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Abstract
Major depressive disorder (MDD) is a debilitating mood disorder with significant
lifetime risk and high social costs. In the United States, the lifetime prevalence of MDD is
almost 17%. Antidepressants are effective in treating symptoms of MDD, but the precise
mechanisms by which they work are still largely unknown. The neurotrophin brain-derived
neurotrophic factor (BDNF) is of special interest as it is required the therapeutic action of
antidepressant drugs. BDNF itself exhibits antidepressant-like activity in animal models of
MDD.
Chronic antidepressant treatment increases total BDNF expression levels in the
hippocampus and frontal cortex. Transcriptional regulation of the BDNF gene is extremely
complex. Alternative splicing of human BDNF transcripts can theoretically result over thirty
unique mRNAs. Chronic treatment with the antidepressants fluoxetine (SSRI), duloxetine (NRI),
and desipramine (TCA) results in increased relative expression of BDNF transcripts in the
hippocampus. Duloxetine and desipramine increase relative expression of BDNF transcripts in
the frontal cortex as well.
BDNF Exon IV expression increases in both the hippocampus and frontal cortex after
chronic treatment with the largest variety of antidepressants. Exon IV is hypothesized to be
highly targeted by the mechanisms of antidepressant function. Inhibiting cyclic AMP response
element binding protein (CREB) binding prevents expression of BDNF Exon IV. Enhanced
CREB binding from chronic treatment with antidepressants is likely involved in the relative
increase in BDNF Exon IV expression.
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Chronic antidepressant administration activates canonical Wnt signaling. Additionally,
overexpression of Wnt genes reduces depressive-like behaviors. There is a significant interaction
in retinal cells where Wnt signaling activates BDNF expression. Wnt signaling also increases
activity of calcium/calmodulin-dependent kinase IV (CaMK-IV) activity and levels of
phosphorylated CREB (pCREB).
This review proposes a mechanism for the increase in BDNF expression in response to
chronic antidepressant treatment. Chronic antidepressant treatment activates the canonical Wnt
pathway. Wnt signaling increases CaMK-IV activity, and increased CaMK-IV activity results in
increased pCREB. CREB acts as a sequence-specific DNA binding protein and, in its
phosphorylated form, activates transcription of target genes linked to CREB binding sites.
CREB binding activates transcription, and BDNF expression increases. This mechanism is most
thoroughly supported by observed effects of the TCA desipramine on these components. A
connection needs to be established between chronic desipramine treatment and activation of Wnt
signaling before this mechanism can be further explored and validated.
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Chapter 1: Introduction
Major depressive disorder (MDD) is a debilitating mood disorder with significant
lifetime risk and high social costs (Millan 2006). Symptoms of MDD are physiological,
behavioral, and psychological. The World Health Organization (2001) states that depression,
along with cardiovascular disease, is one of the leading causes of disability on a global scale. In
the United States, the lifetime prevalence of MDD is almost 17% (Kessler et al. 2005). There is
a higher prevalence of MDD diagnosis among those aged 30 to 44 as well as among women.
MDD, however, is a treatable disorder. When taken chronically, antidepressants can attenuate
and even eliminate the symptoms of MDD (Morilak et al. 2004). However, only approximately
half of patients respond to antidepressants (Rush et al. 2006). Of those that do respond, about
two thirds ever go into remission, or experience complete absence of depressive symptoms.
Much of the emphasis in antidepressant research, therefore, is placed on increasing
antidepressant efficacy.
Tricyclic antidepressants (TCAs) are one major class of antidepressants currently
available on the market. Most TCAs block the re-uptake sites for both serotonin and
noradrenaline (Millan 2006). By contrast, the selective serotonin reuptake inhibitors (SSRIs)
selectively interact with the serotonin receptors to block re-uptake of serotonin but not
noradrenaline. The serotonin noradrenaline re-uptake inhibitors (SNRIs) represent a third major
class of antidepressants. Like most TCAs, SNRIs block both serotonin and noradrenaline reuptake. TCAs have a varied binding profile and can act as antagonists at NMDA, muscarinic
acetylcholine, and histamine receptors, which results in many negative side effects from chronic
treatment. Since SNRIs are selective for serotonin and noradrenaline, they have diminished side
effects.
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Antidepressant drugs have been found to increase monoamine neurotransmitters, leading
to the development of the Monoamine Hypothesis of Depression (Hirschfeld 2000). According
to the Monoamine Hypothesis, depression results from decreased activity of noradrenergic
and/or serotonergic systems. In terms of antidepressant efficacy, clinical trials indicate that
SNRIs treat certain symptoms of MDD fastest (Hirschfeld et al. 2005). Although the generic
mechanisms of these antidepressants are understood, the specific mechanism by which they
reduce depressive symptoms remains largely unknown.
The Monoamine Hypothesis is, however, almost thirty years old. The Neurotrophin
Hypothesis of Depression is a slightly newer hypothesis based mostly on the correlation of
decreased levels of brain-derived neurotrophic factor (BDNF) in the hippocampus and
depressive-like behaviors (Martinowich et al. 2007). Antidepressant treatment also increases
expression of BDNF, the gene encoding this neurotrophin, leading to the belief that neurotrophin
levels are implicated in depressive disorders and antidepressant function (Duman et al. 2006).
BDNF is a neurotrophin present throughout the central nervous system and the periphery
that functions via tropomyosin receptor kinase B (TrkB) (Klein et al. 1991). Neurogenesis,
neuronal survival, and neuron outgrowth are directly affected by BDNF from development
through adulthood (Huang et al. 2001). BDNF also plays a role in synaptic plasticity in the
hippocampus, specifically in learning and memory (Lu et al. 2008).
The BDNF gene is highly conserved (Pruunsild et al. 2007). Expression of BDNF is
highest in the hippocampus and lowest in the striatum (Liu et al. 2006). Chronic antidepressant
treatment has been shown to increase BDNF mRNA and protein levels in the brain, most
noticeably in the hippocampus and frontal cortex (Chen et al. 2001; Dwivedi et al. 2006; Zhang
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et al. 2010). Additionally, infusion of BDNF protein into the rat hippocampus results in
decreased depressive-like behaviors (Sirianni et al. 2010).
In addition to BDNF expression, chronic treatment with diverse classes of antidepressants
activates canonical Wnt signaling pathway (Okamoto et al. 2010). The Wnt family of proteins
have critically important roles in development, comparable to the Hedgehog gene family (Logan
et al. 2004). The non-acronymic term Wnt represents a fusion of the names of two genes: Wg
(wingless) and Int (Rijsewijk et al. 1987). The wingless gene was originally identified in
Drosophila melanogaster, first as a recessive mutation affecting wing development and then as a
segment polarity gene for the formation of limbs. The Int-1 gene is the vertebrate homologue of
wingless. The Wnt signaling pathway, therefore, controls many of the same processes as
wingless, such as cell proliferation, cell fate, migration, and polarity.
Wnt proteins work through a variety of pathways, the most common of which is known
as the canonical Wnt signaling pathway. On activation of canonical Wnt signaling, Wnt proteins
bind to Frizzled (Fzd)/ low-density lipoprotein-related protein (LRP) co-receptors in the cell
membrane (Pinson et al. 2000). In the absence of a Wnt ligand, glycogen synthase kinase-3β
(GSK-3β) forms a complex with Axin and other factors to phosphorylate the nuclear
transcription factor β-catenin and target it for degradation [Figure 1-1a]. When Wnt proteins
bind, Fzd/LRP receptors bind to Axin, preventing that complex from being formed [Figure 11b]. Wnt binding acts to inhibit GSK-3β, thereby raising β-catenin levels in the nucleus of the
cell. β-catenin then activates transcription of certain target genes. The ultimate goal of the
canonical Wnt signaling pathway is to increase transcription of a set of Wnt target genes
characterized by TCF/LEF DNA binding sites (MacDonald et al. 2009).
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Finally, chronic treatment with the SSRI fluoxetine has been shown to increase
expression of CREB, the gene encoding the cyclic AMP response element binding (CREB)
protein (Tiraboschi et al. 2004). CREB is a transcription factor that works via binding to a cyclic
AMP response element (CRE) in a gene (Lonze et al. 2002). CREB typically aids in
transcription of genes with a role in cell survival. In particular, neural activity-induced
transcription of BDNF and Wnt2 genes is CREB-dependent (Wayman et al. 2006; BalkowiecIskra et al. 2011; Pruunsild et al. 2011).

