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Abstract
In studying the pathophysiology of depressive disorders, both genetic background
and environmental exposures should be considered. Elevated levels of glucocorticoids,
stress hormones, caused by dysfunction of the hypothalamic-pituitary-adrenal (HPA)
axis have been confirmed in both patient and animal models of depression. Such
elevations disturb the beneficial functions of brain-derived neurotrophic factor (BDNF),
which is essential for neuronal survival and synaptic plasticity in the central nervous
system (CNS). Recently, it has been suggested that nutritional status also influences
mood. Indeed, some evidence suggests possible interactions between diabetes, BDNF
expression, and function of glucagon-like peptide 1 (GLP-1) which regulates insulin
secretion and appetite. In this review paper, we provide current information on
molecules including GLP-1 that putatively interact with BDNF signaling and respond to
environmental conditions.

INTRODUCTION
In addition to genetic conditions, environmental factors
contribute to the pathophysiology of mental disorders including
depression. Interestingly, Branchi et al. demonstrated that
environment is a major factor in treatment efficacy with
selective serotonin reuptake inhibitors (SSRI) in mouse models
of depression [1], indicating an importance of profiling other
biological makers to discover new targets for depression
treatment. Dysfunction of the hypothalamic-pituitary-adrenal
(HPA) axis due to chronic stress results in increased levels of
stress hormones, glucocorticoids, secreted from the adrenal
cortex. In the CNS, although acute effects of glucocorticoids
on synaptic function such as regulation of glutamatergic and
GABAergic synapses has been revealed [2,3], the effects of chronic
glucocorticoid stress may have adverse influences the brain
function [4]. On the other hand, reduced expression/function of
brain-derived neurotrophic factor (BDNF), a critical regulator of
synaptic plasticity, is also involved in mental disorders through
its interaction with the glucocorticoid system. We reported a
negative effect of chronic glucocorticoid exposure on BDNFstimulated increases in synaptic maturation [5]. Interestingly,
cyclin-dependent kinase 5 (CDK5) -dependent regulation of

glucocorticoid and BDNF systems was shown [6,7]. Ultimately,
molecules such as CDK5 may be promising targets for depression
treatment via their effects on both glucocorticoid- and BDNFmediated functions.
Recently, a possible relationship between diabetes and
depressive disorders has been established [8-10], implying
that nutritional status may be integral in the pathophysiology
of depression. As expected, reduced plasma levels of BDNF
and memory impairment in patients with diabetes have been
reported [11]. Glucagon-like peptide 1 (GLP-1), which is derived
from the enteroendocrine L-cells in the distal intestine and
exerts physiological effects including insulin secretion, may also
be involved in depression. Interestingly, dysfunction of memory
caused by streptozotocin (STZ) was rescued by a GLP-1 analog
[12]. In this paper, we show recent evidence concerning BDNF
signaling and functionality, novel stress-related candidates
including GLP-1, and depression-like behavior.

BDNF/TrkB system and CNS disorders

BDNF influences CNS neurons via activation of the TrkB
receptor, which is also responsive to neurotrophin-4. Although
nerve growth factor and neurotrophin-3 also influence TrkA and
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TrkC, respectively, growing evidence suggests a critical role of
the BDNF/TrkB system in synaptic plasticity of both developing
and adult CNS neurons, and its involvement in a variety of CNS
diseases including psychiatric disorders (Ref. 4; Figure 1).
It is well known that phospholipase C gamma (PLCgamma),
phosphoinositide 3-kinase/Akt (PI3K/Akt), and extracellular
signal-regulated kinase (ERK) signals are stimulated after
TrkB activation, which maintains cell survival and regulates
synaptic function (Figure 1). Therefore, BDNF-mediated synaptic
function has been identified as a potential treatment target of
neurodegenerative diseases such as Alzheimer’s disease [13]. In
addition, it is suggested that an alteration in BDNF expression/
function contributes to the pathophysiology of psychiatric
diseases including depression. Decreased mRNA levels of
BDNF in both hippocampus and prefrontal cortex (PFC) were
confirmed with postmortem tissue from suicide subjects [14]. So
far, a variety of evidence suggests a close relationship between
BDNF expression levels and depression [15-17]. Gene expression
profiling reveals targets for mental disorder treatments, though
change of BDNF expression is well supported in rodent models
[18]. The regulation of Bdnf gene expression is complex and
influenced by nine promoters [19]. Specifically, promoter IV is
suggested to be involved in the activity-dependent regulation of
Bdnf genes in hippocampal, cortical and amygdala regions, and

suppressed function of the promoter in the depressive disorder
and/or suicide has been demonstrated [20,21]. Hing et al.
showed that the C allele of rs12273363, which is a polymorphism
associated with mood disorders, negatively modulates activity of
promoter IV using primary neurons [20]. In postmortem brain
(Wernicke area of cerebral cortex) samples from suicide subjects,
increased DNA methylation in the region of the BDNF promoter/
exon IV compared with control subjects, and decreased amounts
of Bdnf transcript IV were observed [21].

Interestingly, effects of antidepressants, including fluoxetine
(SSRI), phenelzine (MAOI; Monoamine oxidase inhibitors),
duloxetine (SNRI; Serotonin and Norepinephrine reuptake
inhibitors), and imipramine (TCA; Tricyclic antidepressants),
have been investigated using mice lacking BDNF production
via the promoter IV function (BDNF-KIV mice) [22]. Sakata et
al. showed that these four different classes of antidepressants
(fluoxetine,
phenelzine,
duloxetine,
and
imipramine)
demonstrated an antidepressant-like effect in the tail suspension
test, though no increase in hippocampal BDNF mRNA and
protein was found, suggesting that the antidepressant effect
does not require BDNF production through promoter IV activity
[22]. Further investigation of BDNF expression levels as well
as extensive examination of BDNF/TrkB signaling focusing on
molecules associated with TrkB is needed.

