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Abstract—The excitatory neurotransmitter glutamate system and the brain-derived neurotrophic factor (BDNF) system are
principally involved in phenomena of cellular and synaptic plasticity. These systems are interacting, and disclosing mecha-
nisms of such interactions is critically important for understanding the machinery of neuroplasticity and its modulation in
normal and pathological situations. The short state of evidence in this review addresses experimentally confirmed connec-
tions of these mechanisms and their potential relation to the pathogenesis of depression. The connections between the two
systems are numerous and bidirectional, providing for mutual regulation of the glutamatergic and BDNF systems. The
available data suggest that it is complex and well-coordinating nature of these connections that secures optimal synaptic and
cellular plasticity in the normal brain. Both systems are associated with the pathogenesis of depression, and the disturbance
of tight and well-balanced associations between them results in unfavorable changes in neuronal plasticity underlying

depressive disorders and other mood diseases.
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In the developing nervous system, as well as in the
mature brain, the formation of synapses between neurons
is dependent upon their electrical activity, and neu-
rotrophic factors belonging to the neurotrophin family
produced by target cells play a crucial role in activity-
dependent forming of neural networks. Interplay between
neurotransmitter and neurotrophic factor signaling path-
ways mediates adaptive responses of neural networks to
environmental and internal demands [1]. The excitatory
neurotransmitter glutamate system (glutamate + recep-
tors + transporters) and the brain-derived neurotrophic
factor (BDNF) system (BDNF + receptors) are systems
principally involved in phenomena of cellular and synap-
tic plasticity. These systems are interacting, and disclos-
ing mechanisms of such interactions is critically impor-

Abbreviations: AMPAR, o.-amino-3-hydroxy-5-methyl-4-isox-
azolepropionic acid receptors; BDNE, brain-derived neu-
rotrophic factor; LTP, long-term potentiation; NMDAR, N-
methyl-D-aspartate receptors; p75 (NTR), a low-affinity nerve
growth factor receptor; TrkB, type B tyrosine kinase receptor
for BDNE
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tant for understanding the machinery of neuroplasticity
phenomena and its modulation under normal and patho-
logical situations. The present short review considers the
issue of relations between glutamate and BDNF system
components and addresses experimentally confirmed
connections of these mechanisms to pathogenesis of
depression.

BDNF plays several prominent roles in synaptic
plasticity. BDNF signaling mediates upregulation of pro-
teins involved in neurogenesis, learning and memory, and
neuronal survival, including proteins that regulate mito-
chondrial biogenesis, protein quality control, and resist-
ance of cells to oxidative, metabolic, and proteotoxic
stress. BDNF signaling is negatively regulated by stress
hormone glucocorticoids that impair synaptic plasticity
in the brain by downregulating spine density, neurogene-
sis, and long-term potentiation, effects linked to gluco-
corticoid regulation of BDNE. Initiating signal transduc-
tion through at least two membrane receptors, TrkB (a
member of a receptor family of tyrosine kinases) and p75
(NTR, a low-affinity nerve growth factor receptor),
BDNEF is a key player in the activity-dependent regula-



302

tion of synaptic structure and function, particularly of
glutamatergic synapses [2].

The neurotransmitter role of glutamate has been
known for half a century, while a variety of other regula-
tory functions of glutamate in the brain has since been
shown (control of neurogenesis, neurite outgrowth,
synaptogenesis, and neuron survival). Glutamate exerts
its effects by signaling through cell-surface receptors. In
mammals, four families of glutamate receptors have been
identified, ionotropic a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors (AMPAR,
subunits GluR1-GluR4), kainate receptors (subunits
GIuR5-GluR7, KA-1, KA-2), N-methyl-D-aspartate
(NMDA) receptors (NMDAR, subunits NR1-NR3), and
metabotropic G protein-coupled glutamate receptors 1
(subunits GluR1, GluRS5), -2 (subunits GluR2, GluR3),
and -3 (subunits GluR4, GIluR6, GIluR7, GIluR8).
Glutamate transporters EAAT and VGLUT in neuronal
and glial membranes remove glutamate from the extracel-
lular space. Synaptic glutamate activates ionotropic
receptors on the membrane of dendrites coupled with the
influx of Na* (via AMPAR) and Ca>" (via NMDAR and
voltage-dependent Ca’>* channels as well as Ca’" release
from endoplasmic reticulum stores) resulting in respons-
es changing the structure and function of neurons.
Calcium ion activates kinases (e.g. Ca’*-calmodulin-
dependent protein kinases and protein kinase C) that in
turn activate transcription factors including AP-1, cyclic
AMP response eclement-binding protein (CREB) and
nuclear factor kB (NF-xB), and translational regulators
such as Arc (Activity-Regulated Cytoskeletal-associated
protein) and FMRP (Fragile X Mental Retardation
Protein). Both rapid kinase- and protease-mediated and
delayed transcription-dependent glutamate receptor-
mediated responses underlay different forms of neuronal
plasticity, and BDNF and glutamate interact to regulate
developmental and adult neuroplasticity [2].