Figure 1-1. Simplified schematic representation of the canonical Wnt signaling pathway (a) in the absence of Wnt
ligand biding and (b) after activation via Wnt ligand binding. In the absence of a Wnt ligand, glycogen synthase
kinase-3β (GSK-3β) forms a complex with Axin and other factors to phosphorylate β-catenin and target it for
degradation. When Wnt proteins bind, Fzd/LRP receptors bind to Axin, preventing that complex from being formed.
Wnt binding acts to inhibit GSK-3β, thereby raising β-catenin levels in the nucleus of the cell. β-catenin then
activates transcription of certain target genes. The ultimate goal of the canonical Wnt signaling pathway is to
increase transcription of a set of Wnt target genes characterized by TCF/LEF DNA binding sites. This figure was
modified from Macdonald et al. 2009.
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Chronic antidepressant administration is proven to affect BDNF expression, Wnt
signaling, and CREB. This review will examine the interaction of these three factors in
antidepressant function. The ultimate objective is to propose a specific mechanism explaining
how chronic antidepressant administration increases BDNF expression in the brain via Wnt
signaling and CREB.
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Chapter 2: Experimental Thesis Work
My original intention was to complete my thesis research doing an experimental project
in the Andrews Research Group at The Pennsylvania State University. The objective of the
study was to utilize TOPO cloning protocols to create a cDNA library of alternate splice variants
of BDNF, the gene coding for brain-derived neurotrophic factor. This cDNA library could then
be used to create radioactive probes for in situ hybridization of BDNF transcript mRNA in
different brain regions, specifically the hippocampus and frontal cortex. The results from
hybridization could then be used to generate standard curves for absolute quantification of BDNF
mRNA expression.
First, BDNF mRNA was isolated from the hippocampus, frontal cortex, striatum, and
brainstem of specific mouse models. Then, non-cutting restriction enzymes were chosen for
each of the BDNF splice variants. New BDNF primers derived from publicly available mouse
DNA sequence were used in RT-PCR reactions for all nine mouse BDNF transcripts. Nine
cDNA products of the expected length were successfully created.
BDNF Exon I, Exon IV, and Exon V were chosen as the first transcripts to be cloned into
a plasmid vector because they were well-characterized and expressed at relatively high levels.
The TOPO cloning process consists of ligating a PCR product into specified plasmid vectors
containing an antibiotic resistance gene. Using TOPO cloning, Exons I, IV, and V were ligated
into an Invitrogen pCR4-TOPO vector, transformed into competent E. coli, and analyzed by
colony PCR. Overnight cultures were grown up for isolation of plasmids containing Exons I, IV,
and V. The plasmids were isolated using a Qiagen mini-prep protocol. DNA sequencing
confirmed successful insertion of BDNF Exons I, IV, and V into the plasmids as depicted in
Figure 4-1.
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The experimental research I began in the Andrews Research Group was not completed
because the group moved to UCLA before I was able to complete my project.
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Chapter 3: The Role of BDNF in Depressive Disorders
1.

Decreased BDNF and depression
For years, it was accepted that stress-induced decreases in BDNF levels, specifically in

the hippocampus, were positively correlated with an increased risk for depression (Murakami et
al. 2005). In humans, a significant decrease in BDNF and TrkB expression in the hippocampus
and prefrontal cortex is observed in postmortem analysis of suicide subjects (Dwivedi et al.
2003). There is also a marked reduction of BDNF serum levels in depressed patients (Sen et al.
2008). Genetic polymorphisms in BDNF result in greater vulnerability to stress (Gatt et al.
2009). The trend is observed in rodents as well; BDNF knockdown mice with decreased BDNF
expression in the dentate gyrus exhibit depressive-like behavior (Taliaz et al. 2010). Although
numerous other studies associate decreases in BDNF levels with depressive-like behavior,
questions about the behavior tests used to determine these conclusions have arisen. Standard
behavior for investigating depressive and anxious behavior in rodents were actually designed to
test rodents’ responsiveness to antidepressant drugs not actual depressive behavior (Wong et al.
2004).
Currently, it is proposed that BDNF expression levels do not affect susceptibility to
depression but, rather, antidepressant efficacy. One group has shown that BDNF deficits do not
increase susceptibility to depressive-like behaviors under a chronic stress paradigm (IbarguenVargas et al. 2009). BDNF +/- mice have approximately half the amount of BDNF of BDNF+/+
mice. However, after stress, the heterozygous mice showed no significant difference in
depressive-like behaviors from wild-type mice. This supports the first portion of the hypothesis:
BDNF deficits resulting from stress do not increase the likelihood of developing depression.
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The same group also showed that BDNF levels do affect the effectiveness of the TCA
imipramine (Ibarguen-Vargas et al. 2009). Chronic imipramine treatment doubles BDNF
expression in the dentate gyrus in both BDNF +/+ mice and BDNF +/- mice. However,
significant decreases in depressive-like behavior following imipramine (SSRI) administration are
only observed in the wild-type mice. These results support the second part of the hypothesis:
decreased BDNF levels in the dentate gyrus reduce the effectiveness of imipramine at producing
an antidepressant effect.
Gender is also hypothesized to confound the correlation between reduced BDNF
expression, stress, and depression. A gender-dependent increase in susceptibility to depressivelike and anxious behaviors is also observed in conditional BDNF knockout (KO) mice (Autry et
al. 2009). Loss of BDNF in the forebrain of female mice results in increased sensitivity to
depression and anxiety when coupled with a chronic stress paradigm. Contrarily, male BDNF
KO mice do not exhibit stress-induced depressive-like behavior, suggesting that BDNF
expression in the forebrain only increases risk for depression in females. Although the lifetime
prevalence of MDD is significantly higher in women (Kessler et al. 2005), there are no patient
studies in existence to support that differential BDNF expression is why.

2. Effects of antidepressants on BDNF
SSRIs have been shown to increase BDNF expression [Table 3-1]. Chronic paroxetine
treatment dramatically increases BDNF expression in CA1, CA3, and the dentate gyrus of the rat
hippocampus (Martinez-Turrillas et al. 2005). Chronic treatment with the prototypical SSRI
fluoxetine also increases hippocampal BDNF expression but to a much lesser extent than
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paroxetine (Dwivedi et al. 2006). Chronic administration of citalopram alone has no observed
effect on total BDNF expression in the hippocampus or the cortex (Russo-Neustadt et al. 2004).
However, when combined with physical exercise, citalopram increases total BDNF in the dentate
gyrus, CA1, and CA3 regions as well as the prefrontal cortex. Fluoxetine has no effect on BDNF
expression in the cortex unless coupled with stress (Zhang et al. 2010).
SNRIs also affect BDNF expression levels in the brain. Chronic duloxetine treatment
increases BDNF mRNA levels in the frontal cortex (Mannari et al. 2008). The same effect is
observed in the frontal cortex following chronic venlafaxine treatment (Cooke et al. 2009; Zhang
et al. 2010). The prototypical SNRI venlafaxine and the NRI reboxetine increase BDNF mRNA
levels in the hippocampus enough to attenuate the effects of chronic stress (Chen et al. 2009;
Zhang et al. 2010). Most of the literature concludes that SNRIs have a greater effect on BDNF
expression in the frontal cortex than SSRIs.
Finally, chronic treatment with the TCA desipramine dramatically increases BDNF
expression in the dentate gyrus, CA1, and CA3 of the hippocampus similarly to the SSRI
paroxetine (Martinez-Turrillas et al. 2005). In this case, chronic paroxetine and desipramine
administration produce increases of relatively the same magnitude despite their different
mechanisms of action. Cortical BDNF expression also increases as a result of chronic
desipramine administration (Dwivedi et al. 2006). In BDNF knockout mice, however, cortical
BDNF expression does not respond to chronic desipramine treatment (Monteggia et al. 2004),
which provides further support for hypothesis that BDNF is required for efficient antidepressant
action in the frontal cortex.
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Table 3-1. Effect of chronic antidepressant treatments on relative expression of total BDNF in different
brain regions of rodents.
Total BDNF
Antidepressant
SSRI

SNRI

NRI

HP

FC

Citalopram1

↑**

↑**

Fluoxetine2,3

↑

↑*

Paroxetine4

↑↑↑

Duloxetine5

↑

Venlafaxine3,6

↑

↑

Desipramine2,4

↑↑↑

↑

Reboxetine7

↑

This table shows the effects of chronic treatment with different classes of antidepressants on relative expression of
BDNF in the hippocampus (HP) and frontal cortex (FC). ↑ indicates an increase in expression. A hatched bar
indicates there is no current literature on this data point. All antidepressants elicited an increase in total BDNF
expression. *Change is only observed when fluoxetine is coupled with a chronic stress paradigm. **Change is only
observed when citalopram is paired with exercise. Rat data: (1) Russo-Neustadt et al 2004 (2) Dwivedi et al 2006 (3)
Zhang et al. 2010 (4) Martinez-Turrillas et al. 2005 (5) Mannari et al. 2008 (6) Cooke et al. 2009 ;
Mouse data : (7) Chen et al. 2009

Despite extensive research on BDNF mRNA expression, few studies have reported
effects of antidepressants on BDNF protein levels. This is of concern because, in the majority of
cases, a positive correlation cannot be found between antidepressant-induced BDNF mRNA and
protein expression (De Foubert et al. 2004; Jacobsen et al. 2004).
In rats, administration of the selective noradrenaline re-uptake inhibitors desipramine and
reboxetine increases hippocampal expression BDNF protein more rapidly than the corresponding
mRNA expression (Musazzi et al. 2009). Reboxetine treatment increases BDNF protein in the
prefrontal cortex as well. This group hypothesizes that antidepressants function through
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posttranscriptional modifications to BDNF mRNA, but no subsequent research has been
conducted to support this conclusions.