Figure 1 BDNF signaling and GLP-1 function for treatment of mental disorders.
Left; BDNF/TrkB signaling in CNS neurons. Nerve growth factor (NGF) and neurotrophin-3 (NT-3) activate TrkA and TrkC, respectively. BDNF and neurtrophin-4/5 (NT4/5) stimulate TrkB. The stimulated TrkB receptor triggers activation of phospholipase Cγ (PLCγ), phosphoinositide 3-kinase (PI3K), and mitogen-activated/extracellularregulated kinase (MEK) intracellular signaling pathways. Diacylglycerol (DAG)-protein kinase C (PKC) and inositol trisphosphate (IP3)-Ca2+ are downstream of PLCγ
signaling to regulate synaptic plasticity. Akt and extracellular signal-regulated kinase (ERK) are downstream of PI3K and MEK, respectively, which are involved in cell
survival and differentiation. For details, please see [4]. Right; GLP-1 synthesis from proglucagon. K (lysine) and R (arginine) indicate the position of cleavage site by
prohormone convertase. Proglucagon products in intestinal L-cells and brain are composed of glicentin (GRPP; glicentin-related pancreatic polypeptide, glucagon, and
IP-1; intervening peptide-1), GLP-1, intervening peptide-2 (IP-2), and glucagon-like peptide-2 (GLP-2) (We referred to the description by [52]). The DPP-4 cleavage site in
GLP-1 is located in the N-terminal of alanine at position 2. It is well known that GLP-1 has important physiological roles including insulin secretion and appetite regulation.
In CNS neurons, it has been shown that GLP-1 increases cAMP via the GLP-1 receptor, which is involved in cognitive function, preventing β-amyloid accumulation, and
neuroprotection. It is possible that BDNF signaling, GLP-1 function, and interaction between both systems are promising targets to treat for mental disorders.
J Neurol Transl Neurosci 1(3): 1021 (2013)
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Depression models and BDNF signaling
In animal models of depressive disorder, curcumin, an herbal
medicine, demonstrates an antidepressant effect [23]. In the
forced swim test (FST), curcumin application (21 days of 40 mg/
kg) achieved a significant decrease in immobility that rivaled
results seen with fluoxetine treatment. Furthermore, the chronic
treatment with curcumin upregulated BDNF expression, and
increased levels of phosphorylated ERK (pERK) in the amygdala.
Interestingly, co-application of an ERK pathway inhibitor canceled
the beneficial effects of curcumin on behavior [23], suggesting
that activation of ERK signaling is essential for the antidepressant
effect elicited by curcumin. Chronic mild stress (CMS) in rodents
is a well-known model of depression. Recently, alterations in
both BDNF and pERK levels have been reported after CMS with
or without antidepressant treatment. Rats exposed to five weeks
of CMS consisting of unpredictable mild stress (grouped caging,
tilted cage, wet cage, water or food deprivation, continuous
lightning, stroboscopic lightning, or white noise) exhibited
decreased sucrose intake, with reversal of anhedonic behavior
induced by reboxetine treatment [24]. In this system, CMS
exposure decreased hippocampal BDNF and pERK compared
to controls, though reboxetine normalized these reduced levels
of BDNF and pERK. On the other hand, expressions of IGF-1R
(a receptor for insulin-like growth factor) in hippocampal and
frontal cortex regions, and of BDNF in the frontal cortex were
unchanged after CMS, indicating a region-specific response to
stress. The antidepressant effect of orcinol glucoside (OG, herbal
extract obtained from the Curculigo orchioides Gaertn) and its
possible mechanism has been demonstrated. Ge et al. reported
that serum corticosterone levels were increased following CMS,
and the increased corticosterone was improved by OG treatment.
In the FST and tail suspension test, OG treatment exhibited an
antidepressant effect. OG treatment upregulated hippocampal
pERK and BDNF, suggesting a possible role of ERK signaling in the
OG-dependent antidepressant effect [25]. Using a combination of
genome-wide microarray analysis and pathway analysis by the
Database for Annotation, Visualisation and Integrated Discovery
(DAVID), Barreto et al. demonstrated that BDNF/TrkB signaling
in rat prefrontal cortex was influenced by sub-chronic restraint
stress (1 hour restraint in a tube/day, for 5 days). Importantly,
transcript levels for PI3K and ERK (not for PLCgamma) pathways
were reduced after exposure to sub-chronic restraint stress
[26]. In their system, as transcript levels were examined before
inducing depression-like behavior, they found that abnormalities
in BDNF signaling might contribute to the onset of depression
[26]. In cultured cortical neurons obtained from rat cerebral
cortex, we reported that BDNF-stimulated ERK signaling is
attenuated following glucocorticoid exposure [4,5]. While
ERK activation is essential to maintain expression of synaptic
proteins including NR2A, a subunit of NMDA-type glutamate
receptors, glucocorticoid exposure inhibits BDNF-mediated
synaptic function [4,5]. Testosterone, a gonadal hormone, has an
antidepressant effect, as gonadectomized rats exhibit depressionlike behavior. Carrier and Kabbaj showed that suppression of
ERK2 in the hippocampal dentate gyrus of gonadectomized rats
with testosterone replacement resulted in anhedonia, suggesting
ERK2 has a role in the antidepressant effects of testosterone
[27]. Interestingly, in addition to both total and activated ERK1,
J Neurol Transl Neurosci 1(3): 1021 (2013)

activated levels of ERK2 were not changed by testosterone
supplementation in hippocampal tissue of gonadectomized rats,
while reduced total ERK2 was reversed by testosterone [27].