BDNF modulates several distinct aspects of synaptic
transmission. It can modify glutamate signaling directly,
by changing the expression of glutamate receptor subunits
and Ca’'-regulating proteins, or indirectly by inducing
the production of antioxidant enzymes, energy-regulat-
ing proteins, and antiapoptotic Bcl-2 family members.
Importantly, glutamate stimulates the production of
BDNE, which in turn modifies neuronal glutamate sensi-
tivity, Ca>* homeostasis, and plasticity [2]. BDNF can be
released in the mature form, which activates preferential-
ly TrkB receptors, or as proBDNE, which is coupled to
the stimulation of p75 (NTR). The mature form (cleaved
proBDNF) induces rapid effects on glutamate release and
may induce short- and long-term effects on the postsy-
naptic response to the neurotransmitter. BDNF can
affect glutamate receptor activity by inducing the phos-
phorylation of the receptor subunits, which may also
affect the interaction with intracellular proteins and, con-
sequently, their recycling and localization to defined
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postsynaptic sites. BDNF-induced stimulation of local
protein synthesis and transcriptional activity account for
the delayed effects of BDNF on glutamatergic synaptic
strength.

The first experiments linking the glutamatergic and
BDNEF systems were published two decades ago. Jarvis et
al. [3] suggested that BDNF can serve as glycine-like lig-
and for the NMDAR receptor. Song et al. [4] demon-
strated that BDNF rapidly enhanced synaptic transmis-
sion among hippocampal neurons, suggesting that BDNF
acutely activated synaptic transmission via NMDAR.
Using standard whole-cell patch-clamp recordings,
Lessmann et al. [5] investigated the acute effects of
BDNF on single-cell-activated glutamatergic synaptic
connections in microcultures of postnatal rat hippocam-
pal neurons. In approximately 30% of the cells, gluta-
matergic synaptic transmission was enhanced, this
enhancement being abolished in the presence of the spe-
cific Trk inhibitor k252a. These data suggested that the
enhancement of unitary glutamatergic synaptic transmis-
sion was mediated predominantly by presynaptic modifi-
cations, and this modulation could participate in BDNF-
dependent modification of glutamatergic synaptic trans-
mission in the hippocampus in situ.

Physiological and biochemical evidence implicates
NMDAR as a target for BDNF modulation. Acute expo-
sure to BDNF rapidly and reversibly enhanced the mag-
nitude of NMDAR-mediated synaptic currents, specifi-
cally enhancing the activity of NMDAR containing the
NR2B subunit, this effect of BDNF being dependent on
activation of TrkB receptors [6]. These results provided a
potential mechanism for the proposed role for BDNF in
activity-dependent synaptic plasticity and, perhaps learn-
ing and memory processes. Neuronal activity induces
transcription of the BDNF gene, which modulates the
function of synapses. Sensory experience is transduced
into changes in gene transcription via the activation of
Ca’"-signaling pathways downstream of both L-type volt-
age-gated calcium channels (L-VGCCs) and NMDAR,
these signaling pathways converging on the regulation of
transcription factors including calcium-response factor
(CaRF). CaRF Ilimits NMDAR-dependent BDNF
induction by regulating expression of NMDAR subunit
GIuN3A [7]. BDNF increases phosphorylation of
NMDAR subunits NR1 and NR2B in the postsynaptic
density, linking NMDAR phosphorylation to synaptic
plasticity.