3. Effects of BDNF administration
Administration of BDNF has varying effects based on where and how it is administered.
When administered to the hippocampus of rodents, BDNF has dose-dependent antidepressantlike effects as shown in the forced swim and learned helplessness test (Shirayama et al. 2002;
Sirianni et al. 2010). Acute and chronic hippocampal infusion of BDNF significantly decreases
immobility and increases swimming time in the forced swim test and decreases latency in the
learned helplessness paradigm. By contrast, infusion of BDNF into the ventral tegmental area
(VTA) of the midbrain, results in a depressive-like phenotype in rats (Eisch et al. 2003).
BDNF administration maintains its antidepressant effects for a longer period of time than
traditional antidepressants (Hoshaw et al. 2005), making it a promising candidate to be used as
an antidepressant. Unfortunately, infusion directly into the hippocampus is not a feasible option
for treating depression in humans. However, one group has found that peripheral, or humoral,
BDNF administration via osmotic mini-pumps mimics chronic antidepressant treatment in mice
(Schmidt et al. 2010). Peripheral BDNF administration in humans might be worth exploring as
an experimental antidepressant therapy.
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Chapter 4: BDNF Transcript Expression
1. BDNF gene transcription in rodent and human models
The structure of the BDNF gene is highly complex due to multiple promoter regions
upstream of a single protein coding exon that result in at least 11 distinct mRNA transcripts in
both rodents and humans (Timmusk et al. 1993; Aoyama et al. 2001; Liu et al. 2005; Liu et al.
2006). According to the most recent data, the mouse and rat BDNF genes each have eight
alternative 5’ noncoding exons and one common 3’ coding exon and (Exons I-VIII) (Aid et al.
2007) [Figure 4-1]. In the majority of transcripts, a single noncoding exon is spliced to the
unique coding exon to create a mature mRNA transcript. In addition, Aid et al. discovered a
novel unspliced BDNF mRNA transcript (Exon IXA) that represents an extension of the 5’
protein coding region. A unique promoter controls transcription of each 5’ exon. Two
additional transcripts result from internal alternative splice sites within Exon II. In summary,
rodent BDNF has nine promoter regions controlling transcription of 11 distinct mRNA
transcripts.
Compared to the rodent BDNF gene, the human gene transcription shows additional
complexity. First, the human gene has 11 exons: ten 5’ noncoding exons and one 3’ coding exon
(Pruunsild et al. 2007) [Figure 4-2]. As in rodents, most human BDNF mRNA transcripts are
composed of a single noncoding exon spliced to the common coding exon. However, three
BDNF transcripts contain more than one 5’ noncoding exon. The noncoding exon combinations
shown to exist in these transcripts include: Exon VIb-IXbd, Exon V-VIII, and Exon V-VIIIVIIIh. Second, human BDNF gene has a total of nine promoters, meaning that, dissimilarly to
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rodents, each exon does not have a unique promoter. The promoter of Exon V also controls
transcription of Exon V-VIII and Exon V-VIII-VIIIh. Internal alternative splice sites in Exon II,
Exon VI, Exon VII and Exon IXa result in five additional transcripts: Exon IIa, Exon IIb, Exon
VIa, Exon VIIa, and Exon IXabd. Ultimately, human BDNF gene has seventeen distinct mRNA
transcripts under the control of nine promoters.

Fig. 4-1. Intron-exon structure and alternative transcripts of rodent BDNF genes.
The colored boxes represent the noncoding exons, and the lines represent introns. The gray shaded areas represent
the coding region of the gene. Arrows indicate transcription start sites (ATG). In Exon II, “A,” “B,” and “C” are
internal alternative splice sites. This figure was modified from a figure in Aid et al. 2007.

Rodent and human BDNF genes contain two different polyadenylation sites in Exon IX
(Aid et al. 2007; Pruunsild et al. 2007). Polyadenylation is the post-transcriptional process of

15

adding a poly(A) tail, or a stretch of adenosine monophosphates, to the mRNA. Having two
different polyadenylation sites means that each transcript can be expressed in two different forms.
Therefore, the rodent BDNF gene can, in theory, produce twenty-two distinct mRNA transcripts,
and the human gene can produce even more.

Fig. 4-2. Intron-exon structure and alternative transcripts of human BDNF gene.
The colored boxes represent the noncoding exons, and the lines represent introns. The gray shaded areas represent
the coding region of the gene. Arrows with A, B, C in Exons II, VI, and VII are internal alternative splice sites.
Exon IX is divided into regions called a, b, c, d, as can be seen written in the boxes. This figure was modified from
a figure in Pruunsild et al. 2007.
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2. Differential expression of BDNF transcripts
Most BDNF transcripts are expressed in all regions of the rodent brain but at different
levels [Table 4-1] (Liu et al. 2006). All eleven BDNF transcripts have the highest relative
expression level in the hippocampus and the lowest in the striatum. The frontal cortex also has
high expression of most transcripts. In the hippocampus, Exon VI is the most highly expressed
transcript, followed by Exon IV, I, II, III, and finally VII. The same group also measured
transcript expression levels in other organs besides the brain and found high expression of most
BDNF transcripts in the heart and spleen. Exons IV and VI were present in high levels in all
CNS and peripheral tissues and, therefore, could be the most abundant noncoding BDNF exons
in rodents.

Table 4-1. Relative expression of BDNF transcripts in the adult rat brain.
BDNF Transcript
Brain Region

Exon I

Exon II

Exon III

Exon IV

Exon VI

Exon VII

Hippocampus

*****

*****

*****

*****

*******

***

Frontal Cortex

***

***

*****

*****

*****

-

Striatum

*

*

*

***

***

*

Brain Stem

*

***

***

***

***

-

This table shows the relative expression of specific BDNF transcripts in the brain of an adult rat. ******* = highest
expression; ***** = high expression; *** = moderate expression; * = low expression; - = no expression. All exons
are expressed at high levels in the hippocampus. Exon IV is the most highly expressed BDNF transcript in any brain
region. Exon V had not yet been discovered at the time of this study and, therefore, is not included. Liu et al. 2006
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Unfortunately, this study was conducted before the discovery of Exons V, VIII, and IXa
in 2007, so the relative expression levels of these more recently discovered transcripts are yet to
be determined. Additionally, relative expression of BDNF transcripts in rodent models of
depression should be analyzed to further support or refute the Neurotrophin Hypothesis of
Depression.
Differential expression of BDNF transcripts in different brain areas can be linked to the
known function of these brain regions. For example, relative expression of Exons III, IV, and VI
is high in the frontal cortex. Since the cortex plays a critically important role in working
memory, it is possible that deficits in BDNF and corresponding cellular deficits contribute to
deficits in working memory associated with major depression. High expression of all exons in
the hippocampus supports their importance in ventral hippocampal functions, like emotional
memory. Synaptic plasticity is linked to learning. Therefore, it is hypothesized that, in the
hippocampus, Exons III, IV, and VI retain their role in synapse formation, while Exons I and II
increase synaptic plasticity.
In addition to differential expression in different adult brain regions, rodent BDNF
transcripts are also differentially expressed during development [Table 4-2]. For example, Exon
II expression in the CA1 region of the hippocampus peaks during the P4 stage in rats and
decreases in adulthood (Sathanoori et al. 2004). Exon I expression in CA1, however, decreases
during the postnatal stages and then rapidly peaks in adulthood. This shows the possibility of
differential expression in the same brain region during different developmental stages. Relative
transcript expression levels in different brain regions can peak at similar postnatal ages. BDNF
Exon I peaks during adulthood in CA1, CA3 and the dentate gyrus (DG). Exon II peaks at P14
in CA3 and DG.
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Table 4-2. Relative expression of specific BDNF exons during postnatal development in the hippocampus
of rats.

BDNF Transcript

Developmental
Stage
Postnatal P0
P4
P14
Adult

CA1

CA3

DG

Exon I

Exon II

Exon I

Exon II

Exon I

Exon II

***
**
*
****

***
****
**
*

*
**
***
****

**
***
****
*

**
*
***
****

*
***
****
**

This table shows the differential relative expression of specific BDNF transcripts in the rat CA1, CA3, and dentate
gyrus (DG) during development. The values range from highest relative expression (****) to lowest relative
expression (*). Exon I is most highly expressed in all three hippocampal regions in adulthood. Exon II is most
highly expressed during the P14 stage of development. Sathanoori et al. 2004

Similar to the rodent gene, the human BDNF gene also exhibits differential transcript
expression during different stages of development [Table 4-3]. Expression of BDNF Exons I, II,
IV, and VI in the dorsolateral prefrontal cortex (DLPFC) peaks during postnatal development
(Wong et al. 2009). Specifically, the relative expression of Exons I, IV, and VI is highest during
infancy. Expression of Exon II peaks slightly after, in the toddler stage. There is also a trend of
decreased expression in the DLPFC of adults for all four of these exons. BDNF plays a role in
synapse formation and synaptic plasticity, which occur at higher rates in postnatal development
than in adults (Lu et al. 2008). This explains the increased expression of BDNF during the infant
and toddler stages.
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Table 4-3. Relative expression of specific BDNF exons during cortical development in humans.

Developmental
Stage
Neonate
Infant
Toddler
School Age
Teenager
Young Adult
Adult

BDNF Transcript
Exon I

Exon II

Exon IV

Exon VI

******
*******
*****
***
**
****
*

*
****
*******
***
*****
******
**

*
*******
******
*****
**
****
***

******
*******
*****
***
****
*
**

This table shows the differential relative expression of specific BDNF transcripts in the dorsolateral prefrontal cortex
(DLPFC) of humans during development. The values range from highest relative expression (*******) to lowest
relative expression (*). Expression of exons I, IV, and VI is at its highest during the infant stage. Exon II
expression peaks slightly later during the toddler stage. Wong et al. 2009

3. Effects of depression risk factors
The serotonin transporter (SERT) is an integral membrane protein responsible for
reuptake of the monoamine neurotransmitter serotonin from the synapse into the presynaptic cell
(Rudnick et al. 1993). SERT knockout (SERT-KO) mice have been proposed to serve as a model
for major depression (Olivier et al. 2008), however, with conflicting results (Perona et al. 2008).
This has spawned hypotheses about an interaction between BDNF and the serotonergic pathway
in the pathology of depressive disorders. A recent study has shown that SERT-KO mice have
differential expression of distinct BDNF exons in the hippocampus and prefrontal cortex when
compared with wild-type mice (Molteni et al. 2010). SERT-KO mice show significantly
decreased expression of Exons IIb, III, IV, VI, and IXA in the hippocampus and Exons I, IIa, IIb,
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IIc, III, IV, VI, and IXA in the prefrontal cortex. Exon IV and Exon VI expression experienced
the most dramatic decrease in expression in the hippocampus and prefrontal cortex. The
differential BDNF transcript expression observed between SERT-KO and wild-type mice in this
study provides evidence supporting of the interaction between SERT and BDNF.

