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ABSTRACT
Reduced actions of brain-derived neurotrophic factor (BDNF) are linked to the

pathophysiology of depression whereas antidepressants induce BDNF synthesis together

with neuroplastic alterations in the brain. Still the molecular mechanisms regulating the

effects of antidepressants on BDNF synthesis are largely obscure and it is not well known

whether this BDNF induction leads to the signaling of BDNF receptor TrkB in vivo. By

using an antibody against autophosphorylated TrkB, we show that pharmacologically

diverse antidepressants induce TrkB activity in the rodent anterior cingulate cortex (ACC)

and hippocampus (HC). Lithium (Li+), an antimanic and antidepressant-augmenting agent,

produces similar changes in TrkB activity in the ACC. ACC and HC are two key brain

areas implicated in depression and antidepressant action. Given that clinically used

antidepressants and Li+ act in a lag-time manner, it is interesting that the effects of these

agents on brain TrkB signaling are observed rapidly after a single drug administration.

Antidepressant-regulated TrkB-induction specifically leads to the activation of

phospholipase-C 1 (PLC 1) which in turn, and likely in concert with monoaminergic

signaling events, induces the phosphorylation of CREB (cAMP related element binding

protein). Through the activation of PLC 1-CREB cascade, antidepressants may regulate

synaptic plasticity and the release and synthesis of BDNF itself. Interestingly however,

electroconvulsive shock (ECS), among the most potent antidepressant therapy, rapidly

reduces TrkB signalling in the rodent prefrontal cortex (PFC) even in situations were

endogenous BDNF levels are high. In contrast, ECS induces the ERK (extracellular signal-

regulated kinase) neurotrophic pathway in the rodent PFC. The behavioural studies

revealed that sustained increase in TrkB signalling is characterized with antidepressant-like

behaviour in a rodent model of behavioural despair, the forced swim test (FST). In contrast,

basal behaviour of TrkB deficient mice is normal but these mice do not respond to

serotonergic antidepressant in the FST. Altogether, the present results provide compelling

evidence that chemical antidepressants produce rapid neurotrophic actions through the

TrkB-PLC 1-CREB signaling in the rodent brain and suggest that these changes initiate

plastic responses in the neuronal networks implicated in depression.

http://ethesis.helsinki.fi)
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REVIEW OF THE LITERATURE

1 INTRODUCTION

The serendipitous discovery of chemical antidepressants in the 1950’s revolutionized the

treatment of major depression (Slattery et al., 2004; Castrén, 2005). Based on their

pharmacological mechanism of action (blocking monoamine catabolism or reuptake) a

series of more selective and safer antidepressants were developed. Consequently, the

primary mechanism of action and the effectiveness of all antidepressants are basically the

same. Yet, there is an emerging need for more potent and faster-acting antidepressant

treatments. For example, it is estimated that ~30% of patients suffering from major

depression do not respond to current pharmacotherapy (Doris et al., 1999). In addition,

weeks of lag-time (2-3 weeks) in today’s therapies (Frazer and Benmansour, 2002)

complicate the treatment of patients with suicidal behaviour. Delayed-onset of action is

common for all antidepressant treatments including electroconvulsive treatment (ECT) and

lithium.

Major drawbacks in the development of antidepressants acting through novel

neurobiological mechanism are the lack of knowledge about the aetiology of mood

disorders and how currently used antidepressants eventually ameliorate depressive

symptoms. Importantly, mood disorders often coexist with cellular and functional findings

associated with compromised neuronal communication in the central nervous system (CNS)

(Drevets, 2000; Manji et al., 2001; Castrén, 2004a; Castrén, 2005; Ebmeier et al., 2006).

Therefore, it seems that the chemical imbalance (reduced levels of monoamines) frequently

linked to mood disorder is merely a reflection of functional disruptions in the neuronal

networks regulating mood and affection. In contrast, increases in monoaminergic

neurotransmission do not per se mediate the actions of antidepressant treatments but act in

concert with increased neurotrophic responses to accelerate the optimal functioning of

neuronal networks. Indeed, emerging evidence indicates a key role of brain-derived

neurotrophic factor (BDNF), a member of neurotrophic factors, in mood disorders and in

the actions of antidepressants (Duman et al., 1997; Castrén, 2004a). BDNF is one of the

key players in regulating short- and long-term activity-dependent neuronal plasticity and

the organization and maintenance of functional neuronal connections in the developing and

adult CNS (McAllister et al., 1999; Huang and Reichardt, 2001; Poo, 2001). Whereas

depression and stress are associated with reductions in BDNF synthesis in brain areas

implicated in mood disorders, antidepressant treatments have the opposite effect (Duman et

al., 1997; Castrén, 2004a). Still it is not well known what neurobiological mechanisms

regulate antidepressant-induced BDNF synthesis and whether these changes functionally



16

affect the activity of BDNF receptor TrkB, the receptor mediating most of the neuroplastic

actions  of  BDNF.  In  a  series  of  experiments  I  have  further  clarified  the  role  of  TrkB

signalling in the therapeutic actions of antidepressant treatments.
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2 NEUROTROPHIN SIGNALING IN THE CNS

2.1 Neurotrophin family of neurotrophic factors

Nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3

(NT-3; also hippocampal-derived neurotrophic factor or HDNF), neurotrophin-4/5 (NT-

4/5), neurotrophin-6 (NT-6) and neurotrophin-7 (NT-7) are structurally and biochemically

similar proteins and collectively are called the neurotrophins (NT), a family of neurotrophic

factors (Lewin and Barde, 1996). NT-6 and NT-7 have only been characterized in fish

(Gotz et al., 1994; Nilsson et al., 1998) and are thus not discussed here. Genes encoding

NTs have typically a single 3´ coding exon and multiple upstream 5´ non-coding exons

separated by large introns (Timmusk et al., 1993; Kendall et al., 2000; Liu et al., 2006).

Differential usage of each transcription unit results in the generation of many distinct NT

transcripts which eventually evolve to identical protein (Figure 1). Different BDNF

mRNAs transcripts are localized and regulated differently indicating the biological

significance of their existence. For example, BDNF mRNAs containing exons I, II, and IV

are predominantly expressed in the brain, whereas exon V is more active in peripheral

tissues (Timmusk et al., 1993; note that the nomenclature of BDNF mRNA transcripts is

based on the paper by Liu et al (2006) throughout this thesis). Moreover, seizures induced

by kainic acid robustly increases mRNA levels of exons I and IV whereas exons II and V

are only mildly increased (Timmusk et al., 1993; Metsis et al., 1993). Significantly, the

expression of exon IV is mostly Ca2+-inducible (Tao et al., 1998). Moreover, gene

methylation and histone acetylation are increasingly recognized epigenetic modulatory

mechanisms for NT gene expression (Tsankova et al., 2004; Dennis and Levitt, 2005).