AMPAR mediate most of the excitatory neurotrans-
mission in the mammalian central nervous system and
participate in forms of synaptic plasticity thought to
underlie memory and learning. BDNF-mediated GIluR1
subunit of AMPAR tyrosine phosphorylation suggested to
regulate synaptic plasticity postsynaptically through
NR2B subunits of the NMDAR [8]. Several independent
studies have suggested that AMPAR can increase BDNF
expression by both Ca?*-dependent and Ca?*-independ-
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ent pathways (see [9] for review). AMPAR were shown to
interact with the protein tyrosine kinase Lyn, recruiting
the mitogen-activated protein kinase (MAPK) signaling
pathway and increasing the expression of BDNE Thus, in
addition to directly enhancing glutamatergic synaptic
transmission, AMPAR activation upregulates in vitro and
in vivo BDNF expression. Long-term encoding of synap-
tic events, as in long-term memory formation, requires
AMPAR stabilization and maintenance. Jourdi et al. [10]
revealed a new role for BDNF in the long-term mainte-
nance of AMPAR subunits and associated scaffolding
proteins at synapses and further supported the role of
BDNF as a key regulator of synaptic consolidation.
Changes in BDNF and AMPAR expression appear to be
dissociable, and upregulation of the former leads to
enhanced trophic signaling at excitatory synapses [11]. A
novel mechanism by which estrogen and BDNF regulate
hippocampal synaptic plasticity in the adult brain has
been suggested [12]: both estradiol and G-protein-cou-
pled estrogen receptor 1-specific agonist G1 rapidly
induce BDNF release, leading to transient stimulation of
activity-regulated cytoskeleton-associated (Arc) protein
translation and GIuR1(GluAl)-containing AMPAR
internalization in field CA3 of the hippocampus.
Numerous studies have firmly established a critical
role of BDNF in hippocampal long-term potentiation
(LTP), a long-term enhancement of synaptic efficacy
thought to constitute cellular substrates of learning and
memory. Well known synaptic plasticity phenomena, LTP
and long-term depression (LTD), can be elicited by
NMDAR, typically by the coincident activity of pre- and
postsynaptic neurons. The early phases of LTP expression
are mediated by a redistribution of AMPAR, late phases by
NMDAR [13]. In acute hippocampal slices, the presence
of extracellular BDNF is essential for the induction of
spike-timing-dependent long-term potentiation (tLTP).
By monitoring changes in green fluorescent protein
(GFP) fluorescence at the dendrite of hippocampal neu-
rons expressing GFP-tagged BDNE, Lu et al. [14] found
that pairing of iontophoretic glutamate pulses with neu-
ronal spiking resulted in BDNF secretion from the postsy-
naptic dendrite at the iontophoretic site. Leal et al. [15]
summarized evidence concerning a role for BDNF in gen-
erating functional and structural changes at synapses
required for both early- and late phases of LTP in hip-
pocampus and information regarding pre- and/or postsy-
naptic release of BDNF and its action during LTP. They
also discussed the effects of BDNF on the synaptic pro-
teome, either by acting on the protein synthesis machinery
and/or by regulating protein degradation. They suggest
that fine-tuned control of the synaptic proteome rather
than a simple upregulation of protein synthesis may play a
key role in BDNF-mediated synaptic potentiation.
Studies with human carriers of BDNF Met-allele
polymorphism linking stress vulnerability and risk for
depression revealed an additional link between the gluta-
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mate and BDNF systems. The Val66Met polymorphism
in the BDNF gene (“a BDNF loss-of-function allele”)
affects episodic memory and affective behaviors and is
associated with a defect in activity-dependent regulated
release of BDNF. The BDNF Val66Met polymorphism
has a direct effect on synaptic plasticity in the hippocam-
pus, as well as in the medial prefrontal cortex, and the
central amygdala, impairing NMDAR transmission [16].
Recently, Jing et al. [17] showed that the BDNF
Val66Met polymorphism enhanced glutamatergic trans-
mission but diminished activity-dependent synaptic plas-
ticity in the dorsolateral striatum. Studies in BDNF
Val66Met mice provided information about the relation
of a glutamate receptor with BDNF [18]. In wild-type
mice after chronic-restraint stress and in unstressed mice
with BDNF Val66Met allele, an epigenetic activator of
histone acetylation, P300, exerted the dynamic up- and
downregulation of mGlu2 in hippocampus via histone-3-
lysine-27-acetylation when acute stressors were applied.

Converging evidence strongly suggests that deficits in
BDNEF signaling contribute to the pathogenesis of several
major diseases and disorders such as Huntington’s dis-
ease, Alzheimer’s disease, and depression [19]. Abnormal
BDNE, trkB-TK*, and GAD67 mRNA expression was
shown in the hippocampus of individuals with schizo-
phrenia and mood disorders, indicating that fundamental
properties of hippocampal signaling transmission, plas-
ticity, and circuitry may be affected in individuals with
these major mental illnesses [20]. Numerous studies show
impaired synaptic plasticity of glutamatergic synapses in
diseases where compromised BDNF function has been
observed, such as Huntington’s disease, depression, an-
xiety, and the BDNF polymorphism Val66Met, suggest-
ing that upregulating BDNF-activated pathways may be
therapeutically relevant (see [21] for review).