Table 4-4. Relative changes in hippocampal expression of specific BDNF exons in different stages of
postnatal development in rats in response to chronic stress.
Developmental Stage
BDNF
Transcript

P14

P21

Adult

DG

CA1

CA3

DG

CA1

CA3

DG

CA1

CA3

Exon I

-

-

-

-

-

-

↑

-

↑

Exon II

↑

↑

↑

-

-

-

↑

↑

↑

Exon III

-

-

-

-

-

-

↓

↓

↓

Exon IV

-

-

-

↑

↑

-

↓

↓

↓

Exon V

-

-

-

↑

↑

↑

↓

-

-

This table shows the brain region-specific effect of stress on specific BDNF transcripts in the rat hippocampus. ↑
indicates an increase, ↓ indicates a decrease, and – indicates no change. Stress increases hippocampal expression of
Exon II at the P14 and adult stages, and Exons IV and V during P21. The greatest effects of chronic stress are seen
in adult rats. Decreased hippocampal expression of exons III, IV and V in adult rats exposed to chronic stress. Nair
et al. 2007

Chronic stress induces hippocampal damage and increases the risk of depression, and
changes in BDNF expression have been implicated to be responsible (Duman 2004). One group
compared the effects chronic stress exposures on differential BDNF transcript expression in the
hippocampus of rats during different stages of development (Nair et al. 2007). Chronic stress
regulates BDNF transcription based on developmental stage [Table 4-4]. At P14, hippocampal
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Exon II expression increases, while at P21, expression of Exons IV and V increases. In adult rats,
however, relative expression of Exons IV and V significantly decreases.

4. Effects of antidepressants
Chronic treatment with antidepressants attenuates chronic stress-induced decreases in
total BDNF expression in the hippocampus and frontal cortex (Dwivedi et al. 2006; Chen et al.
2009; Zhang et al. 2010). Investigation of the effects of antidepressants on individual BDNF
transcript expression increases understanding of which transcripts are affected by different
classes of antidepressants. The three main classes of antidepressants according to re-uptake
behavior are SSRIs, SNRIs, and NRIs. The ultimate goal is to determine the specific mechanism
by which each class of antidepressant affects BDNF and increase their efficacy in treating
depression.
Chronic antidepressant administration has differing effects on relative expression of
specific BDNF transcripts [Table 4-5]. SSRIs are shown to affect BDNF transcript expression in
the hippocampus more significantly than in the frontal cortex. The SNRI duloxetine and the NRI
desipramine, however, significantly increase hippocampal and cortical BDNF transcript
expression in rats. These results argue that NE uptake inhibition utilizes a different mechanism
that is more effective at increasing BDNF levels throughout the brain. In addition, chronic
administration of the SSRI escitalopram decreases hippocampal expression of all BDNF exons in
female rats (Hansson et al. 2011). It is, therefore, proposed that gender could affect SSRI
efficacy. Further studies are necessary to determine if chronic SNRI administration results in the
same effect in female rats.
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Fluoxetine has been established as a prototypical SSRI. While chronic fluoxetine
treatment reduces anxious behaviors, acute fluoxetine actually increases anxiety in mouse
models (Handley et al. 1993). Total BDNF mRNA expression also differs between acute and
chronic fluoxetine treatment; expression decreases in response to acute fluoxetine administration
and increases in response to chronic administration (De Foubert et al. 2004). A proposed
mechanism for the biphasic effect of fluoxetine treatment is differential transcription of BDNF
exons. Acute fluoxetine administration significantly decreases expression of BDNF Exons IV
and VI in the dentate gyrus (Khundakar et al. 2006). Chronic fluoxetine administration, however,
has the opposing effect, significantly increasing hippocampal levels of BDNF Exon I, II, and VI
(Dwivedi et al. 2006; Khundakar et al. 2006). These results support the hypothesis that acute
and chronic treatments differentially affect expression of BDNF exons to result in the biphasic
effects of fluoxetine.
The SNRI duloxetine causes differential expression of BDNF exons. Chronic duloxetine
treatment up-regulates expression of BDNF Exons I, IIc, and IV and down-regulates Exon VI
expression in the frontal cortex (Calabrese et al. 2007). This result implicates Exons I, IIc, and
IV in the increase in total BDNF mRNA observed the frontal cortex after chronic duloxetine
treatment.
Further experimentation following Aid et al.’s discovery of rodent BDNF gene structure
examined the effects of duloxetine on other mRNA transcripts. Chronic duloxetine also
increases mRNA levels of BDNF Exons III and IXA in the hippocampus (Molteni et al. 2009).
Interestingly, chronic stress in combination with duloxetine administration increased expression
of Exons IV and VI but no others. Although duloxetine is widely used, studies on the effects of
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chronic treatment with venlafaxine, the prototypical SNRI, on differential expression of BDNF
transcripts are necessary.

Table 4-5. Relative changes in expression of specific BDNF exons in the adult rat brain following
chronic antidepressant treatment.

Exon I

Exon II

Exon III

Exon IV

Exon VI

Exon IX a

Antidepressant
HP
SSRI

HP

FC

Citalopram1

-

Escitalopram2

↓*

-

↓*

-

Fluoxetine3,4

↑*

-

↑

-

↑

↑

↑

↑

-

-

SNRI Duloxetine5,6

NRI

FC

Desipramine3,4,7,8

↑

Reboxetine1

-

HP

FC

-

-

HP

FC

↓*

↑

-

HP

FC

HP

FC

↓*

-

↓*

-

↑

↑

-

↓*

↓

-

↑

-

↑**

↑

↑**

↓

↑

↑

↑*

-

↑

This table illustrates the change in expression of specific BDNF transcripts in rat after chronic treatment with
different classes of antidepressants. Expression changes were analyzed in the hippocampus (HP) and frontal cortex
(FC). ↑ indicates an increase, ↓ indicates a decrease, and – indicates no change. A hatched bar indicates that there is
no data available. Most treatments result in an increase in hippocampal transcript levels. The SNRI duloxetine and
the NRI desipramine result in increases in BDNF expression in the FC. Exon IV is the transcript that is most affected
by antidepressant treatment. * These results are observed only in female rats. ** These results represent chronic
antidepressant treatment in a chronic stress rat model of depression.
(1) Russo-Neustadt et al. 2004 (2) Hansson et al. 2011 (3) Khundakar et al. 2006 (4) Dwivedi et al. 2006 (5) Molteni
et al. 2009 (6) Calabrese et al. 2007 (7) Martinez-Turrillas et al. 2005 (8) Dias et al. 2003

Chronic treatment with all classes of antidepressants primarily affects expression of
BDNF Exon IV. Five out of the six antidepressants in three different classes resulted in a
relative expression change in Exon IV. Additionally, frontal cortex expression of Exon IV
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changed more than that of any other exon. Exon IV is, therefore, proposed to be an important
target in the mechanism of antidepressant action, specifically for fluoxetine, duloxetine,
reboxetine, and desipramine. Interestingly, CREB binding inhibition results in decreased activity
at promoter IV, the promoter responsible for transcription of Exon IV (Balkowiec-Iskra et al.
2011; Pruunsild et al. 2011). An increase in CREB binding, therefore, could be the mechanism
that increases BDNF Exon IV expression in response to chronic antidepressant treatment.
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Chapter 5: Wnt Signaling
1. Wnt signaling in antidepressant action
GSK-3β inhibition, which results from activation of the canonical Wnt pathway, has been
found to play a role in treating mood disorders. Chronic stress up-regulates GSK-3β expression
in mice (Silva et al. 2008). Lithium salt administration, a common treatment for mood disorders,
counteracts this up-regulation of the GSK-3β (Silva et al. 2008). Lithium also inhibits GSK-3β
function in mice. The inhibitory effect of lithium on GSK-3β is observed in humans as well
(Adli et al. 2007). The antidepressant effect and up-regulation of the GSK-3β gene can both be
explained by activation of Wnt signaling.
These results implicate the canonical Wnt signaling pathway as a likely mechanism for
antidepressant action. An elaborate study was recently conducted to examine the effects of
different antidepressant treatments on hippocampal expression of a variety of factors in the Wnt
signaling pathway (Okamoto et al. 2010). Their study found that chronic administration of the
prototypical SSRI fluoxetine, the prototypical SNRI venlafaxine, and electroconvulsive shock
treatment result in increased expression of the Wnt2 gene. Chronic fluoxetine treatment has
shown the same effect on Wnt3a expression in the dentate gyrus (Pinnock et al. 2010). Wnt
genes are, therefore, a target of both SSRI and SNRI antidepressants.
The SSRI citalopram and the SNRI venlafaxine also increase β-catenin mRNA levels in
the hippocampus (Okamoto et al. 2010). These results are consistent with previous studies
concluding that chronic venlafaxine administration increases cell proliferation and β-catenin
levels in the dentate gyrus (Mostany et al. 2008). β-catenin is a downstream effector of the Wnt
signaling, which supports the hypothesis that antidepressants activate the canonical Wnt pathway
in the hippocampus.
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The same group investigated the effects of Wnt2 overexpression on behavior in mice
(Okamoto et al. 2010). According to their findings, injection of a Wnt2 expressing vector into
the dentate gyrus results in decreased escape failures in the learned helplessness paradigm and
increased sucrose consumption in the sucrose preference test. Overexpression of Wnt2, therefore,
results in reduced depressive-like behaviors, or an antidepressant action. Ultimately, Okamoto et
al. determined that Wnt genes are a target of SSRIs and SNRIs and that increased Wnt expression
has an antidepressant effect. These results strongly implicate the canonical Wnt pathway as a
mechanism in antidepressant action and verify the need for further research into this area.