Figure 1 Schematic picture showing BDNF gene and protein. Exon nomenclature is according to
Liu et al (2006). CRE = cAMP response element.
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NTs are synthesized as 30-35 kDa pro-NTs (Figure 1) (Seidah et al., 1996a; Seidah et al.,

1996b), which are then directed through the trans-Golgi apparatus to either constitutive

(non-Ca2+-dependent) or regulatory (Ca2+-dependent) secretory vesicles (reviewed by

Lessmann et al., 2003). Pro-NTs are cleaved inside the cell by furin or proconvertases

(Seidah et al., 1996a; Seidah et al., 1996b) or upon release by matrix metalloproteases

(MMP; specifically MMP-3 and MMP-7) or by plasmin to obtain 12-14 kDa mature

proteins (Lee et al., 2001). Interestingly, while NGF seems to be primarily targeted to the

constitutive pathway, BDNF is targeted to the regulatory pathway (Mowla et al., 1999).

Evidence for both pre- and postsynaptic release of NTs has been reported, although

retrograde transport predominates in the peripheral nervous system (PNS). In the CNS,

BDNF is anterogradily transported by variety of neurons and is widely distributed in the

nerve terminals, even in brain areas that lack BDNF mRNA (von Bartheld et al., 1996;

Altar et al., 1997; Conner et al., 1997). Moreover, BDNF protein is packed in dense-core

vesicles in hippocampal neurons (Fawcett et al., 1997). Finally, intraocular injection of NT-

3 leads to an uptake of NT-3 in the retinal ganglion cells (retrograde transport) where it is

anterogradily transported to axon terminals for release (von Bartheld et al., 1996).

Expressions of NTs in the brain are regulated during development. Of NTs, NT-3 is most

abundantly expressed in the perinatal brain (Maisonpierre et al., 1990; Zhou and Rush,

1994). In the adult brain, the expression of NT-3 is significantly reduced (Ernfors et al.,

1990a; Maisonpierre et al., 1990). BDNF mRNA expression levels rise dramatically during

the first weeks after birth and in the adult brain BDNF is abundantly expressed, where

particularly high expression levels are observed in the cortex and hippocampus (Ernfors et

al., 1990b; Hofer et al., 1990; Maisonpierre et al., 1990; Ernfors et al., 1992). The

expression pattern of BDNF protein in the adult brain is generally the same as mRNA

levels (Conner et al., 1997; Aloyz et al., 1999). NGF is found in greatest quantities in the

basal forebrain (protein), hippocampus and in the pituitary gland, but significant quantities

are also seen in other areas of CNS, including spinal cord (Goedert et al., 1986; Hefti et al.,

1986; Maisonpierre et al., 1990). NT-4/5 is prominently expressed in the postnatal and

adult hippocampus, neocortex and thalamic nuclei (Friedman et al., 1998). Overall, the

expression pattern of BDNF seems to be more widespread than that of the other NTs in the

adult CNS. In the CNS, NTs are generally expressed by neurons however NT-3 and NT-4/5

are also widely expressed by glial cells (Zhou and Rush, 1994; Friedman et al., 1998).
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2.2 Neurotrophin receptors

NTs bind and activate two distinct types of transmembrane receptors. The synaptic actions

of NTs are mediated by high-affinity (~10-11M dissociation constant) ligand-selective Trk

(tropomyosin related kinase) family of protein tyrosine kinase receptors (Barbacid, 1994;

Lewin and Barde, 1996). NGF binds primarily to TrkA, BDNF and NT-4/5 to TrkB and

NT-3 to TrkC (Hempstead et al., 1991; Kaplan et al., 1991; Klein et al., 1991a; Klein et al.,

1991b; Lamballe et al., 1991; Soppet et al., 1991; Ip et al., 1993; Barbacid, 1994) (Figure

2). NT-4/5 and BDNF may interact with TrkB in distinct domains and consequently BDNF

has higher affinity to TrkB than NT-4/5 (Klein et al., 1992). NT-3 binds and activates also

TrkA and TrkB, albeit with lower affinity than the primary ligands (Ip et al., 1993) (Figure

2). However, TrkB autophosphorylation induced by NT-3 and BDNF follow different

temporal patterns in vitro (e.g. Soppet et al., 1991) thus suggesting that these factors

promote different allosteric modulation of TrkB. In addition, NTs bind with equal affinity

(Rodriguez-Tebar et al., 1991; Squinto et al., 1991) to a common low-affinity (~10-9M

dissociation constant) NT receptor, designated as p75NTR (Lewin and Barde, 1996;

Hempstead, 2002) (Figure 2). p75NTR is a member of the tumour necrosis factor receptor

super family (TNF) (Chao and Hempstead, 1995; Hempstead, 2002). Although, p75NTR

was the first NT receptor discovered, its biological functions are largely unknown.

However, many studies have indicated that p75NTR has an important role in mediating Trk

receptor signalling and in the absence of NT, p75NTR promotes neuronal apoptosis (see

2.4 Regulation of synaptic Trk signalling and neurotrophin actions).

Figure  2 The receptors for neurotrophins. Synaptic actions of neurotrophins are mediated by
membrane-bound full-length Trk receptors that contain intracellular tyrosine kinase domain: NGF
binds and activates primarily TrkA, BDNF and NT-4/5 TrkB and NT-3 TrkC. Also truncated TrkB
and TrkC receptors exists but these lack the entire intracellular regions mediating the classical Trk
signalling. Neurotrophins bind and activates with equal affinity p75NTR receptor, a member of the
tumour necrosis family receptor super family. These receptors contain the so called death domain
and promote in many cases neuronal apoptosis.
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Trk receptors exist in different isoforms (reviewed by Barbacid, 1994) (Figure 2). trkA

gene encodes two tyrosine kinase containing TrkA isoforms which differ only by 6

additional amino acids in the other (Barker et al., 1993). trkB locus gives rise to multiple

(> 8) different transcript products ranging in size from 0.7 to 9.0 kb and ultimately encodes

at least two types of receptors: full-length and truncated TrkB (Barbacid, 1994).