Glutamatergic neurotransmission and antidepressants

Recently, abnormal glutamatergic neurotransmission is
suggested to play a role in the pathophysiology of depressive
disorders. Decreased NR2A and NR2B subunits of NMDA
receptors, but not NR1, are observed in prefrontal cortical tissue
from patients with major depression [28]. This postmortem
study also indicated reduced PSD95 protein [28], which plays a
role in the scaffolding for NMDA receptors in postsynaptic sites,
identifying regulation of glutamatergic neurotransmission as a
possible target of treatment for depression. Indeed, blockading
of NMDA receptors is thought to be a potential therapeutic target.
Specifically, low-dose application of ketamine (30 min, 3.0 mg/kg)
induced an acute antidepressant response in the FST in wild mice,
although the effect of ketamine was not observed in Bdnf KO mice
[29]. The acute ketamine treatment upregulated hippocampal
BDNF protein expression, while the level of Bdnf mRNA was
unchanged, suggesting that translation of BDNF is required for
the beneficial action of ketamine [29]. Additionally, co-application
with antidepressant treatment has been investigated. Rats
receiving both ketamine and imipramine for 60 minutes showed
lesser immobility time in the FST compared to results with each
respective agent alone [30]. The combined application with
ketamine and antidepressant achieved synergistic upregulation
of BDNF protein in the PFC, hippocampus, and amygdala. The
levels of pPKA in the hippocampus and amygdala as well as pPKC
in the PFC were also increased [30]. Reduced activity of PKA and
an elevation of 5-HT2A receptors (serotonin 2A receptors) were
shown in postmortem PFC from persons with major depression,
while no differences in levels of 5-HT1A, 5-HT2c and in activity of
PKC between those with depression and controls were observed
[31].

Novel targets of antidepressants

Both clinical and animal model studies demonstrate that
glucocorticoids (corticosterone in rodents, and cortisol in
humans), stress hormones, are involved in depression [32-34].
Increased plasma levels of glucocorticoids due to dysfunction
of the HPA axis caused by chronic stress may damage the
CNS, resulting in the onset of depressive disorder. It has been
reported that activity of both glucocorticoid receptor (GR; a
low affinity receptor for glucocorticoids) and mineralocorticoid
receptor (MR; high affinity one) are regulated by CDK5. CDK5
interacts with the ligand binding domain of the GR and induces
serine phosphorylation in the N-terminal of GR, influencing
transcriptional activity of the receptor [6]. CDK5 also regulates
the MR-dependent transcriptional activity via phosphorylation of
serine and threonine in the N-terminal region of MR, influencing
the expression of BDNF in cortical neurons [35]. Interestingly,
an association between the TrkB receptor and CDK5 was also
reported. In addition to classical autophosphorylation of tyrosine
residues, serine (S478) phosphorylation was also found [36]. Lai
et al. has shown that mice lacking S478 phosphorylation in TrkB
exhibit impaired hippocampal long-term potentiation (LTP) and
spatial memory, suggesting involvement of CDK5 regulation in
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TrkB-mediated synaptic function [7]. Because CDK5 interacts
with both BDNF/TrkB signaling and the glucocorticoid system,
focusing on CDK5 function may be beneficial to search for novel
antidepressant candidates.

Acid sphingomyelinase has been demonstrated as a novel
target of future antidepressants. The ceramide system is well
known as a regulator of various neuronal aspects including
cell death, and its involvement in the pathophysiology of a
variety of brain diseases such as Alzheimer’s disease has been
suggested [37]. Though sphingomyelinase induce ceramide
production, Gulbins et al. showed that the ceramide system acts
downstream of antidepressant application [38]. They found that
antidepressants (amitriptyline and fluoxetine) decreased acid
sphingomyelinase activity and ceramide levels in hippocampal
tissue, and improved depression-like behavior in corticosteronestressed mice [38]. Importantly, direct injections of ceramide
into hippocampal tissue of mice caused depression-like behavior
[38]. Taken together, the sphingomyelinase/ceramide system is
interesting as a new treatment target, because different classes of
antidepressants similarly influence sphingomyelinase/ceramide
signaling. P75, a common low-affinity receptor for neurotrophins
including BDNF, can increase intracellular ceramide by activation
of sphingomyelinase, which will affect structural and functional
cell fate [39]. Interestingly, when examining differences in levels
of neurotrophin receptors in postmortem brains between suicide
and control subjects, hippocampal mRNA levels of TrkA and
TrkC, and cortical mRNA levels of TrkA were decreased in suicide
subjects, while p75 mRNA was increased in both hippocampus
and PFC of suicide subjects [40]. As negative regulation including
apoptosis in neurons by p75 has been well demonstrated [39],
it is possible that p75 signaling and collaboration with Trk
receptors may be useful when studying functional status of the
brain.

Diabetes and BDNF

Increasing evidence raises the possibility that nutritional
status affects the CNS. Cohort studies have demonstrated
that risk of type 2 diabetes is moderately increased after use
of antidepressant medications [8], while anti-diabetic drugs
increase the risk of depression in young people [9], indicating
a possible interaction between diabetes and depression. The
meta-analytic research also supports the possibility of a close
relationship between depression and metabolic syndrome [10].
Importantly, serum BDNF concentration was decreased in
diabetic patients and animals. Proliferative diabetic retinopathy
patients exhibit lower levels of serum BDNF compared with
diabetic patients without complications [41]. In addition to
BDNF levels, TrkB expression in retinal tissue of STZ-induced
diabetic rats was drastically decreased [41]. In diabetic patients,
decreased serum BDNF was observed in combination with lower
scores in immediate and delayed memory [11]. It has been
reported that plasma BDNF levels are inversely proportional
to plasma glucose levels, while BDNF polymorphisms are not
related to diabetes [42]. High-fat diets (HFD) impaired learning
and memory followed by a change in dopamine metabolism in
juvenile mice [43]. In addition, hippocampal LTP in the CA1 region
was completely abolished in genetically obese mice [44]. These
studies suggest that obesity is one of the greatest risk factors for
J Neurol Transl Neurosci 1(3): 1021 (2013)