2. Interaction of Wnt signaling and BDNF
The exploration of a connection between the canonical Wnt pathway and BDNF
expression has only begun recently. There is an established interaction between BDNF
expression and Wnt signaling in neural tissues outside of the brain. Norrin is a protein that binds
to the frizzled 4 receptor (Fzd4) and activates the canonical Wnt pathway (Xu et al. 2004;
Smallwood et al. 2007). Norrin has been found to mediate the interaction between Wnt signaling
and BDNF in the retina (Seitz et al. 2010) [Figure 5-1]. Norrin increases β-catenin production in
normal and injured retinal cells. β-catenin is a downstream effector of the active canonical Wnt
signaling, which indicates that Norrin activates the Wnt pathway.
Additionally, administration of Norrin increases BDNF expression in retinal cells (Seitz
et al. 2010). However, when combined with the Wnt signaling inhibitor dickkopf-1 (DKK-1),
Norrin decreases BDNF expression in retinal cells. The increase in BDNF expression in
response to Norrin administration can, therefore, be linked to the activation of Wnt signaling.
This is the first study to find a positive relationship between Wnt signaling and BDNF expression.
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To increase understanding, the relationship should next be examined in the brain, specifically the
hippocampus. It is also necessary to investigate if the relationship extends from Wnt signaling
affecting BDNF expression to also affecting BDNF protein levels.

Figure 5-1. Relationship between Wnt signaling and BDNF expression in retinal cells. (a) Norrin activates Wnt
signaling, which results in an increase in BDNF expression. (b) Norrin activates Wnt signaling, which is then
inhibited by dickkopf-1 (DKK-1). The inhibition of Wnt signaling by DKK-1 results in a decrease in BDNF
expression. Seitz et al. 2010

Evidence arguing against a connection between Wnt gene and BDNF gene expression
does exist. One group reported on associations in healthy subjects between three SNPs in the
BDNF, GSK-3β, and Wnt genes and depressive temperament (Tsutsumi et al. 2010). None of the
SNP genotypes are significantly related to depressive temperament, suggesting that these three
polymorphisms are not related to the development of this personality trait. Polymorphisms in
these genes may not be individually related to depression, but evidence shows that, in
combination, SNPs in BDNF and GSK-3β have significant gene-gene interaction effects,
especially when coupled with negative life events (Yang et al. 2010).
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The results indicate that the effects of at least two of these three SNPs are additive in
increasing susceptibility to depression. Further research would need to be conducted to confirm
this. Contrarily, the negative association between BDNF SNPs and depression provides further
evidence that BDNF expression levels are not related to risk of depressive behavior but only to
antidepressant action. Using Tsutsumi et al.’s (2010) results, the same hypothesis can be applied
to Wnt expression. Increases in Wnt expression are observed in response to antidepressant
treatment but SNPs in Wnt genes show no increases in development of depressive temperament.
Therefore, Wnt signaling cannot be implicated in the pathology of depression, only in the
mechanism of antidepressant action.
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Chapter 6: Cyclic AMP Response Element Binding (CREB)
1. Effects of antidepressants on pCREB and CaMK-IV
The SSRI fluoxetine and the NRI desipramine have been found to increase pCREB in the
rat prefrontal cortex when administered chronically (Tiraboschi et al. 2004; Laifenfeld et al.
2005; Sairanen et al. 2007) [Table 6-1]. Chronic fluoxetine also increases pCREB levels in the
rat hippocampus. pCREB binding is necessary in order to observe antidepressant-mediated
increases in BDNF expression and protein levels (Chen et al. 2009). Specifically, chronic
treatment with the NRI reboxetine is shown to increase hippocampal BDNF mRNA and protein
in wild-type mice. However, in transgenic mice overexpressing a dominant negative CREB
protein, these increases are prevented.
Calcium/calmodulin-dependent protein kinase IV (CaMK-IV) is the kinase responsible
for phosphorylating CREB in response to antidepressant treatment (Tiraboschi et al. 2004).
CaMK-IV enzymatic activity significantly increases in the frontal cortex following chronic
treatment with reboxetine, desipramine, and fluoxetine.

2. Interaction of Wnt signaling, BDNF, and CREB in antidepressant action
Chronic antidepressant treatment increases BDNF mRNA expression in the hippocampus
and frontal cortex. The mechanism for this, however, remains unknown. Chronic antidepressant
administration also activates the canonical Wnt pathway (Okamoto et al. 2010). In retinal cells,
activation of the canonical Wnt pathway is associated with increased BDNF expression (Seitz et
al. 2010). The findings in this review propose that antidepressants increase hippocampal and
cortical expression of BDNF via activation of the canonical Wnt signaling pathway.
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GSK-3β prevents CREB from binding to DNA (Grimes et al. 2001). Lithium reverses
this effect by inhibiting GSK-3β. Activation of the canonical Wnt signaling pathway accounts
for inhibition of GSK-3β after lithium administration (Silva et al. 2008). Wnt signaling,
therefore, affects CREB binding. Phosphorylation of CREB to pCREB allows the protein to
bind to a cyclic AMP response element (CRE) in a gene and function as a transcription factor. In
order to examine the mechanism by which the canonical Wnt pathway affects CREB binding, a
mediator between Wnt and pCREB must be found.

Table 6-1. Summary of effects of chronic antidepressant treatment on canonical Wnt pathway activation,
CaMK-IV activity, pCREB levels, and BDNF expression in the rodent brain.

CaMK-IV
activity

Wnt
Antidepressant
HP
Citalopram1,2

↑

Fluoxetine1,3,4,5

↑

SNRI Venlafaxine1,5,7

↑

SSRI

NRI

FC

HP

-

FC

↑

Total BDNF
Expression

pCREB
HP

↑

FC

↑

-

HP

FC

-

-

↑

↑

↑

↑
↑

Desipramine3,4,8

-

↑

-

↑

↑

Reboxetine3,6

-

↑

↑

↑

↑

This table summarizes the effects of chronic antidepressant treatment on all components of the proposed mechanism
of action in the hippocampus (HP) and the frontal cortex (FC). ↑ indicates an increase, ↓ indicates a decrease, and –
indicates no change in protein levels. A hatched area indicates no data was available. Fluoxetine, reboxetine, and
desipramine have the most complete data. Desipramine effects fit the proposed mechanism of antidepressant
function best with increases in CaMK-IV activity, pCREB, and BDNF expression in the FC. All results are from rat
models, except (6) which is from mouse. (1) Okamoto et al. 2010 (2) Russo-Neustadt et al. 2004 (3) Tiraboschi et al.
2004 (4) Dwivedi et al. 2006 (5) Zhang et al. 2010 (6) Chen et al. 2009 (7) Cooke et al. 2009 (8) Martinez-Turrillas
et al. 2005
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Calcium/calmodulin-dependent protein kinase IV (CaMK-IV) is a likely candidate for
this mediator. Lithium administration and Wnt3a ligand binding activate the promoter of
CaMKIV and up-regulate expression of CaMK-IV in hippocampal neurons (Arrazola et al. 2009).
Both lithium and Wnt3a ligands function to activate the canonical Wnt pathway. This means
that CaMK-IV is a target gene of Wnt signaling. For CaMK-IV to be the link between Wnt and
CREB binding, it must also affect pCREB. CaMK-IV is responsible for phosphorylating CREB
to pCREB in response to antidepressant treatment (Tiraboschi et al. 2004) [Figure 6-1]. Wnt
signaling increases CaMK-IV activity, which, in turn, increases pCREB and CREB binding.

Fig. 6-1. Schematic representation of CREB/BDNF binding in response to chronic antidepressant treatment.
Chronic antidepressants induce CaMK-IV to phosphorylate CREB to pCREB. pCREB can then bind to the CRE
region in the DNA with help from CREB binding protein (CBP). After CREB is bound, it signals the start of
transcription of the BDNF gene.

CaMK-IV has also been implicated in BDNF expression, especially at the BDNF
promoter IV (Shieh et al. 1998). Expression of total BDNF, BDNF Exon I, and BDNF Exon IV
and levels of pCREB are significantly decreased in CaMK-IV knockout mice (Kokubo et al.
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2009). When CaMK-IV function is restored in these mice, BDNF expression and pCREB levels
are also restored to a level equivalent to that in wild-type mice. This provides a link between
increased CaMK-IV activity and increased BDNF expression.
CREB binding is necessary to activate transcription at human BDNF promoters IV and
VI (Tao et al. 1998; Balkowiec-Iskra et al. 2011; Pruunsild et al. 2011). CaMK-IV
phosphorylates CREB in response to antidepressant treatment, and pCREB facilitates CREB
binding to DNA. Therefore, pCREB can be said to mediate the relationship between CaMK-IV
and BDNF expression.
To summarize, in the proposed mechanism [Figure 6-2], Wnt signaling increases
CaMK-IV activity, which then increases the level of pCREB present in the nucleus. Increased
pCREB levels then result in increased CREB binding to activate transcription of the BDNF gene.
All of these interactions ultimately result in the increased BDNF mRNA expression observed in
the hippocampus and frontal cortex following chronic antidepressant treatment.