Extracellular portions of these receptors are identical but truncated receptors lack the entire

catalytic tyrosine kinase region. Two truncated TrkB receptors have been identified in

rodents, TrkB.T1 and TrkB.T2, of which TrkB.T1 is widely expressed in rodent brain.

Additional member, TrkB.Shc, has been recently described in the human brain (Stoilov et

al., 2002). Interestingly, northern blot analysis using site-specific probes revealed the in

vivo expression of another 4.8 kb trkB transcript possessing the catalytic domain (Barbacid,

1994). At least eight TrkC receptors are encoded by trkC gene, 4 of these contain

intracellular tyrosine kinase domain and 4 do not (Barbacid, 1994). In the adult CNS, TrkB

and TrkC receptors are abundantly expressed in the hippocampus and throughout the

cortex, while TrkA (longer mRNA transcript) (see Barker et al., 1993) is expressed mainly

in the basal forebrain (McAllister et al., 1999; Huang and Reichardt, 2001). The full-length

Trk receptors are predominantly of neuronal origin, whereas truncated forms of these

receptors are often expressed by non-neuronal cells such as glia. Interestingly, full-length

and truncated TrkB receptors have different expression patterns during development.

Specifically, full-length TrkB is expressed already perinatally (peak ~ P5) whereas

truncated TrkB is expressed a few weeks after (peak ~15) (Fryer et al., 1996). BDNF often

co-localizes with full-length TrkB in the same CNS neuronal populations (e.g.

hippocampus) thus indicating that BDNF exerts autocrine trophic support for these neurons

(see Kokaia et al., 1993).

2.3 Signalling cascades regulated by catalytic Trk receptors

Trk receptors contain 10 conserved phosphorylation-regulated tyrosine residues in their

intracellular domain (Huang and Reichardt, 2001; Huang and Reichardt, 2003). Upon

ligand binding, Trk receptors dimerize and become autophosphorylated in trans in their

intracellular catalytic domain (Y701, Y705 and Y706 in TrkB nomenclature) (Middlemas

et al., 1994; Stephens et al., 1994; Inagaki et al., 1995; Segal et al., 1996) (Figure  3).

Autophosphorylation at the Trk catalytic domain further induces the phosphorylation of

other tyrosine residues in the receptor (Segal et al., 1996). These phosphorylated tyrosines

serve as docking sites for many of the intracellular enzymes and adaptors containing SH2
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(Src homology) or PTB (phosphotyrosine binding domain) domains (Huang and Reichardt,

2001; Huang and Reichardt, 2003). Two of these tyrosines, Y515 and Y816 (Figure 3),

have been the major focus in elucidating Trk receptor signalling events. Phosphorylation of

Y816 directly recruits and activates phospholipase-C 1 (PLC 1) through phosphorylation

(Vetter et al., 1991; Middlemas et al., 1994). Activated PLC 1 further hydrolyses

phosphatidyl inositides (PI) to generate inositol tris-phosphate (IP3) and diacylglycerol

(DAG), two common intracellular signalling messengers. IP3 increases [Ca2+]i by

stimulating the release of Ca2+ from intracellular compartments and thus activates the

signalling of a variety of Ca2+-dependent intracellular molecules (e.g. CaM kinases). DAG

activates DAG-dependent protein kinase-C isoforms (e.g. PKC ), which can further

regulate the ERK (extracellular signal-regulated kinase) signalling cascade (see below).

Phospho-Y515 serves as a docking site for Shc adaptor protein (Stephens et al., 1994),

which through a series of intracellular events activates Ras-ERK and PI3k-Akt cascades

(reviewed by Huang and Reichardt, 2001; Huang and Reichardt, 2003). Whereas the Ras-

ERK pathway regulates neuronal differentiation, PI3k-Akt is important for cell survival

(Huang and Reichardt, 2001; Huang and Reichardt, 2003). For example, activation of Akt

phosphorylates Bad and thereby reduces its inhibitory interaction with an anti-apoptotic

factor, Bcl-2 (Bonni et al., 1999). Interestingly however, deletion of the Y515 site of TrkB

produces a rather mild phenotype in mice (Minichiello et al., 1998) suggesting that

additional TrkB signalling cascades regulate neuronal survival and differentiation as well.

Figure  3 Major intracellular signalling
cascades regulated by neurotrophins.
Ligand-mediated dimerization of Trk
receptors induces the autophosphorylation
of Trk catalytic domain (Y701, Y705,
Y706; TrkB nomenclature). This
phosphorylation event further directs the
phosphorylation of tyrosines (Y) 515 and
816. The major intracellular signalling
events targeted by Y515 are Akt and RAS-
Erk cascades which regulate neuronal
survival and differentiation/plasticity,
respectively. Phosphorylation of Y816
recruits and activates PLC 1 which
catalyses the breakdown of PI to DAG and
IP3. IP3 increase the intracellular levels of
Ca2+ and consequently promote the
activation of several Ca2+-regulated kinases.
ERK, Akt and PLC 1 signalling can
increase the phosphorylation (P) and
therefore activation of transcription factor
CREB at the Ser133. For abbreviations see
pages 9-10.



Ras-ERK, Akt and PLC 1 pathways can ultimately regulate the activation of cAMP related

element binding protein (CREB) (Figure  3), an important transcription factor for many

genes whose products are implicated in neuronal plasticity, survival and neurotransmission

(e.g. TrkB, Bcl-2, neuropeptide Y, tyrosine hydroxylase, fos-jun family members) (Mayr

and Montminy, 2001). CREB is a member of the basic leucine zipper (bZIP) family of

transcription factors which all bind as dimers a specific palindromic DNA sequence, CREB

to the cAMP response element or CRE (5´-TGACGTCA-3´) (Figure  3) (Shaywitz and

Greenberg, 1999). Upon phosphorylation at Ser133 the pre-bound dimeric CREB further

recruits co-factors CREB-binding protein (CBP) and p300 to the transcription complex

which in turn are critically involved in gene expression initiation via activating RNA

polymerase II (Shaywitz and Greenberg, 1999; Mayr and Montminy, 2001). However, this

model is oversimplified in many respects. If CREB is co-phosphorylated in Ser133 and

Ser142, CREB-dependent gene transcription is usually shut-off (Sun et al., 1994).