Both glutamatergic and BDNF systems are among
the most important players in the consequences of chron-
ic stress including depression. Meta-clustering of gene
coexpression links in 11 transcriptome studies from post-
mortem brains of human major depression subjects and
non-psychiatric control subjects revealed significant dif-
ferences related to genes in the identified module encod-
ing proteins implicated in neuronal signaling and struc-
ture, including glutamate metabotropic receptors
(GRM1, GRM?7) and BDNF [22]. Increased expression
of BDNF appears to be involved in the mechanism of
action of antidepressant drugs. Treatment with most anti-
depressants induces expression of the gene encoding
BDNF in the hippocampus and cerebral cortex.
However, a relative specificity exists regarding upregula-
tion of BDNF by antidepressants. For example, the anti-
depressant paroxetine, but not desipramine, enhanced
synaptic plasticity in the hippocampus by increasing
BDNF mRNA expression, determining later AMPAR-
subunit trafficking to synaptic membranes [23]. Studies of
the last decade highlight that the brain glutamate system
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is involved in the etiology of depression, and glutamater-
gic-targeting drugs are currently being explored as novel
antidepressant medications. For example, recent data
indicate antidepressant-like activity of group I mGlu
receptor (mGIuR1 and mGIluR5) antagonists in animal
tests and models. Chronic treatment with 2-methyl-6-
(phenylethynyl)-pyridine (MPEP), a selective mGlu5
receptor antagonist, increased hippocampal but reduced
cortical BDNF mRNA level (Northern blot). Thus, an
antagonist of mGlu5 receptors, like most well-established
antidepressants, induces hippocampal BDNF gene
expression [24].

As mentioned above, several lines of evidence indi-
cate that chronic stress and downregulation of BDNF are
key components of depression pathology. Study of stress
effects on major glutamate receptor-mediated BDNF-
dependent synaptic plasticity phenomena, including LTP,
in rodent hippocampus is a useful tool to learn more
about the pathogenesis of depression [25]. Optimization
of glutamatergic signaling by neuroprotective drugs (e.g.
antidepressants), or neuroprotective factors such as phys-
ical exercise or calorie restriction, is at least partially due
to enhancing of BDNF signaling, though there are a few
studies not confirming that BDNF signaling plays a piv-
otal role in the antidepressant effects of glutamate-based
compounds [26]. The mechanism by which chronic stress
downregulates BDNF and promotes depressive-like
responses is not fully understood. Evidence from animal
models of depression demonstrates that chronic stress
impairs hippocampal BDNF expression and that antide-
pressant drug effects correlate with increased BDNF syn-
thesis and activity in the hippocampus. Growing evidence
suggests that downregulated clearance of glutamate and
signaling pathways involving BDNF and its receptor TrkB
are intimately involved in morphological changes in the
hippocampus of patients with depression. BDNF-TrkB
signaling regulates glutamate transporter 1 (GLT-1) on
astrocytes, which are responsible for most glutamate
reuptake from the synapse [27]. Oxidative stress exces-
sively activates glutamate receptors inducing so-called
excitotoxicity and contributing to neuronal dysfunction
and degeneration in acute and chronic neurological and
psychiatric disorders. Alterations of the mGluRI,
mGIluR5, and BDNF mRNA have been shown to con-
tribute to depression-like and anxiety-like behaviors of
prenatally stressed offspring rats [28]. An increase in glu-
cocorticoid levels associated with downregulation of
BDNEF is supposed to be involved in the pathophysiology
of depressive disorders. Using cultured cortical neurons,
Numakawa et al. [29] showed that glucocorticoid recep-
tor (GR) interacts with BDNF TrkB receptor. TrkB—GR
interaction may play a critical role in the BDNF-stimu-
lated PLC-gamma pathway, which is required for gluta-
mate release, and the decrease in TrkB-GR interaction
caused by chronic exposure to glucocorticoids results in
the suppression of BDNF-mediated neurotransmitter
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release via a glutamate transporter. The available data
suggest that chronic stress mediates changes in several
Ca’?"-related components involved in BDNF synthesis,
including glutamatergic neurotransmission through
NMDAR. Chronic-stress-induced NMDAR stimulation
could lead to dysregulated calcium signaling and
decreased BDNF activity, and in this situation, neurons
become vulnerable to the effects of stress, leading to dys-
functional neurotransmission and behavioral distur-
bances. This suggests that treatment with NMDAR
antagonists may help to restore calcium signaling, pro-
mote appropriate BDNF signaling, and correct depres-
sive symptoms [30].

