there is crosstalk between NMDA and TrkB receptors.

Crosstalk between two profoundly different receptors promotes neuronal survival by signaling
through common pathways to converge on the activation of NF-kB (see Figs. 1 and 2). In this
way, excitatory amino acids communicate with postsynaptic neurons through
neurotransmission and by regulating their own survival pathways.
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FIGURE 1.
N-Methyl-D-aspartate activates NF-kB in nuclear extracts prepared from rat cerebellar granule
cells. Autoradiograph shows that NMDA (100 μM) activates a specific NF-kB DNA-protein
binding complex within 40 minutes in cultured rat cerebellar granule cells on day eight in
vitro. No specific complex was observed in untreated neurons (no treatment). The addition of
an unlabeled competitor DNA resulted in the disappearance of the specific band (NMDA +
cold). No bands were detected in the probe (probe only).
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FIGURE 2.
Brain-derived neurotrophic factor activates NF-kB in nuclear extracts prepared from rat
cerebellar neurons. Two specific DNA-protein binding complexes were induced in neurons by
BDNF (100 ng/mL), a concentration that protects about 30% of the neurons against glutamate
excitotoxicity (Marini et al., 1998). The NMDA receptor antagonist, MK-801, was added to
the neurons to block NMDA receptors, thereby ensuring that the activation of NF-kB was
mediated solely through the activation of TrkB receptors.
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FIGURE 3.
NF-kB DNA oligonucleotide decoy derived from the 5'- flanking region of Exon 3 of the
bdnf gene blocks NMDA receptor-mediated neuroprotection. A double-stranded DNA target
sequence based upon the 5'- flanking region of exon 3 of the bdnf gene (see Lipsky et al., 2001)
was added to granule cell cultures for 24 h (NF-kB oligo). Neurons were also pretreated with
a random sequence of the NF-kB oligonucleotide (scramble oligo). On the following day some
culture dishes were treated with a maximum neuroprotective concentration of NMDA (100
μM) for six hours followed by the addition of an excitotoxic concentration of glutamate (100
μM) for 24 hours. Neuronal viability was determined by the fluorescein diacetate staining
method (Marini and Paul, 1992). Note that pretreatment of the cultured neurons with NMDA
for six hours followed by the addition of glutamate protects all of the vulnerable neurons against
glutamate. Glutamate alone kills about 70% of the neurons. Pretreatment with the specific NF-
kB oligo in the presence of a maximum neuroprotective concentration of NMDA completely
blocked NMDA neuroprotection. Data are expressed as mean ± SE, where n = 6; *p < 0.001
compared with untreated neurons; **p < 0.003 compared with neurons treated with NMDA +
glutamate.
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FIGURE 4.
A maximum neuroprotective concentration of NMDA (100 μM) induces Bcl-2 mRNA. A
marked decrease in bcl-2 mRNA was observed at twenty-four hours in glutamate-treated
neurons (hatched bars). In sharp contrast, preincubation with NMDA (100 μM) followed by
the addition of glutamate (100 μM, light hatch) blocked the glutamate-induced decrease in
bcl-2 mRNA. This supports the hypothesis that another mechanism exists where NMDA
promotes neuronal survival through the anti-apoptotic bcl family of proteins. p < 0.05
versus ‡glutamate, *untreated, or §MK-801.
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FIGURE 5.
Overview of the neuroprotective activity of N-methyl-D-aspartate. Activation of NMDA
receptors results in the influx of extracellular calcium intracellularly and the immediate release
(within two minutes) of brain-derived neurotrophic factor (BDNF). Extracellular BDNF then
binds to and activates its cognate receptor, TrkB. Thus, coactivation of NMDA and TrkB
receptors occurs within ten minutes (see Marini et al., 1998). The influx of calcium and possibly
other second messenger systems leads to the phosphorylation of I-kB, the inhibitor of NF-kB.
Once phosphorylated, I-kB is rapidly degraded by the ubiquitin-proteosome-mediated pathway
resulting in the release of NF-kB. Activated NF-kB translocates to the nucleus where it binds
to the 5'- flanking region of exon 3 of the bdnf gene and likely to the promoter of the bcl-2
gene to activate gene transcription to protect vulnerable neurons against the excitotoxic effects
of glutamate acting on NMDA receptors. The question marks indicate gaps in knowledge of
the interaction between NMDA and TrkB receptors and the signal transduction pathways that
mediate the survival effects of coactivation of NMDA and TrkB receptors.
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