anxiety and/or depressive disorders. As expected, diet-induced
obese mice display depressive symptoms with accompanying
decreases in hippocampal BDNF (but not TrkB) expression [45].
In turn, the effect of BDNF on the development of obesity was
examined with injections of BDNF in the ventromedial nucleus of
rats, revealing that BDNF attenuated increases in body weight of
obese animals [46]. Ventromedial and dorsomedial hypothalamic
BDNF deleted mice (produced by expressing cre recombinase
under the α-calcium/calmodulin-dependent protein kinase II
promoter) exhibit hyperphagia, obesity, leptin resistance, an
increase of bone mass, and white adipose tissue, without any
change in sympathetic signaling [47,48]. It is possible to use
BDNF as a useful status marker of metabolic disease-related
depression, though further investigation is needed to understand
whether decreased plasma BDNF is a cause, or a consequence of
diabetes and/or obesity.

Glucagon-like peptide 1 (GLP-1) and mental disorders

As shown above, nutritional status influences neuronal
function in the CNS, with recent evidence implicating involvement
of the gut hormone, GLP-1 [49,50]. It is well known that luminal
nutrients stimulate gut hormone secretion through the activation
of nutrient receptors to control a variety of physiological
responses including gut motility, digestion, absorption,
metabolism, and appetite [51]. Proglucagon gene product, GLP1, generated via post translational processing by prohormone
convertase 1/3, is rich in the enteroendocrine L-cells located in
distal intestine and brain tissues (Ref. 52, 53; please see Figure 1).
GLP-1 has critical physiological roles including insulin secretion,
appetite regulation, and neuroprotection through the activation
of GLP-1 receptors (GLP-1R) [54]. The biologically active forms
of GLP-1 are GLP-1 (7-37) and GLP-1 (7-36) amide, and both are
cleaved by dipeptidyl peptidase-4 (DPP-4) to convert into inactive
forms. Therefore, DPP-4 inhibitors (for example, vildagliptin,
sitagliptin, and alogliptin) are applied to elevate active GLP-1
concentration to treat diabetic patients [55]. Constitutively active
GLP-1 analogues, such as exendin-4 (Ex-4) and liraglutide, are
available for diabetes treatment [56]. Recently, GLP-1 therapy
is targeted not only for metabolic diseases [55,57] but also for
brain illness including Alzheimer’s disease and depression [58].
Intracerebroventricular administration of STZ induces significant
dysfunction of spatial learning and memory and decreases the
number of CA1 normal neurons [12]. The STZ-administered
animals showed an increase of phosphorylated tau, which was
reversed by subcutaneous injection of Ex-4 [12]. The combination
of intraperitoneal STZ and intrahippocampal lipopolysaccharide
injection caused a more severe impairment in cognitive function
through the NF-κB-related inflammatory response than that by
solo STZ application, though continuous daily intraperitoneal
application of Ex-4 reversed this cognitive impairment [59]. It
has been reported that Ex-4 also improves novel object cognitive
dysfunction in mice induced by a weight drop concussive head
trauma device as a model of mild traumatic brain injury [60].
Although GLP-1 analogs are recognized to penetrate the bloodbrain barrier [61,62], the direct effect of GLP-1 in the brain
was examined by using intracerebral application. For example,
liraglutide attenuated HFD and amyloid-β25-35-caused deficits
in LTP of the hippocampal CA1 region and improved spatial
memory function [63,64]. Application with vildagliptin and
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sitagliptin (DPP-4 inhibitors, respectively) for 21 days exerted
preventive effects against brain dysfunction in insulin-resistant
rats produced by HFD treatment [65]. These DPP-4 inhibitors (for
12 weeks) delayed amyloid accumulation in brains of Alzheimer’s
disease model transgenic mice generated by expressing both
a chimeric mouse/human amyloid precursor and a mutant
human presenilin 1 [66]. Another DPP-4 inhibitor, saxagliptin,
upregulated hippocampal GLP-1, and reduced accumulation of
amyloid and phosphorylated tau in STZ-injected rats [67]. In
contrast, Kim et al. demonstrated that oral administration of
sitagliptin boosted tau phosphorylation in Otsuka Long Evans
Tokushima Fatty rats, a type 2 diabetic animal model exhibiting
hyperphagia, hyperglycemia, and hyperinsulinemia [68]. So
far, a variety of physiological regulatory peptides have been
identified as substrates of DPP-4 [69], though further study using
molecular techniques are required to consider the efficacy of
DPP-4 inhibitors.

BDNF and GLP-1-mediated signaling

Activation of GLP-1R triggers an increase in cAMP
concentration in cortical [60,70,71] and hippocampal neurons
[72]. Ex-4 protected cortical neurons from cell death induced
by oxygen/glucose deprivation through the activation of PKA,
followed by an increase in cAMP levels [70]. cAMP response
element-binding protein (CREB) functions as a transcriptional
factor regulating synaptic function downstream of cAMP
induction [73]. In human islet, Ex-4 stimulates phosphorylation
of CREB (pCREB, an active form) and protects β-cell against
hypoxia and cytokines [74]. GLP-1-related signaling also exerts
protective effects on differentiated human neuroprogenitor cells
and stimulates BDNF production through the CREB system [75].
Geniposide, a GLP-1R agonist, has been shown to protect PC12
cells by using the PKA/CREB system [76]. In the ventromedial
nucleus of the hypothalamus in animal models, intraportal
administration of GLP-1 increased BDNF levels with an associated
increase of c-fos positive cells [77]. Such BDNF production
regulates pancreatic glucagon secretion, suggesting a role for
BDNF in regulation of glucose metabolism [77]. Interestingly,
marked upregulation of BDNF in thalamostriatum and forebrain
tissue in mice by alogliptin (a highly selective DPP-4 inhibitor)
has been reported [78]. Investigation into the interplay between
GLP-1, BDNF, and putative molecules in the CNS may contribute
to clarifying the relationship between diabetes and mental
disorders.