Reduced BDNF levels and altered BDNF signaling
have been reported in several brain diseases and behav-
ioral disorders that also exhibit reduced levels of AMPAR
subunits. BDNF treatment acutely regulates AMPAR
expression and function, including synaptic AMPAR
subunit trafficking. Positive allosteric modulators of
AMPAR increase brain levels of BDNEF, improving the
viability and generation of neurons in key brain struc-
tures. AMPAR potentiators are effective in rodent models
predictive of antidepressant efficacy [31]. Recent data
show that positive modulators of AMPAR (ampakines,
drugs structurally derived from aniracetam that potentiate
currents mediated by AMPAR) increase neuronal BDNF
expression, though AMPAR and BDNFR was downregu-
lated by prolonged activation. Several groups showed
using rodent models of depression that BDNF/TrkB sig-
naling may be involved in the sustained antidepressant-
like effects of LY341495, a mGlu2/3 receptor antagonist
[32], and 2-methyl-6-(phenylethynyl)pyridine, a selec-
tive metabotropic glutamate receptor 5 antagonist [33].

Recent discoveries related to antidepressant proper-
ties of ketamine, a classical antagonist of NMDAR and a
dissociative anesthetic in use since 1970, contributed to
understanding of tight regulatory relations between gluta-
mate and BDNFE Ketamine has emerged as an effective
treatment for refractory depression. Rapid antidepressant
effects of NMDAR antagonists, specifically ketamine,
may be associated with disinhibition of glutamate trans-
mission, resulting in a rapid transient burst of glutamate,
followed by an increase in BDNF release and activation
of downstream signaling pathways that stimulate synapse
formation. Neurodegeneration is an important compo-
nent in the pathogenesis of major depression associated
with cognitive complaints. Patients with depression
demonstrate decreased brain volumes in areas implicated
in emotional regulation and cognition (e.g. hippocam-
pus), activation of various pathways contributing to cell
death paradigms, and neuronal and glial cell death.
Depression is associated with reduced synapse numbers
and dearborization of dendrites, and ketamine appears to
potently induce mechanisms that reverse these neurode-
generative processes (see [34] for review). The available
data suggest that lower BDNF levels associated with
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mitochondrial dysfunction, oxidative stress, inflamma-
tion, and excitotoxicity may be involved in neuronal and
glial cell death in depression, leading to decreased brain
volume and cognitive dysfunction with multiple recurrent
episodes of dementia [35]. The major mechanisms of ket-
amine action induce synaptogenesis in the BDNF path-
way [36]. Preclinical work has shown that the antidepres-
sant actions of ketamine (and scopolamine) in rodent
models are caused by an influx of extracellular glutamate,
elevated BDNEF, activation of the mammalian target of
rapamycin complex 1 (mTORCI1) cascade, and increased
number and function of spine synapses in the prefrontal
cortex [37]. In addition to blocking NMDAR, ketamine
coupled to a mature AMPAR, activates eukaryotic elon-
gation factor 2 (eEF2), and this in turn activates BDNF
protein synthesis, particularly in neuronal dendrites [38-
40]. The associated depolarization of AMPAR initiates
calcium-dependent exocytosis of BDNF, which can bind
to postsynaptic TrkB receptors and induce BDNF signal-
ing [38, 41]. BDNF signaling activated by ketamine
seems to induce transcriptional changes, since inhibition
of the BDNF receptor does not block the immediate
effects of ketamine, but it does prevent the delayed
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effects. Activation of AMPAR in the medial prefrontal
cortex by ketamine rapidly stimulates BDNF release via
activation of L-type voltage-dependent calcium channels
(VDCC) [42]. Potential involvement of the
AMPAR(NMDAR)/BDNF pathway in antidepressant-
like activity has been confirmed in several animal models
of depression [43, 44].

This brief review has summarized major facts relat-
ing brain BDNF and glutamatergic systems, and the main
links between BDNF and glutamate receptors are shown
in the figure. Indeed, the connections between the two
systems are numerous and bidirectional, providing for
mutual regulation of the glutamatergic and BDNF sys-
tems. The available data suggest that it is the complex and
well-coordinating nature of these connections that
secures optimal synaptic and cellular plasticity in the nor-
mal brain. Both systems are associated with the patho-
genesis of depression, and the recent data imply that dis-
turbance of tight and well-balanced associations between
the glutamatergic and BDNF systems results in unfavor-
able changes in neuronal plasticity underlying depressive
disorders and other mood diseases.
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