Moreover, in some cases pSer133 is not sufficient to promote gene transcription (Tao et al.,

1998). In addition, heterodimerization of CREB with other closely related bZIP proteins

can lead to inhibition or augmentation of CREB-dependent gene expression. For example,

CREB activation results in increased synthesis of ICER which in turn blunts CREB-

mediated gene expression by forming dominant-negative dimers with CREB (Mayr and

Montminy, 2001). It is important to note that in addition to Trks, many intracellular

signalling cascades such as protein kinase A (PKA) or Ca2+-CaMK can activate CREB, and

if these cascades simultaneously converge on CREB they usually potentate CREB-

mediated gene expression (Shaywitz and Greenberg, 1999) thus pointing out the activity-

dependent nature of CREB´s action. Some genes are activated only when such convergence

exists. Importantly for the present thesis, activating its cognate Trk receptor, NT can

regulate its own synthesis through CREB (Figure 3, see also Figure 1) (Saarelainen et al,

2001).

Although not as much studied, the remaining 5 tyrosines and the catalytic domain in Trk

may also be capable of inducing intracellular signalling (reviewed in Huang and Reichardt,

2001; Huang and Reichardt, 2003). For example, single mutations of three of the remaining

five tyrosines have been shown to inhibit NGF-dependent neurite outgrowth in PC12 cells

(Inagaki et al., 1995). Moreover, upon autophosphorylation, the catalytic domain recruits

intracellular signalling proteins such as rAPS and SH-2B (Qian et al., 1998). Activation of

rAPS and SH-2B further activates Grb2 which regulates the Ras-ERK and PI3k-Akt

cascades (Qian et al., 1998). Other examples of signalling molecules associated with Trk
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receptors include Src homology phosphatase (Shp2), insulin receptor substrates 1 and 2 and

CHK (Huang and Reichardt, 2001; Huang and Reichardt, 2003).

One of the interesting features of Trk signalling is that the site of activation modulates

which signalling event is activated and where the signal is transmitted to (Heerssen and

Segal, 2002; Huang and Reichardt, 2003). For example, in classical retrograde NT

signalling, Trk receptors at the nerve terminals are activated by the ligand, the ligand-Trk –

complex is transported in the “signalling endosomes” via active transport mechanisms to

the nucleus where early neurotrophin responses (Erk5 and CREB phosphorylation) take

place. Finally, Trk receptors are associated with many transmembrane receptor and channel

proteins (Huang and Reichardt, 2003).

2.4 Regulation of synaptic Trk signalling and neurotrophin actions

Although Trk signalling is modulated by a variety of factors, only factors most relevant for

the present topic can be reviewed here. Initially the pro-NTs were suggested to act only as

an intermediate step to produce mature biochemically active NT (Mowla et al., 2001).

However, pro-NTs are capable of inducing Trk receptor activation (Lee et al., 2001).

Interestingly, pro-NTs bind to p75NTR receptor with higher affinity than mature-NTs and

further induce p75NTR-mediated apoptosis (Lee et al., 2001) (Figure 4). Consequently,

factors that modulate the cleavage of pro-NT to mature-NT (e.g. tissue plasminogen

activator, matrix metalloproteases) can direct the effects of NTs from “killing” factors to

“survival” factors. Moreover, cleavage of pro-BDNF to mature-BDNF by plasmin is

essential for the formation of long-term potentiation (LTP) (Pang et al., 2004) whereas the

pro-form is essential for long-term depression (LTD) (Woo et al., 2005). In addition, a

single amino acid mutation (Val66Met) in the pro-region of BDNF (Figure 1) affects the

sorting and trafficking of BDNF into the nerve terminals and retards its activity-dependent

secretion (Egan et al., 2003; Chen et al., 2004). In addition to its important role in

mediating neuronal apoptosis, p75NTR also modulates Trk signalling. For example, high-

affinity binding of NGF to TrkA receptors seems to be dependent on co-expression of

p75NTR (Hempstead et al., 1991). Co-expression of p75NTR with Trks also directs the

ligand-selectivity of Trks (see Huang and Reichardt, 2003).

The truncated Trk receptors significantly modulate the activation capabilities of catalytic

Trk receptors (Figure  4). When co-expressed and localized in close proximity, truncated

and full-length receptors readily form dimers which results in an inhibition of the catalytic

receptor tyrosine kinase activity (dominant-negative inhibition) (Knüsel et al., 1994; Eide et
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al., 1996; Haapasalo et al., 2001). In addition, truncated receptors reduce the surface

expression of the full-length receptors (Haapasalo et al., 2002) thus reducing their ability to

become activated by their ligand. When expressed in trans, truncated receptors can act as

NT scavengers thus serving as factors to spatially restrict the actions of NTs on catalytic

Trk receptors (Beck et al., 1993; Biffo et al., 1995; Rubio, 1997). Consequently, truncated

Trk receptors may serve an important up-take mechanism for NTs. It is actually interesting

that we know very little about the mechanisms which regulate the synaptic availability of

NTs. Some evidence indicates that a non-NT receptor-mediated BDNF uptake mechanism

exists (Fujimura et al., 2002). Beyond their role in mediating catalytic Trk receptor

signalling, recent evidence indicates that truncated Trk receptors can directly modulate

cellular functions and morphology (Yacoubian and Lo, 2000; Rose et al., 2003; Hartmann

et al., 2004; Ohira et al., 2005).

Figure  4 Functions of truncated Trk and
p75NTR receptors and their interactions with
the full-length Trk receptors A) When co-
expressed, truncated Trk receptors readily
form dimers with the full-length Trk
receptors which results in the inhibition of
full-length Trk receptor activity (dominant-
negative inhibition). When not expressed in
the proximity of full-length Trk receptors,
truncated Trk receptors can restrict the
availability  of  NTs  by  acting  as  NT
scavengers. Alternatively, although not well
understood, truncated Trk receptors may
promote direct changes in cellular functions
B) Although both pro- and mature-NTs can
bind and activate p75NTR mediated
signalling, pro-NTs have much higher affinity
for p75NTR. Co-expression of p75NTR is
crucial for the high-affinity binding of NTs to
Trk receptors.

Trk receptors are heavily N-glycosylated in their extracellular portions. Glycosylation

serves at least two distinct functions: regulation of Trk surface expression and prevention of

ligand-independent Trk activity (Watson et al., 1999). Trk core protein is continuously

active in vitro (Watson et al., 1999). Consequently, factors that alter Trk receptor N-

glycosylation can profoundly modulate the activation capacity of the receptor. Yet, direct

evidence that N-glycosylation of Trk receptors is endogenously regulated is missing.