CONCLUDING REMARKS

A functioning serotonergic system is critical for mood
stability, with elevated serotonin levels improving depressive
symptoms. As such, the effect of antidepressants, especially
SSRIs, on alterations in serotonergic levels has been intensely
studied. Interestingly, research has demonstrated that increased
serotonin in the brain also negatively affects mood [79]. Although
socioeconomic status is speculated to affect mental health [80],
Branchi et al. demonstrated that fluoxetine application increased
brain BDNF expression, decreased corticosterone levels, and
decreased depressive behaviors in mice under the enriched
housing condition, while mice under stressful conditions
exhibited reduced BDNF, increased glucocorticoid levels, and an
J Neurol Transl Neurosci 1(3): 1021 (2013)

enhanced depression-like phenotype [1]. Taken together, this
suggests that environmental factors should be considered when
treating depression, along with managing serotonergic levels in
the brain. Thus, targeting common regulators of glucocorticoids
and BDNF may be beneficial, as it is well known that levels
of plasma glucocorticoids and of brain BDNF are sensitive to
stressful conditions [4]. As shown in this review, nutritional
status is considered an important environmental factor involved
in depression pathogenesis. Detailed study of the interactions
between neuropeptide GLP-1, BDNF, and the HPA-axis may
be highly promising in elucidating the pathophysiology of
depression.

ACKNOWLEDGEMENT

The present study was supported by the Core Research for
Evolutional Science and Technology Program, CREST, Japan
Science and Technology Agency (JST) (T. N. , N. A. and H. K. ),
the Health and Labor Sciences Research Grants (Comprehensive
Research on Disability, Health, and Welfare H21-kokoro-002)
(H. K. ), and Takeda Science Foundation (T. N. ). This study is
also supported by a grant from the Grant-in-Aid for Challenging
Exploratory Research (JSPS KAKENHI Grant Number 25640019)
(T. N. ), and by the Grant-in-Aid for Scientific Research (B) (JSPS
KAKENHI Grant Number 24300139) (T. N. ) from the Ministry
of Education, Culture, Sports, Science, and Technology of Japan.

REFERENCES

1. Branchi I, Santarelli S, Capoccia S, Poggini S, D’Andrea I, Cirulli F, et
al. Antidepressant treatment outcome depends on the quality of the
living environment: a pre-clinical investigation in mice. PLoS One.
2013; 8: e62226.

2. Di S, Maxson MM, Franco A, Tasker JG. Glucocorticoids regulate
glutamate and GABA synapse-specific retrograde transmission via
divergent nongenomic signaling pathways. J Neurosci. 2009; 29: 393401.

3. Hu W, Zhang M, Czéh B, Flügge G, Zhang W. Stress impairs GABAergic
network function in the hippocampus by activating nongenomic
glucocorticoid receptors and affecting the integrity of the parvalbuminexpressing neuronal network. Neuropsychopharmacology. 2010; 35:
1693-1707.
4. Numakawa T, Adachi N, Richards M, Chiba S, Kunugi H. Brain-derived
neurotrophic factor and glucocorticoids: reciprocal influence on the
central nervous system. Neuroscience. 2013; 239: 157-172.

5. Kumamaru E, Numakawa T, Adachi N, Kunugi H. Glucocorticoid
suppresses BDNF-stimulated MAPK/ERK pathway via inhibiting
interaction of Shp2 with TrkB. FEBS Lett. 2011; 585: 3224-3228.
6. Kino T, Ichijo T, Amin ND, Kesavapany S, Wang Y, Kim N, et al. Cyclindependent kinase 5 differentially regulates the transcriptional activity
of the glucocorticoid receptor through phosphorylation: clinical
implications for the nervous system response to glucocorticoids and
stress. Mol Endocrinol. 2007; 21: 1552-1568.
7. Lai KO, Wong AS, Cheung MC, Xu P, Liang Z, Lok KC, et al. TrkB
phosphorylation by Cdk5 is required for activity-dependent structural
plasticity and spatial memory. Nat Neurosci. 2012; 15: 1506-1515.

8. Pan A, Sun Q, Okereke OI, Rexrode KM, Rubin RR, Lucas M, et al. Use
of antidepressant medication and risk of type 2 diabetes: results from
three cohorts of US adults. Diabetologia. 2012; 55: 63-72.
9. Berge LI, Riise T, Fasmer OB, Lund A, Oedegaard KJ, Hundal O. Risk of

5/8

Numakawa et al. (2013)
Email: numakawa@ncnp.go.jp

Central
depression in diabetes is highest for young persons using oral antidiabetic agents. Diabet Med. 2012; 29: 509-514.

prevents development of an early stress-related molecular signature
in the rat infralimbic medial prefrontal cortex. Implications for
depression? BMC Neurosci. 2012; 13: 125.

10. Pan A, Keum N, Okereke OI, Sun Q, Kivimaki M, Rubin RR, et al.
Bidirectional association between depression and metabolic
syndrome: a systematic review and meta-analysis of epidemiological
studies. Diabetes Care. 2012; 35: 1171-1180.

27. Carrier N, Kabbaj M. Extracellular signal-regulated kinase 2 signaling
in the hippocampal dentate gyrus mediates the antidepressant effects
of testosterone. Biol Psychiatry. 2012; 71: 642-651.

12. Chen S, Liu AR, An FM, Yao WB, Gao XD. Amelioration of
neurodegenerative changes in cellular and rat models of diabetesrelated Alzheimer’s disease by exendin-4. Age (Dordr). 2012; 34:
1211-1224.