Figure 6-2. Schematic representation of the proposed mechanism of antidepressant-induced increases in BDNF
expression in the hippocampus and frontal cortex. Chronic antidepressant treatment activates the canonical Wnt
pathway. Wnt activation results in an increase of one of its target genes, CaMK-IV, and CaMK-IV activity. Wnt
activation also inhibits GSK-3β inhibition of CREB binding. Increased CaMK-IV activity induced an increase in
phosphorylation of CREB to pCREB. Finally, increased pCREB results in increased CREB/BDNF binding and,
therefore, increased expression of BDNF.

33

According to the literature, the SSRI fluoxetine, the NRI reboxetine, and the NRI
desipramine are the three antidepressants that fit this mechanism the most. Interestingly, they are
all in different antidepressant classes. Fluoxetine increases Wnt, pCREB, and BDNF expression
in the hippocampus (Tiraboschi et al. 2004; Dwivedi et al. 2006; Okamoto et al. 2010; Zhang et
al. 2010). Increased CaMK-IV activity is observed in the frontal cortex but not the
hippocampus. pCREB and BDNF expression are increased in the frontal cortex as well.
Chronic treatment with the NRI reboxetine also increases CaMK-IV activity and pCREB
in the frontal cortex (Tiraboschi et al. 2004; Chen et al. 2009). There are no available studies,
however, on the effect of reboxetine on cortical BDNF expression or Wnt activation. The NRI
desipramine has effects similar to those of fluoxetine. Chronic desipramine increased cortical
CaMK-IV activity, pCREB, and total BDNF expression (Tiraboschi et al. 2004; MartinezTurrillas et al. 2005; Dwivedi et al. 2006). These results indicate that canonical Wnt signaling is
responsible for the increase in BDNF expression in the frontal cortex following chronic
antidepressant treatment. Unfortunately, none of the downstream effectors in this review can be
linked to Wnt activation because there are no current studies on antidepressants and cortical Wnt
signaling.
Additionally, not all of the available literature supports the proposed mechanism. One
group conducted an experiment to investigate the effects of fluoxetine treatment coupled with
inhibition of TrkB receptors on levels of BDNF expression, pCREB, and Wnt3a as well as
proliferation of progenitor cells in the dentate gyrus (Pinnock et al. 2010). Chronic fluoxetine
treatment increases mRNA expression of BDNF and Wnt3a as well as levels of pCREB, but
TrkB inhibition reverses this effect of fluoxetine on pCREB. Decreased expression of pCREB
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after inhibition of TrkB, the receptors for BDNF, suggests that pCREB is a downstream effector
of BDNF in this pathway.

35

Chapter 7: Conclusion
Chronic antidepressant treatment increases total BDNF expression levels in the
hippocampus and frontal cortex ((Dwivedi et al. 2006; Chen et al. 2009; Zhang et al. 2010).
Most chronic antidepressant drug treatments increase expression of most BDNF transcripts only
in the hippocampus (Russo-Neustadt et al. 2004; Khundakar et al. 2006; Molteni et al. 2009).
However, the SNRI duloxetine and the NRI desipramine increase relative expression of BDNF
Exons I, II, and IV also in the frontal cortex. Differential expression of individual BDNF
transcripts following chronic antidepressant administration can shed light on more specific
targets of antidepressant drugs as well as which transcripts could be implicated in the pathology
of depression.
This review proposes a mechanism for this antidepressant drug-induced increase in
BDNF expression. Chronic antidepressant administration activates canonical Wnt signaling
(Okamoto et al. 2010). The activation of BDNF expression by Wnt signaling in retinal cells
(Seitz et al. 2010) supports the possible link between Wnt signaling and increased BDNF
expression in response to antidepressant treatment.
As a possible mechanism, Wnt signaling increases CaMK-IV expression and kinase
activity (Arrazola et al. 2009). Chronic antidepressant treatment-induced CaMK-IV
phosphorylates CREB, which then activates CREB target genes including BDNF (Tiraboschi et
al. 2004). Among the different BDNF gene promoters, the one responsible for transcripts
initiated at Exon IV shows the highest response to antidepressant treatment of all the BDNF
promoters. Inhibiting CREB binding prevents expression of BDNF Exon IV (Balkowiec-Iskra et
al. 2011; Pruunsild et al. 2011). Enhanced CREB binding from chronic treatment with
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antidepressants is likely involved in the relative increase in BDNF Exon IV expression. This
verifies the link between pCREB and increased BDNF expression in the proposed mechanism.
Further research must first be conducted on the effects of chronic antidepressant
treatment on Wnt signaling activation in the frontal cortex to determine the accuracy of this
mechanism. If chronic antidepressant administration is found affect activation of the canonical
Wnt pathway in the frontal cortex, this mechanism could be validated. The Neurotrophin
Hypothesis of Depression stresses the importance of BDNF levels in the pathology of depressive
disorders, however no antidepressants have been developed that utilize this interaction. If
antidepressant efficacy is the issue, it seems that a transition in antidepressants needs to be made
from the Monoamine Hypothesis to the Neurotrophin Hypothesis. Antidepressants should be
designed to up-regulate BDNF, or even specific BDNF exons. In order to develop this type of
antidepressant, however, the mechanism of increased BDNF expression needs to be fully
understood. Hopefully, the mechanism proposed in this paper will increase understanding and
prompt further research on the roles of Wnt signaling, BDNF expression, and CREB in
antidepressant action.

37

References
Adli, M., D. L. Hollinde, T. Stamm, K. Wiethoff, M. Tsahuridu, J. Kirchheiner, A. Heinz and M.
Bauer (2007). "Response to lithium augmentation in depression is associated with the
glycogen synthase kinase 3-beta -50T/C single nucleotide polymorphism." Biol
Psychiatry 62(11): 1295-1302.
Aid, T., A. Kazantseva, M. Piirsoo, K. Palm and T. Timmusk (2007). "Mouse and rat BDNF
gene structure and expression revisited." J Neurosci Res 85(3): 525-535.
Aoyama, M., K. Asai, T. Shishikura, T. Kawamoto, T. Miyachi, T. Yokoi, H. Togari, Y. Wada,
T. Kato and A. Nakagawara (2001). "Human neuroblastomas with unfavorable biologies
express high levels of brain-derived neurotrophic factor mRNA and a variety of its
variants." Cancer Lett 164(1): 51-60.
Arrazola, M. S., L. Varela-Nallar, M. Colombres, E. M. Toledo, F. Cruzat, L. Pavez, R. Assar,
A. Aravena, M. Gonzalez, M. Montecino, A. Maass, S. Martinez and N. C. Inestrosa
(2009). "Calcium/calmodulin-dependent protein kinase type IV is a target gene of the
Wnt/beta-catenin signaling pathway." J Cell Physiol 221(3): 658-667.
Autry, A. E., M. Adachi, P. Cheng and L. M. Monteggia (2009). "Gender-specific impact of
brain-derived neurotrophic factor signaling on stress-induced depression-like behavior."
Biol Psychiatry 66(1): 84-90.
Balkowiec-Iskra, E., A. Vermehren-Schmaedick and A. Balkowiec (2011). "Tumor necrosis
factor-alpha increases brain-derived neurotrophic factor expression in trigeminal ganglion
neurons in an activity-dependent manner." Neuroscience.
Calabrese, F., R. Molteni, P. F. Maj, A. Cattaneo, M. Gennarelli, G. Racagni and M. A. Riva
(2007). "Chronic duloxetine treatment induces specific changes in the expression of
BDNF transcripts and in the subcellular localization of the neurotrophin protein."
Neuropsychopharmacology 32(11): 2351-2359.
Chen, B., D. Dowlatshahi, G. M. MacQueen, J. F. Wang and L. T. Young (2001). "Increased
hippocampal BDNF immunoreactivity in subjects treated with antidepressant
medication." Biol Psychiatry 50(4): 260-265.

38

Chen, M. J. and A. A. Russo-Neustadt (2009). "Running exercise-induced up-regulation of
hippocampal brain-derived neurotrophic factor is CREB-dependent." Hippocampus
19(10): 962-972.
Cooke, J. D., L. M. Grover and P. R. Spangler (2009). "Venlafaxine treatment stimulates
expression of brain-derived neurotrophic factor protein in frontal cortex and inhibits
long-term potentiation in hippocampus." Neuroscience 162(4): 1411-1419.
De Foubert, G., S. L. Carney, C. S. Robinson, E. J. Destexhe, R. Tomlinson, C. A. Hicks, T. K.
Murray, J. P. Gaillard, C. Deville, V. Xhenseval, C. E. Thomas, M. J. O'Neill and T. S.
Zetterstrom (2004). "Fluoxetine-induced change in rat brain expression of brain-derived
neurotrophic factor varies depending on length of treatment." Neuroscience 128(3): 597604.
Duman, R. S. (2004). "Role of neurotrophic factors in the etiology and treatment of mood
disorders." Neuromolecular Med 5(1): 11-25.
Duman, R. S. and L. M. Monteggia (2006). "A neurotrophic model for stress-related mood
disorders." Biol Psychiatry 59(12): 1116-1127.
Dwivedi, Y., H. S. Rizavi, R. R. Conley, R. C. Roberts, C. A. Tamminga and G. N. Pandey
(2003). "Altered gene expression of brain-derived neurotrophic factor and receptor
tyrosine kinase B in postmortem brain of suicide subjects." Arch Gen Psychiatry 60(8):
804-815.
Dwivedi, Y., H. S. Rizavi and G. N. Pandey (2006). "Antidepressants reverse corticosteronemediated decrease in brain-derived neurotrophic factor expression: differential regulation
of specific exons by antidepressants and corticosterone." Neuroscience 139(3): 10171029.
Eisch, A. J., C. A. Bolanos, J. de Wit, R. D. Simonak, C. M. Pudiak, M. Barrot, J. Verhaagen and
E. J. Nestler (2003). "Brain-derived neurotrophic factor in the ventral midbrain-nucleus
accumbens pathway: a role in depression." Biol Psychiatry 54(10): 994-1005.
Gatt, J. M., C. B. Nemeroff, C. Dobson-Stone, R. H. Paul, R. A. Bryant, P. R. Schofield, E.
Gordon, A. H. Kemp and L. M. Williams (2009). "Interactions between BDNF Val66Met
polymorphism and early life stress predict brain and arousal pathways to syndromal
depression and anxiety." Mol Psychiatry 14(7): 681-695.