However, some evidence exists that TrkB N-glycosylation is differently regulated during

early development (Fryer et al., 1996). Moreover, it is frequently observed that low-
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molecular Trk receptors are tyrosine phosphorylated together with fully processed Trks (see

below).

Recent evidence has shown that Trk receptors can be transactivated NT-independently by

some G-protein coupled receptors (GPCR) (couple to Gi/o or  Gs). Specifically, adenosine,

pituitary adenylate cyclase-activating polypeptide (PACAP) and anandamide (an

endocannabinoid) transactivate Trk receptors through Src signalling in the absence of

endogenous NTs in vitro (Lee and Chao, 2001; Lee et al., 2002a; Lee et al., 2002b;

Rajagopal et al., 2004; Berghuis et al., 2005). The elevation of [Ca2+]i and gene expression

and translation seem to be necessary for such transactivation. Trk transactivation kinetics

by anandamide (~15 min) differs compared to adenosine and PACAP (~90 min). In

comparison however, NTs produce significant Trk activation within 1 min in vitro.

Moreover, whereas PACAP and adenosine induce the phosphorylation of fullprocessed Trk

(~140-145 kDa) and partially unglycosylated Trk (~110 kDa), anandamide induces the

autophosphorylation of only fullprocessed Trk. This difference may be explained by the

findings that PACAP and adenosine transactivate Trk receptors located in the intracellular

membranes (Rajagopal et al., 2004). Still, direct evidence that Trk receptor transaction by

GPCR similarly exists in vivo is missing. Moreover, neuronal activity induces TrkB

activation without the presence of BDNF (Du et al., 2003).

2.5 Neurotrophins and neuronal plasticity in the adult CNS

Beyond their essential roles in mediating the proper development of nervous system (Levi-

Montalcini, 1987; Snider, 1994; Davies, 1994; Huang and Reichardt, 2001), emerging

evidence indicate the key roles of NTs in mediating the plasticity of neuronal networks in

the adult CNS (Thoenen, 1995; McAllister et al., 1999; Poo, 2001). Depending on the

external signals (e.g. neuronal activity, neurotransmitters, and hormones), a neuron either

sprouts axons/dendrites or retracts them (atrophy). Inappropriate stimuli such as excessive

stimuli or total lack of activity can ultimately lead to pathological sprouting or programmed

cell death (apoptosis), respectively. Synaptic connections are continuously eliminated,

generated or modulated (LTD, LTP) depending on external cues. Strikingly, new neurons

are generated in specific brain locations throughout life, and these neurons are capable of

integrating into existing neuronal networks. Finally, although the activity-dependent

organizations of major neuronal networks are set up during early brain development these

networks are most likely plastic in nature throughout life and consequently are modulated

by variety of factors. BDNF and its receptor TrkB are important mediators of all the
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aforementioned changes in neuronal plasticity in both the developing and adult CNS and

are thus crucial factors for the proper organization and maintenance of neuronal networks.

2.5.1 Regulation of synthesis, release and transport

One of the intriguing characteristics of BDNF which indicate its major role in synaptic

plasticity is that its gene expression and protein functions are highly regulated by neuronal

activity (reviewed by Thoenen, 1995; McAllister et al., 1999; Poo, 2001). In addition to

robust brain stimulation induced by seizures (Zafra et al., 1990; Ernfors et al., 1991;

Isackson et al., 1991), more physiological stimuli such as LTP (Patterson et al., 1992;

Castrén et al., 1993), light (Castrén et al., 1992), whisker stimulation (Rocamora et al.,

1996) and motor activity (Russo-Neustadt et al., 1999; Russo-Neustadt et al., 2000) also

increase BDNF mRNA in neurons. Blocking the mRNA evoking stimulus abolishes this

increase in mRNA levels (Castrén et al., 1992). Conversely, GABA mediated inhibitory

neurotransmission reduces BDNF mRNA levels (Zafra et al., 1991). Behavioural context

has also significant effects on BDNF mRNA levels. Whereas enriched environment

(Falkenberg et al., 1992), hippocampal-dependent learning (Kesslak et al., 1998; Hall et al.,

2000) and maternal care received by an offspring (Liu et al., 2000) increases BDNF mRNA

levels in the hippocampus, different stress paradigms (Nibuya et al., 1995; Smith et al.,

1995b; Ueyama et al., 1997; Tsankova et al., 2006) have the opposite effect. Activity-

dependent increases in BNDF mRNA levels often coexist with increased BDNF protein

levels (Nawa et al., 1995; Fawcett et al., 1997) thus suggesting that changes in BDNF

mRNA levels reflect changes in the actions of BDNF (e.g. increased translation and

release). Whereas robust neuronal activity induces similar but less pronounced increases in

NGF mRNA levels, the mRNA levels of NT-3 and NT-4/5 are not generally up-regulated

(Poo, 2001). In contrast, neuronal activity which promotes BDNF mRNA levels in the

hippocampus reduces NT-3 levels (e.g. Castrén et al., 1993).

In addition to transcriptional regulation, the release of BDNF is significantly regulated by

neuronal activity (Ghosh et al., 1994; Thoenen, 1995; Goodman et al., 1996; Canossa et al.,

1997; Mowla et al., 1999; Balkowiec and Katz, 2002). Importantly, pattern of stimulation is

an important factor regulating BDNF release. Burst stimulation and 100 Hz tetanus

stimulation, paradigms that elicit LTP, are the most effective in inducing native BDNF

release in hippocampal cultures (Balkowiec and Katz, 2002). In addition to conventional

depolarization agents, NTs themselves also increase the release of NTs acting through Trk-

mediated PLC 1 signalling (Canossa et al., 1997) pointing out an important positive feed-
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back loop in NT signalling. Activity-dependent BDNF release has also been examined

indirectly, by assaying the activation of TrkB receptors. Depolarization promoted by

kindling seizures and kainate receptor agonists induces TrkB autophosphorylation (pTrkB)

in vivo (Aloyz et al., 1999; Binder et al., 1999). In addition, agents that augment

extracellular monoamines such as yohimbine ( 2-antagonist) and imipramine (monoamine

reuptake blocker) produce rapid activation of TrkB in the rodent cortex (Aloyz et al., 1999;

Saarelainen et al., 2003).

The transport and local protein synthesis of BDNF and TrkB are also modulated by

neuronal activity. Depolarization promotes the transport of BDNF and TrkB mRNAs to the

neurites, and this coincides with increased levels of these proteins (Tongiorgi et al., 1997).

Moreover, depolarization rapidly recruits TrkB from internal stores to the plasma

membrane of cultured neurons (Meyer-Franke et al., 1998; Du et al., 2000).