29. Autry AE, Adachi M, Nosyreva E, Na ES, Los MF, Cheng PF, et al. NMDA
receptor blockade at rest triggers rapid behavioural antidepressant
responses. Nature. 2011; 475: 91-95.

11. Zhen YF, Zhang J, Liu XY, Fang H, Tian LB, Zhou DH, et al. Low BDNF
is associated with cognitive deficits in patients with type 2 diabetes.
Psychopharmacology (Berl). 2013; 227: 93-100.

13. Lu B, Nagappan G, Guan X, Nathan PJ, Wren P. BDNF-based synaptic
repair as a disease-modifying strategy for neurodegenerative
diseases. Nat Rev Neurosci. 2013; 14: 401-416.
14. Dwivedi Y, Rizavi HS, Conley RR, Roberts RC, Tamminga CA, Pandey
GN. Altered gene expression of brain-derived neurotrophic factor and
receptor tyrosine kinase B in postmortem brain of suicide subjects.
Arch Gen Psychiatry. 2003; 60: 804-815.

15. Hashimoto K. Sigma-1 receptor chaperone and brain-derived
neurotrophic factor: emerging links between cardiovascular disease
and depression. Prog Neurobiol. 2013; 100: 15-29.
16. Masi G, Brovedani P. The hippocampus, neurotrophic factors and
depression: possible implications for the pharmacotherapy of
depression. CNS Drugs. 2011; 25: 913-931.

17. Autry AE, Monteggia LM. Brain-derived neurotrophic factor and
neuropsychiatric disorders. Pharmacol Rev. 2012; 64: 238-258.

18. Molteni R, Macchi F, Riva MA. Gene expression profiling as functional
readout of rodent models for psychiatric disorders. Cell Tissue Res.
2013; .
19. Aid T, Kazantseva A, Piirsoo M, Palm K, Timmusk T. Mouse and rat
BDNF gene structure and expression revisited. J Neurosci Res. 2007;
85: 525-535.

20. Hing B, Davidson S, Lear M, Breen G, Quinn J, et al. A polymorphism
associated with depressive disorders differentially regulates brain
derived neurotrophic factor promoter IV activity. Biol Psychiatry.
2012; 71: 618-626.
21. Keller S, Sarchiapone M, Zarrilli F, Videtic A, Ferraro A, Carli V, et al.
Increased BDNF promoter methylation in the Wernicke area of suicide
subjects. Arch Gen Psychiatry. 2010; 67: 258-267.

22. Sakata K, Mastin JR, Duke SM, Vail MG, Overacre AE, Dong BE, et al.
Effects of antidepressant treatment on mice lacking brain-derived
neurotrophic factor expression through promoter IV. Eur J Neurosci.
2013; 37: 1863-1874.

23. Zhang L, Xu T, Wang S, Yu L, Liu D, Zhan R, et al. Curcumin produces
antidepressant effects via activating MAPK/ERK-dependent brainderived neurotrophic factor expression in the amygdala of mice.
Behav Brain Res. 2012; 235: 67-72.
24. First M, Gil-Ad I, Taler M, Tarasenko I, Novak N, Weizman A. The
effects of reboxetine treatment on depression-like behavior, brain
neurotrophins, and ERK expression in rats exposed to chronic mild
stress. J Mol Neurosci. 2013; 50: 88-97.

25. Ge JF, Gao WC, Cheng WM, Lu WL, Tang J, Peng L, et al. Orcinol
glucoside produces antidepressant effects by blocking the
behavioural and neuronal deficits caused by chronic stress. Eur
Neuropsychopharmacol. 2013; .
26. Barreto RA, Walker FR, Dunkley PR, Day TA, Smith DW. Fluoxetine
J Neurol Transl Neurosci 1(3): 1021 (2013)

28. Feyissa AM, Chandran A, Stockmeier CA, Karolewicz B. Reduced levels
of NR2A and NR2B subunits of NMDA receptor and PSD-95 in the
prefrontal cortex in major depression. Prog Neuropsychopharmacol
Biol Psychiatry. 2009; 33: 70-75.

30. Réus GZ, Stringari RB, Ribeiro KF, Ferraro AK, Vitto MF, Cesconetto
P, et al. Ketamine plus imipramine treatment induces antidepressantlike behavior and increases CREB and BDNF protein levels and PKA
and PKC phosphorylation in rat brain. Behav Brain Res. 2011; 221:
166-171.

31. Shelton RC, Sanders-Bush E, Manier DH, Lewis DA. Elevated 5-HT 2A
receptors in postmortem prefrontal cortex in major depression is
associated with reduced activity of protein kinase A. Neuroscience.
2009; 158: 1406-1415.
32. Sterner EY, Kalynchuk LE. Behavioral and neurobiological
consequences of prolonged glucocorticoid exposure in rats: relevance
to depression. Prog Neuropsychopharmacol Biol Psychiatry. 2010; 34:
777-790.
33. Anacker C, Zunszain PA, Carvalho LA, Pariante CM. The glucocorticoid
receptor: pivot of depression and of antidepressant treatment?
Psychoneuroendocrinology. 2011; 36: 415-425.

34. Pariante CM. Risk factors for development of depression and
psychosis. Glucocorticoid receptors and pituitary implications for
treatment with antidepressant and glucocorticoids. Ann N Y Acad Sci.
2009; 1179: 144-152.

35. Kino T, Jaffe H, Amin ND, Chakrabarti M, Zheng YL, et al. Cyclindependent kinase 5 modulates the transcriptional activity of the
mineralocorticoid receptor and regulates expression of brain-derived
neurotrophic factor. Mol Endocrinol. 2010; 24: 941-952.
36. Cheung ZH, Chin WH, Chen Y, Ng YP, Ip NY. Cdk5 is involved in BDNFstimulated dendritic growth in hippocampal neurons. PLoS Biol.
2007; 5: e63.
37. Mencarelli C, Martinez-Martinez P. Ceramide function in the brain:
when a slight tilt is enough. Cell Mol Life Sci. 2013; 70: 181-203.