39

Grimes, C. A. and R. S. Jope (2001). "CREB DNA binding activity is inhibited by glycogen
synthase kinase-3 beta and facilitated by lithium." J Neurochem 78(6): 1219-1232.
Handley, S. L., J. W. McBlane, M. A. Critchley and K. Njung'e (1993). "Multiple serotonin
mechanisms in animal models of anxiety: environmental, emotional and cognitive
factors." Behav Brain Res 58(1-2): 203-210.
Hansson, A. C., R. Rimondini, M. Heilig, A. A. Mathe and W. H. Sommer (2011). "Dissociation
of antidepressant-like activity of escitalopram and nortriptyline on behaviour and
hippocampal BDNF expression in female rats." J Psychopharmacol.
Hirschfeld, R. M. (2000). "History and evolution of the monoamine hypothesis of depression." J
Clin Psychiatry 61 Suppl 6: 4-6.
Hirschfeld, R. M., C. Mallinckrodt, T. C. Lee and M. J. Detke (2005). "Time course of
depression-symptom improvement during treatment with duloxetine." Depress Anxiety
21(4): 170-177.
Hoshaw, B. A., J. E. Malberg and I. Lucki (2005). "Central administration of IGF-I and BDNF
leads to long-lasting antidepressant-like effects." Brain Res 1037(1-2): 204-208.
Huang, E. J. and L. F. Reichardt (2001). "Neurotrophins: roles in neuronal development and
function." Annu Rev Neurosci 24: 677-736.
Ibarguen-Vargas, Y., A. Surget, P. Vourc'h, S. Leman, C. R. Andres, A. M. Gardier and C.
Belzung (2009). "Deficit in BDNF does not increase vulnerability to stress but dampens
antidepressant-like effects in the unpredictable chronic mild stress." Behav Brain Res
202(2): 245-251.
Jacobsen, J. P. and A. Mork (2004). "The effect of escitalopram, desipramine, electroconvulsive
seizures and lithium on brain-derived neurotrophic factor mRNA and protein expression
in the rat brain and the correlation to 5-HT and 5-HIAA levels." Brain Res 1024(1-2):
183-192.
Kessler, R. C., P. Berglund, O. Demler, R. Jin, K. R. Merikangas and E. E. Walters (2005).
"Lifetime prevalence and age-of-onset distributions of DSM-IV disorders in the National
Comorbidity Survey Replication." Arch Gen Psychiatry 62(6): 593-602.

40

Khundakar, A. A. and T. S. Zetterstrom (2006). "Biphasic change in BDNF gene expression
following antidepressant drug treatment explained by differential transcript regulation."
Brain Res 1106(1): 12-20.
Klein, R., V. Nanduri, S. A. Jing, F. Lamballe, P. Tapley, S. Bryant, C. Cordon-Cardo, K. R.
Jones, L. F. Reichardt and M. Barbacid (1991). "The trkB tyrosine protein kinase is a
receptor for brain-derived neurotrophic factor and neurotrophin-3." Cell 66(2): 395-403.
Kokubo, M., M. Nishio, T. J. Ribar, K. A. Anderson, A. E. West and A. R. Means (2009).
"BDNF-mediated cerebellar granule cell development is impaired in mice null for
CaMKK2 or CaMKIV." J Neurosci 29(28): 8901-8913.
Laifenfeld, D., R. Karry, E. Grauer, E. Klein and D. Ben-Shachar (2005). "Antidepressants and
prolonged stress in rats modulate CAM-L1, laminin, and pCREB, implicated in neuronal
plasticity." Neurobiol Dis 20(2): 432-441.
Liu, Q. R., L. Lu, X. G. Zhu, J. P. Gong, Y. Shaham and G. R. Uhl (2006). "Rodent BDNF
genes, novel promoters, novel splice variants, and regulation by cocaine." Brain Res
1067(1): 1-12.
Liu, Q. R., D. Walther, T. Drgon, O. Polesskaya, T. G. Lesnick, K. J. Strain, M. de Andrade, J.
H. Bower, D. M. Maraganore and G. R. Uhl (2005). "Human brain derived neurotrophic
factor (BDNF) genes, splicing patterns, and assessments of associations with substance
abuse and Parkinson's Disease." Am J Med Genet B Neuropsychiatr Genet 134B(1): 93103.
Logan, C. Y. and R. Nusse (2004). "The Wnt signaling pathway in development and disease."
Annu Rev Cell Dev Biol 20: 781-810.
Lonze, B. E. and D. D. Ginty (2002). "Function and regulation of CREB family transcription
factors in the nervous system." Neuron 35(4): 605-623.
Lu, Y., K. Christian and B. Lu (2008). "BDNF: a key regulator for protein synthesis-dependent
LTP and long-term memory?" Neurobiol Learn Mem 89(3): 312-323.
MacDonald, B. T., K. Tamai and X. He (2009). "Wnt/beta-catenin signaling: components,
mechanisms, and diseases." Dev Cell 17(1): 9-26.
Mannari, C., N. Origlia, A. Scatena, A. Del Debbio, M. Catena, G. Dell'agnello, A. Barraco, L.
Giovannini, L. Dell'osso, L. Domenici and A. Piccinni (2008). "BDNF level in the rat

41

prefrontal cortex increases following chronic but not acute treatment with duloxetine, a
dual acting inhibitor of noradrenaline and serotonin re-uptake." Cell Mol Neurobiol
28(3): 457-468.
Martinez-Turrillas, R., J. Del Rio and D. Frechilla (2005). "Sequential changes in BDNF mRNA
expression and synaptic levels of AMPA receptor subunits in rat hippocampus after
chronic antidepressant treatment." Neuropharmacology 49(8): 1178-1188.
Martinowich, K., H. Manji and B. Lu (2007). "New insights into BDNF function in depression
and anxiety." Nat Neurosci 10(9): 1089-1093.
Millan, M. J. (2006). "Multi-target strategies for the improved treatment of depressive states:
Conceptual foundations and neuronal substrates, drug discovery and therapeutic
application." Pharmacol Ther 110(2): 135-370.
Molteni, R., F. Calabrese, A. Cattaneo, M. Mancini, M. Gennarelli, G. Racagni and M. A. Riva
(2009). "Acute stress responsiveness of the neurotrophin BDNF in the rat hippocampus is
modulated by chronic treatment with the antidepressant duloxetine."
Neuropsychopharmacology 34(6): 1523-1532.
Molteni, R., A. Cattaneo, F. Calabrese, F. Macchi, J. D. Olivier, G. Racagni, B. A. Ellenbroek,
M. Gennarelli and M. A. Riva (2010). "Reduced function of the serotonin transporter is
associated with decreased expression of BDNF in rodents as well as in humans."
Neurobiol Dis 37(3): 747-755.
Monteggia, L. M., M. Barrot, C. M. Powell, O. Berton, V. Galanis, T. Gemelli, S. Meuth, A.
Nagy, R. W. Greene and E. J. Nestler (2004). "Essential role of brain-derived
neurotrophic factor in adult hippocampal function." Proc Natl Acad Sci U S A 101(29):
10827-10832.
Morilak, D. A. and A. Frazer (2004). "Antidepressants and brain monoaminergic systems: a
dimensional approach to understanding their behavioural effects in depression and
anxiety disorders." Int J Neuropsychopharmacol 7(2): 193-218.
Mostany, R., E. M. Valdizan and A. Pazos (2008). "A role for nuclear beta-catenin in SNRI
antidepressant-induced hippocampal cell proliferation." Neuropharmacology 55(1): 1826.