The aforementioned activity-dependent changes in BDNF gene expression, release and

functions are largely mediated by signalling events regulated by [Ca2+]i and cyclic-AMP

(Poo, 2001). For example, blocking L-type Ca2+ channel with nifedipin abolishes

depolarization-induced increase in BDNF mRNA levels (Zafra et al, 1990).

2.5.2 Synaptic transmission and long-term potentiation

NTs also have more direct effects on synaptic functions. For example, NTs have been

reported to enhance excitatory synaptic transmission in cultures obtained from embryonic

hippocampal neurons (Lessmann et al., 1994; Kang and Schuman et al., 1995; Levine et al.,

1995; Levine et al., 1996). Moreover, BDNF induces rapid (within tens of milliseconds)

membrane depolarization (similar to that observed by glutamate) in hippocampal and

cortical slices (Kafitz et al., 1999) and this action was subsequently shown to be mediated

by the association of TrkB with the sodium channel Na(V)1.9 (Blum et al., 2002).

Interestingly, BDNF mediated Na+ conductance seems to increase long-term rhythmic

activity in the neuronal networks of hippocampus (Fujisawa et al., 2004). Moreover, brief

depolarization of the presynaptic neuron in the presence of low BDNF concentration

resulted in a marked potentiation of spontaneous and evoked transmitter secretion, whereas

exposure to either low BDNF concentration or depolarization alone had no effect

(Boulanger and Poo, 1999). Given the actions of NTs on neurotransmission it is not

surprising that NTs and particularly BDNF have rapid effects on neurotransmitter release

(Sala et al., 1998; Goggi et al., 2002). These changes are most likely mediated by

stimulatory changes in the functions of synaptic vesicle-associated proteins such as
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synapsin, synaptophysin and synaptobrevin (Takei et al., 1997; Pozzo-Miller et al., 1999;

Jovanovic et al., 2000). BDNF does not significantly modulate basal neurotransmitter

release but can augment depolarization-evoked release of classical neurotransmitters.

Together these results show that the stimulatory actions of BDNF are restricted to active

synapses. Importantly, BDNF signalling facilitates the early- and late-phages of long-term

potentiation (LTP), a cellular model for learning and memory, in the hippocampus (Kang et

al., 1997; Korte et al., 1998). In BDNF knock-out mice, LTP is impaired and application of

exogenous BDNF restores LTP in these mice (Patterson et al., 1996; Korte et al., 1998).

Subsequently it was observed that it is TrkB PLC 1 signalling, but not TrkB Shc signalling,

which is vital for hippocampal LTP (Minichiello et al., 2002). In addition, application of

BDNF enhances LTP in the neonatal hippocampus, where endogenous BDNF levels are

low (Figurov et al., 1996). Pairing a weak burst of synaptic stimulation with brief dendritic

BDNF application caused an immediate and robust induction of LTP (Kovalchuk et al.,

2002) thus again supporting the hypothesis that the actions of BDNF are highly dependent

on neuronal activity. Increased synaptic activity further increases the actions of BDNF

(Knipper et al., 1994; Saarelainen et al., 2001) thus revealing the positive regulatory loop of

TrkB signalling at active synapses. Finally, in line with its involvement in regulating LTP

formation, abnormal or reduced BDNF mediated TrkB signalling in humans and rodents is

associated with impairments in learning and memory (Ma et al., 1998; Saarelainen et al.,

2000b; Egan et al., 2003;) whereas enhanced TrkB signalling is associated with better

learning and memory (e.g. Koponen et al., 2004).

The interactions between brain inhibitory GABAergic neurotransmission and TrkB

signalling are manifold. BDNF signalling suppresses inhibitory transmission (Tanaka et al.,

1997; Frerking et al., 1998) whereas GABAergic neurotransmission reduces the actions of

BDNF (Zafra et al., 1991). Moreover, increased synaptic inhibition in the dentate gyrus of

hippocampus is observed in the BDNF deficient mice (Olofsdotter et al., 2000). Yet, BDNF

mediated TrkB signalling is required for the maturation of GABAergic synapses (Marty et

al., 1996; Bartrup et al., 1997; Huang et al., 1999; Yamada et al., 2002). Recently, BDNF

was shown to suppress Cl- -mediated fast inhibitory neurotransmission by decreasing the

expression of K+/Cl- co-transporter KKC-2 (Rivera et al., 2002). In conclusion, BDNF

mediated TrkB signalling modulates major inhibitory and excitatory neurotransmitter

systems in the brain and consequently importantly affects the overall network activity.
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2.5.3 Axonal sprouting, dendritic arborisation and neurogenesis

The early findings that NTs induce robust neurite sprouting and dendritic branching in the

PNS neurons in vivo and in vitro (Snider, 1994; McAllister et al., 1999) suggested that NTs

change the complexity of neuronal connections in the developing and adult CNS as well.

Indeed, NTs and particularly BDNF produce significant increases in axonal branching and

complexity and length of dendrites in CNS neurons (Cohen-Cory and Fraser, 1995;

McAllister et al., 1995; Gallo and Letourneau, 1998). In addition, BDNF signalling is

crucial for the establishment of functional neuronal connections in the CNS (McAllister et

al., 1999). For example, local infusion of excess BDNF or BDNF antibodies in the primary

visual cortex prevented segregation of thalamic afferents during development (Cabelli et

al., 1995). BDNF is also involved in adult neurogenesis. For example, infusion of BDNF

into the lateral ventricle of the adult rat brain leads to new neurons in the parenchyma of the

striatum, septum, thalamus, and hypothalamus (Pencea et al., 2001). Similarly, BDNF

infusion to the adult hippocampus (hilus) increases the formation of new granule cells

(=neurons) (Scharfman et al., 2005). Recent evidence also suggests that BDNF promotes

the survival of these newly generated neurons (Barnabe-Heider and Miller, 2003; Sairanen

et al., 2005). Finally, increased and reduced BDNF levels coexist with increased or reduced

number of synapses, respectively (Causing et al., 1997; Huang et al., 1999).
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3 NEUROTROPHINS AND ANTIDEPRESSANT DRUGS

3.1 Discovery of antidepressants

The first chemical antidepressants, iproniatsid and imipramine, were found serendipitously

almost 60 years ago (Slattery et al., 2004; Castrén, 2005). While chemically quite different,

both agents were known to rapidly enhance monoaminergic tone either by blocking

monoamine catabolism (iproniatsid) or reuptake (imipramine). These findings together with

clinical observations formed the “monoamine hypothesis of depression”: depression is

caused by a chemical imbalance or lack of brain monoamines and antidepressants act by

counteracting this change (Schildkraut, 1965). Based on this, a number of new

antidepressant drugs targeting brain monoamine system were developed (Table  1).