38. Gulbins E, Palmada M, Reichel M, Lüth A, Böhmer C, Amato D, et
al. Acid sphingomyelinase-ceramide system mediates effects of
antidepressant drugs. Nat Med. 2013; 19: 934-938.

39. Blöchl A, Blöchl R. A cell-biological model of p75NTR signaling. J
Neurochem. 2007; 102: 289-305.
40. Dwivedi Y, Rizavi HS, Zhang H, Mondal AC, Roberts RC, Conley RR,
et al. Neurotrophin receptor activation and expression in human
postmortem brain: effect of suicide. Biol Psychiatry. 2009; 65: 319328.
41. Ola MS, Nawaz MI, El-Asrar AA, Abouammoh M, Alhomida AS. Reduced
levels of brain derived neurotrophic factor (BDNF) in the serum of
diabetic retinopathy patients and in the retina of diabetic rats. Cell Mol
Neurobiol. 2013; 33: 359-367.
42. Krabbe KS, Nielsen AR, Krogh-Madsen R, Plomgaard P, Rasmussen P,
Erikstrup C, et al. Brain-derived neurotrophic factor (BDNF) and type
2 diabetes. Diabetologia. 2007; 50: 431-438.

6/8

Numakawa et al. (2013)
Email: numakawa@ncnp.go.jp

Central
43. Kaczmarczyk MM, Machaj AS, Chiu GS, Lawson MA, Gainey SJ, York JM,
et al. Methylphenidate prevents high-fat diet (HFD)-induced learning/
memory impairment in juvenile mice. Psychoneuroendocrinology.
2013; 38: 1553-1564.

60. Rachmany L, Tweedie D, Li Y, Rubovitch V, Holloway HW, Miller J,
et al. Exendin-4 induced glucagon-like peptide-1 receptor activation
reverses behavioral impairments of mild traumatic brain injury in
mice. Age (Dordr). 2012; .

45. Yamada N, Katsuura G, Ochi Y, Ebihara K, Kusakabe T, Hosoda K, et
al. Impaired CNS leptin action is implicated in depression associated
with obesity. Endocrinology. 2011; 152: 2634-2643.

62. Hunter K, Hölscher C. Drugs developed to treat diabetes, liraglutide and
lixisenatide, cross the blood brain barrier and enhance neurogenesis.
BMC Neurosci. 2012; 13: 33.

44. Porter WD, Flatt PR, Hölscher C, Gault VA. Liraglutide improves
hippocampal synaptic plasticity associated with increased expression
of Mash1 in ob/ob mice. Int J Obes (Lond). 2013; 37: 678-684.

46. Godar R, Dai Y, Bainter H, Billington C, Kotz CM, Wang CF. Reduction
of high-fat diet-induced obesity after chronic administration of
brain-derived neurotrophic factor in the hypothalamic ventromedial
nucleus. Neuroscience. 2011; 194: 36-52.

47. Unger TJ, Calderon GA, Bradley LC, Sena-Esteves M, Rios M. Selective
deletion of Bdnf in the ventromedial and dorsomedial hypothalamus
of adult mice results in hyperphagic behavior and obesity. J Neurosci.
2007; 27: 14265-14274.
48. Camerino C, Zayzafoon M, Rymaszewski M, Heiny J, Rios M, Hauschka
PV. Central depletion of brain-derived neurotrophic factor in mice
results in high bone mass and metabolic phenotype. Endocrinology.
2012; 153: 5394-5405.
49. Salcedo I, Tweedie D, Li Y, Greig NH. Neuroprotective and neurotrophic
actions of glucagon-like peptide-1: an emerging opportunity to treat
neurodegenerative and cerebrovascular disorders. Br J Pharmacol.
2012; 166: 1586-1599.

50. Duarte AI, Candeias E, Correia SC, Santos RX, Carvalho C, Cardoso S,
et al. Crosstalk between diabetes and brain: glucagon-like peptide-1
mimetics as a promising therapy against neurodegeneration. Biochim
Biophys Acta. 2013; 1832: 527-541.
51. Reimann F, Tolhurst G, Gribble FM. G-protein-coupled receptors in
intestinal chemosensation. Cell Metab. 2012; 15: 421-431.

52. Holst JJ. The physiology of glucagon-like peptide 1. Physiol Rev. 2007;
87: 1409-1439.
53. Reimann F, Habib AM, Tolhurst G, Parker HE, Rogers GJ, Gribble FM.
Glucose sensing in L cells: a primary cell study. Cell Metab. 2008; 8:
532-539.

54. Campbell JE, Drucker DJ. Pharmacology, physiology, and mechanisms
of incretin hormone action. Cell Metab. 2013; 17: 819-837.
55. Rathmann W, Kostev K, Gruenberger JB, Dworak M, Bader G, Giani
G. Treatment persistence, hypoglycaemia and clinical outcomes in
type 2 diabetes patients with dipeptidyl peptidase-4 inhibitors and
sulphonylureas: a primary care database analysis. Diabetes Obes
Metab. 2013; 15: 55-61.

56. Wysham C, Grimm M, Chen S. Once weekly exenatide: efficacy,
tolerability and place in therapy. Diabetes Obes Metab. 2013; 15: 871881.
57. Lorber D. GLP-1 receptor agonists: effects on cardiovascular risk
reduction. Cardiovasc Ther. 2013; 31: 238-249.