42

Murakami, S., H. Imbe, Y. Morikawa, C. Kubo and E. Senba (2005). "Chronic stress, as well as
acute stress, reduces BDNF mRNA expression in the rat hippocampus but less robustly."
Neurosci Res 53(2): 129-139.
Musazzi, L., A. Cattaneo, D. Tardito, A. Barbon, M. Gennarelli, S. Barlati, G. Racagni and M.
Popoli (2009). "Early raise of BDNF in hippocampus suggests induction of
posttranscriptional mechanisms by antidepressants." BMC Neurosci 10: 48.
Nair, A., K. C. Vadodaria, S. B. Banerjee, M. Benekareddy, B. G. Dias, R. S. Duman and V. A.
Vaidya (2007). "Stressor-specific regulation of distinct brain-derived neurotrophic factor
transcripts and cyclic AMP response element-binding protein expression in the postnatal
and adult rat hippocampus." Neuropsychopharmacology 32(7): 1504-1519.
Okamoto, H., B. Voleti, M. Banasr, M. Sarhan, V. Duric, M. J. Girgenti, R. J. Dileone, S. S.
Newton and R. S. Duman (2010). "Wnt2 expression and signaling is increased by
different classes of antidepressant treatments." Biol Psychiatry 68(6): 521-527.
Olivier, J. D., M. G. Van Der Hart, R. P. Van Swelm, P. J. Dederen, J. R. Homberg, T. Cremers,
P. M. Deen, E. Cuppen, A. R. Cools and B. A. Ellenbroek (2008). "A study in male and
female 5-HT transporter knockout rats: an animal model for anxiety and depression
disorders." Neuroscience 152(3): 573-584.
Perona, M. T., S. Waters, F. S. Hall, I. Sora, K. P. Lesch, D. L. Murphy, M. Caron and G. R. Uhl
(2008). "Animal models of depression in dopamine, serotonin, and norepinephrine
transporter knockout mice: prominent effects of dopamine transporter deletions." Behav
Pharmacol 19(5-6): 566-574.
Pinnock, S. B., A. M. Blake, N. J. Platt and J. Herbert (2010). "The roles of BDNF, pCREB and
Wnt3a in the latent period preceding activation of progenitor cell mitosis in the adult
dentate gyrus by fluoxetine." PLoS One 5(10): e13652.
Pinson, K. I., J. Brennan, S. Monkley, B. J. Avery and W. C. Skarnes (2000). "An LDL-receptorrelated protein mediates Wnt signalling in mice." Nature 407(6803): 535-538.
Pruunsild, P., A. Kazantseva, T. Aid, K. Palm and T. Timmusk (2007). "Dissecting the human
BDNF locus: bidirectional transcription, complex splicing, and multiple promoters."
Genomics 90(3): 397-406.

43

Pruunsild, P., M. Sepp, E. Orav, I. Koppel and T. Timmusk (2011). "Identification of cisElements and Transcription Factors Regulating Neuronal Activity-Dependent
Transcription of Human BDNF Gene." J Neurosci 31(9): 3295-3308.
Rijsewijk, F., M. Schuermann, E. Wagenaar, P. Parren, D. Weigel and R. Nusse (1987). "The
Drosophila homolog of the mouse mammary oncogene int-1 is identical to the segment
polarity gene wingless." Cell 50(4): 649-657.
Rudnick, G. and J. Clark (1993). "From synapse to vesicle: the reuptake and storage of biogenic
amine neurotransmitters." Biochim Biophys Acta 1144(3): 249-263.
Rush, A. J., M. H. Trivedi, S. R. Wisniewski, A. A. Nierenberg, J. W. Stewart, D. Warden, G.
Niederehe, M. E. Thase, P. W. Lavori, B. D. Lebowitz, P. J. McGrath, J. F. Rosenbaum,
H. A. Sackeim, D. J. Kupfer, J. Luther and M. Fava (2006). "Acute and longer-term
outcomes in depressed outpatients requiring one or several treatment steps: a STAR*D
report." Am J Psychiatry 163(11): 1905-1917.
Russo-Neustadt, A. A., H. Alejandre, C. Garcia, A. S. Ivy and M. J. Chen (2004). "Hippocampal
brain-derived neurotrophic factor expression following treatment with reboxetine,
citalopram, and physical exercise." Neuropsychopharmacology 29(12): 2189-2199.
Sairanen, M., O. F. O'Leary, J. E. Knuuttila and E. Castren (2007). "Chronic antidepressant
treatment selectively increases expression of plasticity-related proteins in the
hippocampus and medial prefrontal cortex of the rat." Neuroscience 144(1): 368-374.
Sathanoori, M., B. G. Dias, A. R. Nair, S. B. Banerjee, S. Tole and V. A. Vaidya (2004).
"Differential regulation of multiple brain-derived neurotrophic factor transcripts in the
postnatal and adult rat hippocampus during development, and in response to kainate
administration." Brain Res Mol Brain Res 130(1-2): 170-177.
Schmidt, H. D. and R. S. Duman (2010). "Peripheral BDNF produces antidepressant-like effects
in cellular and behavioral models." Neuropsychopharmacology 35(12): 2378-2391.
Seitz, R., S. Hackl, T. Seibuchner, E. R. Tamm and A. Ohlmann (2010). "Norrin mediates
neuroprotective effects on retinal ganglion cells via activation of the Wnt/beta-catenin
signaling pathway and the induction of neuroprotective growth factors in Muller cells." J
Neurosci 30(17): 5998-6010.

44

Sen, S., R. Duman and G. Sanacora (2008). "Serum brain-derived neurotrophic factor,
depression, and antidepressant medications: meta-analyses and implications." Biol
Psychiatry 64(6): 527-532.
Shieh, P. B., S. C. Hu, K. Bobb, T. Timmusk and A. Ghosh (1998). "Identification of a signaling
pathway involved in calcium regulation of BDNF expression." Neuron 20(4): 727-740.
Shirayama, Y., A. C. Chen, S. Nakagawa, D. S. Russell and R. S. Duman (2002). "Brain-derived
neurotrophic factor produces antidepressant effects in behavioral models of depression." J
Neurosci 22(8): 3251-3261.
Silva, R., A. R. Mesquita, J. Bessa, J. C. Sousa, I. Sotiropoulos, P. Leao, O. F. Almeida and N.
Sousa (2008). "Lithium blocks stress-induced changes in depressive-like behavior and
hippocampal cell fate: the role of glycogen-synthase-kinase-3beta." Neuroscience 152(3):
656-669.
Sirianni, R. W., P. Olausson, A. S. Chiu, J. R. Taylor and W. M. Saltzman (2010). "The
behavioral and biochemical effects of BDNF containing polymers implanted in the
hippocampus of rats." Brain Res 1321: 40-50.
Smallwood, P. M., J. Williams, Q. Xu, D. J. Leahy and J. Nathans (2007). "Mutational analysis
of Norrin-Frizzled4 recognition." J Biol Chem 282(6): 4057-4068.
Taliaz, D., N. Stall, D. E. Dar and A. Zangen (2010). "Knockdown of brain-derived neurotrophic
factor in specific brain sites precipitates behaviors associated with depression and reduces
neurogenesis." Mol Psychiatry 15(1): 80-92.
Tao, X., S. Finkbeiner, D. B. Arnold, A. J. Shaywitz and M. E. Greenberg (1998). "Ca2+ influx
regulates BDNF transcription by a CREB family transcription factor-dependent
mechanism." Neuron 20(4): 709-726.
Timmusk, T., K. Palm, M. Metsis, T. Reintam, V. Paalme, M. Saarma and H. Persson (1993).
"Multiple promoters direct tissue-specific expression of the rat BDNF gene." Neuron
10(3): 475-489.
Tiraboschi, E., D. Tardito, J. Kasahara, S. Moraschi, P. Pruneri, M. Gennarelli, G. Racagni and
M. Popoli (2004). "Selective phosphorylation of nuclear CREB by fluoxetine is linked to
activation of CaM kinase IV and MAP kinase cascades." Neuropsychopharmacology
29(10): 1831-1840.

45

Tsutsumi, T., T. Terao, K. Hatanaka, S. Goto, N. Hoaki and Y. Wang (2010). "Association
between affective temperaments and brain-derived neurotrophic factor, Glycogen
synthase kinase 3beta and Wnt signaling pathway gene polymorphisms in healthy
subjects." J Affect Disord.
Wayman, G. A., S. Impey, D. Marks, T. Saneyoshi, W. F. Grant, V. Derkach and T. R. Soderling
(2006). "Activity-dependent dendritic arborization mediated by CaM-kinase I activation
and enhanced CREB-dependent transcription of Wnt-2." Neuron 50(6): 897-909.
Wong, J., M. J. Webster, H. Cassano and C. S. Weickert (2009). "Changes in alternative brainderived neurotrophic factor transcript expression in the developing human prefrontal
cortex." Eur J Neurosci 29(7): 1311-1322.
Wong, M. L. and J. Licinio (2004). "From monoamines to genomic targets: a paradigm shift for
drug discovery in depression." Nat Rev Drug Discov 3(2): 136-151.
Xu, Q., Y. Wang, A. Dabdoub, P. M. Smallwood, J. Williams, C. Woods, M. W. Kelley, L.
Jiang, W. Tasman, K. Zhang and J. Nathans (2004). "Vascular development in the retina
and inner ear: control by Norrin and Frizzled-4, a high-affinity ligand-receptor pair." Cell
116(6): 883-895.
Yang, C., Y. Xu, N. Sun, Y. Ren, Z. Liu, X. Cao and K. Zhang (2010). "The combined effects of
the BDNF and GSK3B genes modulate the relationship between negative life events and
major depressive disorder." Brain Res 1355: 1-6.
Zhang, Y., F. Gu, J. Chen and W. Dong (2010). "Chronic antidepressant administration alleviates
frontal and hippocampal BDNF deficits in CUMS rat." Brain Res 1366: 141-148.

46

Appendix A: BDNF Exon Nomenclature

Rodent Nomenclature

1993

I

II

-

III

-

IV

-

-

V

2006

I

II

III

IV

-

V

VI

VII

VIII

Current

I

II

III

IV

V

VI

VII

VIII

IX

Human Nomenclature

2004

I

II

-

III

-

-

IV

V

-

-

-

VI

2006

I

II

III

IV

-

-

V

VI

-

-

Current

I

II

III

IV

V

Vh

VI

VII

VII
IX
b

VIII
IX
d

VIII VIIh

BDNF Exon nomenclature was kept consistent with the current literature throughout this review.
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Appendix B: Antidepressant Brand Names

Generic Name

Brand Name

Citalopram

Celexa

Desipramine

Norpramin

Duloxetine

Cymbalta

Escitalopram

Lexapro

Fluoxetine

Prozac

Paroxetine

Paxil

Reboxetine

Vestra

Venlafaxine

Effexor
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