Consequently, the mechanism and effectiveness of all clinically used antidepressants are

basically the same. Interestingly, lithium that is generally used as a mood stabilizer also

possesses antidepressant activity and can be used as an augmenting agent in combination

with conventional antidepressants (Fawcett, 2003). Similarly to other antidepressant

treatments, the effectiveness of lithium for mood disorders was found by chance (Schou,

2001). In contrast to antidepressants, the primary target for lithium action is unknown

(Shaldubina et al., 2001). Electroconvulsive therapy (ECT) is the first physical treatment

option for mood disorders that is still currently accepted but its clinical use is mainly

restricted to treatment-resistant depression. The origin of ECT can be traced back to the

year 1936 when chemically-induced seizures were shown to rapidly alleviate the psychotic

symptoms in a patient (Fink, 2001). Subsequently, a variety of seizure-inducing methods,

such as ECT, were trialled (Fink, 2001).

Antidepressant treatments are not specific for the treatment of mood disorders. For

example, ECT is used effectively for a variety of neuropsychiatric diseases such as

schizophrenia. Lithium and antidepressants, most notably SSRIs and TCAs, are also

effective in the treatment of many nervous system diseases, also beyond psychiatric

disorders (e.g. bulimia, chronic neuropathic pain, premenstrual syndrome, stuttering, post-

traumatic stress and related anxiety disorders) (Castrén, 2005). Importantly, regardless of

indication (if not due to a secondary effect), the clinical effects of all antidepressant

treatments become evident after considerable delay (2-3 weeks) (Frazer and Benmansour,

2002). The requirement of long-term and repetitive treatment has led to the hypothesis that

long-term plastic adaptations in the CNS are necessary for the therapeutic actions of

antidepressants (Duman et al., 1997; Nestler et al., 2002; Castrén, 2004a). Since chemical

antidepressants primarily target brain monoaminergic neurocircuits, brain systems that are
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involved in mood regulation, the majority of early experiments were conducted to elucidate

long-term changes in protein expression and function involved in monoaminergic signalling

(Dubovsky et al., 2003). However, no such monoaminergic component was found to be

similarly regulated by different kinds of antidepressant treatments or mood disorders

(Dubovsky et al., 2003). In fact, many non-aminergic psychopharmacological agents have

recently shown antidepressant-like potential in rodents and in humans. These include for

example NMDA receptor antagonists, NK1 -receptor antagonists and CRF1 –receptor

antagonists (Schechter et al., 2005). Unfortunately, the clinical use of these novel drugs is

limited due to severe adverse effects or insufficient clinical effect. These findings however

importantly point out that a direct monoaminergic component may not be crucial for

antidepressant action and therefore suggests that alternative agents may act through diverse

molecular routes which converge on final common neuroplastic events which are critical

for recovery.

Table 1 Clinically used antidepressants in Finland. For abbreviations, see pages 9-10.

Group Primary mechanism of action Antidepressant
2-antagonists Increase extracellular monoamine levels by inhibiting presynaptic Mianserine

inhibitory noradrenergic receptors Milnasipran
D2/D3-antagonists Increase extracellular dopamine levels by inhibiting presynaptic Sulpirid

inhibitory dopaminergic receptors
MAO-A inhibitors Increase extracellular monoamine levels by inhibiting monoamine Moclobemide

metabolism through monoamine oxidase-A
NSRI Selectively increase extracellular noradrenalin and serotonin Doxepin

levels by inhibiting their reuptake through presynaptic monoamine Venlafaxine
transporters: SERT and NET Duloxetine

SNRI Selectively increase extracellular noradrenalin levels by inhibiting Reboxetine
their reuptake through presynaptic noradrenalin transporters: NET

SSRI Selectively increase extracellular serotonin levels by inhibiting Fluoxetine
their reuptake through presynaptic serotonin transporters: SERT Trazodone

Fluvoxamine
Paroxetine
Sertraline
Citalopram

TCA Increase extracellular monoamine levels by inhibiting their uptake Clomipramin
through presynaptic uptake transporters: SERT, NET and DAT Trimipramin

Nortriptylin
Amitriptylin

One of the interesting novel hypotheses of antidepressant-induced neuroplastic effects is

that rapid changes in brain neuronal network activity (through monoaminergic system or

other) initiate plastic responses in neuronal networks implicated in mood regulation and
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that these changes ultimately accelerate the recovery from mood disorders (Castrén, 2005).

Importantly, since antidepressants are effective for a variety of CNS diseases, the actions of

these treatments are not directed specifically to certain neuronal networks but rather initiate

plastic responses in many brain circuits. During the last two decades, NTs and particularly

BDNF have been linked to these changes and reduced actions of BDNF are associated with

mood disorders and with other antidepressant-treatable diseases. These associations are

reviewed in detail below.

3.2 Antidepressant-induced changes in neurotrophin function

3.2.1 Neurotrophin mRNA and protein levels

The effects of antidepressant treatments on BDNF gene expression have been extensively

studied (for review see Castrén, 2004a; Duman and Monteggia, 2006). After the pioneering

study by Nibuya et al (1995), many reports using different methological approaches have

consistently reported that long-term treatment with classical antidepressants, lithium and

ECS increase mRNA and/or protein levels of BDNF in the rodent hippocampus and/or

prefrontal cortex (Russo-Neustadt et al., 2001; Ivy et al., 2003; Altar et al., 2003; Altar et

al., 2004; Coppell et al., 2003; Xu et al., 2003; Jacobsen and Mork, 2004; Dias et al., 2003;

De Foubert et al., 2004). However, modest or no changes in BDNF protein levels after

prolonged antidepressant treatment have also been frequently reported (Altar et al., 2003;

Holoubek et al., 2004). Furthermore, it is generally acknowledged that acute antidepressant

or lithium treatment do not alter brain BDNF protein levels at the total tissue level