58. McIntyre RS, Powell AM, Kaidanovich-Beilin O, Soczynska JK,
Alsuwaidan M, Woldeyohannes HO, et al. The neuroprotective effects
of GLP-1: possible treatments for cognitive deficits in individuals with
mood disorders. Behav Brain Res. 2013; 237: 164-171.
59. Huang HJ, Chen YH, Liang KC, Jheng YS, Jhao JJ, Su MT, et al. Exendin-4
protected against cognitive dysfunction in hyperglycemic mice
receiving an intrahippocampal lipopolysaccharide injection. PLoS
One. 2012; 7: e39656.
J Neurol Transl Neurosci 1(3): 1021 (2013)

61. Kastin AJ, Akerstrom V. Entry of exendin-4 into brain is rapid but may
be limited at high doses. Int J Obes Relat Metab Disord. 2003; 27: 313318.

63. Porter DW, Kerr BD, Flatt PR, Holscher C, Gault VA. Four weeks
administration of Liraglutide improves memory and learning as well
as glycaemic control in mice with high fat dietary-induced obesity and
insulin resistance. Diabetes Obes Metab. 2010; 12: 891-899.

64. Han WN, Hölscher C, Yuan L, Yang W, Wang XH, Wu MN, et al.
Liraglutide protects against amyloid-Î² protein-induced impairment
of spatial learning and memory in rats. Neurobiol Aging. 2013; 34:
576-588.
65. Pintana H, Apaijai N, Chattipakorn N, Chattipakorn SC. DPP-4
inhibitors improve cognition and brain mitochondrial function of
insulin-resistant rats. J Endocrinol. 2013; 218: 1-11.
66. D’Amico M, Di Filippo C, Marfella R, Abbatecola AM, Ferraraccio
F, Rossi F, et al. Long-term inhibition of dipeptidyl peptidase-4 in
Alzheimer’s prone mice. Exp Gerontol. 2010; 45: 202-207.

67. Kosaraju J, Gali CC, Khatwal RB, Dubala A, Chinni S, Holsinger RM,
et al. Saxagliptin: a dipeptidyl peptidase-4 inhibitor ameliorates
streptozotocin induced Alzheimer’s disease. Neuropharmacology.
2013; 72: 291-300.
68. Kim DH, Huh JW, Jang M, Suh JH, Kim TW, Park JS, et al. Sitagliptin
increases tau phosphorylation in the hippocampus of rats with type
2 diabetes and in primary neuron cultures. Neurobiol Dis. 2012; 46:
52-58.
69. Flatt PR, Bailey CJ, Green BD. Dipeptidyl peptidase IV (DPP IV) and
related molecules in type 2 diabetes. Front Biosci. 2008; 13: 36483660.

70. Wang MD, Huang Y, Zhang GP, Mao L, Xia YP, Mei YW, et al. Exendin-4
improved rat cortical neuron survival under oxygen/glucose
deprivation through PKA pathway. Neuroscience. 2012; 226: 388-396.

71. Li Y, Perry T, Kindy MS, Harvey BK, Tweedie D, Holloway HW, et al. GLP1 receptor stimulation preserves primary cortical and dopaminergic
neurons in cellular and rodent models of stroke and Parkinsonism.
Proc Natl Acad Sci U S A. 2009; 106: 1285-1290.
72. Perry T, Haughey NJ, Mattson MP, Egan JM, Greig NH. Protection and
reversal of excitotoxic neuronal damage by glucagon-like peptide-1
and exendin-4. J Pharmacol Exp Ther. 2002; 302: 881-888.
73. Lonze BE, Ginty DD. Function and regulation of CREB family
transcription factors in the nervous system. Neuron. 2002; 35: 605623.

74. Velmurugan K, Balamurugan AN, Loganathan G, Ahmad A, Hering BJ,
Pugazhenthi S. Antiapoptotic actions of exendin-4 against hypoxia and
cytokines are augmented by CREB. Endocrinology. 2012; 153: 11161128.
75. Velmurugan K, Bouchard R, Mahaffey G, Pugazhenthi S.
Neuroprotective actions of glucagon-like peptide-1 in differentiated
human neuroprogenitor cells. J Neurochem. 2012; 123: 919-931.
76. Yin F, Liu JH, Zheng XX, Guo LX. GLP-1 receptor plays a critical role
in geniposide-induced expression of heme oxygenase-1 in PC12 cells.
Acta Pharmacol Sin. 2010; 31: 540-545.

7/8

Numakawa et al. (2013)
Email: numakawa@ncnp.go.jp

Central
77. Gotoh K, Masaki T, Chiba S, Ando H, Fujiwara K, Shimasaki T, et al.
Hypothalamic brain-derived neurotrophic factor regulates glucagon
secretion mediated by pancreatic efferent nerves. J Neuroendocrinol.
2013; 25: 302-311.
78. Yang D, Nakajo Y, Iihara K, Kataoka H, Yanamoto H. Alogliptin, a
dipeptidylpeptidase-4 inhibitor, for patients with diabetes mellitus
type 2, induces tolerance to focal cerebral ischemia in non-diabetic,
normal mice. Brain Res. 2013; 1517: 104-113.

79. Branchi I. The double edged sword of neural plasticity: increasing
serotonin levels leads to both greater vulnerability to depression and
improved capacity to recover. Psychoneuroendocrinology. 2011; 36:
339-351.
80. Hackman DA, Farah MJ, Meaney MJ. Socioeconomic status and the
brain: mechanistic insights from human and animal research. Nat Rev
Neurosci. 2010; 11: 651-659.

Cite this article
Numakawa T, Nakajima S, Adachi N, Richards M, Kunugi H (2013) Neurotrophin Bdnf and Novel Molecular Targets in Depression Pathogenesis. J Neurol Transl
Neurosci 1(3): 1021.

J Neurol Transl Neurosci 1(3): 1021 (2013)

8/8