(Fukumoto et al., 2001; Saarelainen et al., 2003; De Foubert et al., 2004) and that typically

prolonged treatment is needed to attain high basal levels of BDNF mRNA (De Foubert et

al., 2004) (however see Ivy et al., 2003). These findings suggest that repetitive treatment is

vital for the induction of prolonged BDNF gene expression. Since the effects of BDNF are

highly localized to synaptic sites (Poo, 2001) (and specific neuronal circuits) functionally

significant changes in BDNF protein levels may be missed due to quantitatively small

changes. For example, modest but significant increases in BDNF immunoreactivity are

observed only in the CA2 and CA3 subregions of hippocampus after prolonged

antidepressant treatment (De Foubert et al., 2004). In most studies, ECS have produced

more pronounced, widespread and long-lasting effects on brain BDNF mRNA and protein

levels than antidepressant or lithium (Nibuya et al., 1995; Lindefors et al., 1995;

Zetterström et al., 1998; Altar et al., 2003; Jacobsen and Mork, 2004). It is tempting to

speculate that this is linked to the fact that ECT is the most effective antidepressant
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treatment available. Later studies have shown that different BDNF gene transcripts (which

further evolve to identical BDNF protein) (Figure 1) are differently and in a region-specific

manner modulated by antidepressants (Dias et al., 2003) thus suggesting that diverse

antidepressants have directed actions on specific BDNF exon promoters. Again, ECS seems

to have more widespread effects on the expression of different BDNF transcripts (Dias et

al., 2003). Interestingly, the report by Dias et al (2003) showed that antidepressants and

ECS seem to produce more robust changes in exon I and/or II transcripts compared to exon

IV transcript (Dias et al., 2003) which is mostly Ca2+-inducible (Tao et al., 1998). In

contrast, in a recent study (using imipramine) more pronounced effects were observed in

BDNF exons IV and V (Tsankova et al., 2006). Although the effects of BDNF gene

expression has been mostly studied in the rodent hippocampus and prefrontal cortex

(activity seen prominently in glutaminergic neurons), many findings show that

antidepressant treatment up-regulates BDNF mRNA/protein levels also outside these brain

structures (e.g. Altar et al., 2003; Dias et al., 2003; Molteni et al., 2005).

Although not reported by Nibuya et al (1995), many subsequent experiments have also

shown rapid modulation of BDNF mRNA levels in the rodent prefrontal cortex and

hippocampus by antidepressants and ECS. Down-regulation of hippocampal BDNF mRNA

levels is observed after a single antidepressant treatment (Zetterström et al., 1999; Miro et

al., 2002; Coppell et al., 2003). In contrast, increase of BDNF mRNA levels in the frontal

cortex is reported after a single treatment (Zetterström et al., 1999; Miro et al., 2002).

However, in some studies BDNF mRNA levels decrease in both frontal cortex and

hippocampus after acute antidepressant treatments (Coppell et al., 2003; Torregrossa et al.,

2004). These changes indicate that although antidepressants act in a lag-time manner, these

agents produce rapid effects on BDNF release, local synthesis and/or transport.

The lack of significant changes in antidepressant-induced BDNF synthesis observed in

some investigations (see Altar et al, 2003; Jacobsen and Mork, 2004) may be related to fact

that in most studies “healthy” or non-manipulated animals are used. Therefore, one of the

most important studies suggesting that BDNF gene expression is indeed up-regulated after

prolonged antidepressant treatment is the clinical study by Chen et al (2001). The authors

showed that hippocampal BDNF-immunoreactivity was significantly higher in post-mortem

tissue sections obtained from depressive patients treated with antidepressants when

compared to drug-free patients (Chen et al., 2001). Moreover, chronic pre-treatment with

antidepressants blocks the down-regulation of BDNF mRNA promoted by stress (Nibuya et

al., 1995; Russo-Neustadt et al., 2001; Alfonso et al., 2006). Antidepressant treatments also

normalize the abnormal BDNF serum levels in depressive patients (Shimizu et al., 2003;
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Gonul et al., 2005) and accelerate the recovery of reduced BDNF protein promoted by

restraint stress (Xu et al., 2004). Furthermore, antidepressants in combination with physical

activity or agents stimulating intracellular cAMP production are additive in formation of

BDNF mRNA (Nibuya et al., 1996; Morinobu et al., 1999; Russo-Neustadt et al., 1999;

Russo-Neustadt et al., 2000; Russo-Neustadt et al., 2001). Finally, in a recent study lithium

produced no changes in hippocampal BDNF protein levels in control animals but

significantly up-regulated or reversed BDNF levels in amphetamine-treated animals (a

rodent model for mania) (Frey et al., 2006). Together these results clearly suggest that

diverse antidepressant treatments produce rapid and long-lasting changes in BDNF gene

expression in brain areas related to mood regulation but these changes are often

significantly modulated by the specific state of an animal or human.

Figure  5 Monoamine-mediated hypotheses
of antidepressant-induced BDNF synthesis
and TrkB activation. Antidepressant drugs
increase extracellular monoamine levels by
blocking monoamine uptake or by blocking
monoamine catabolism (1) (see Table  1).
Increased monoamine availability stimulates
membrane-bound receptors which further
regulate intracellular signalling cascades
(Ca2+ dependent kinases, AC-cAMP-PKA)
directing CREB-mediated BDNF gene
expression (3). BDNF mRNA is further
translated into protein and after subsequent
modifications (glycosylation, folding) (4-5)
BDNF is packed (6) and released (7).
Released BDNF then simulates neurotrophic
TrkB receptors (8). Lithium may increase
BDNF synthesis via inhibiting the inhibitory
effect of GSK-3  on BDNF gene expression.
For abbreviations see pages 9-10.

The activity-dependent changes in BDNF gene expression promoted by antidepressants are

largely attributed to changes in the phosphorylation levels of CREB, which directs the

expression of BDNF exon IV (Condorelli et al., 1994; Tao et al., 1998) (Figure 1 and

Figure  5). In support, compelling evidence suggests that antidepressant-induced BDNF

gene expression is mediated through CREB. Most importantly, antidepressant-induced

increases in BDNF mRNA levels are blunted in CREB deficient mice (Conti et al., 2002).

Furthermore, a variety of antidepressants, lithium and ECS increase CREB mRNA, protein

and phosphorylation levels and CRE binding activity in the rodent hippocampus and frontal

cortex (Nibuya et al., 1996; Frechilla et al., 1998; Thome et al., 2000; Chen et al., 2001;

Conti et al., 2002; Drigues et al., 2003; Einat et al., 2003; Saarelainen et al., 2003; Itoh et
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al., 2004; Knuuttila et al., 2004; Tiraboschi et al., 2004; Laifenfeld et al., 2005). Yet, it

should be mentioned again that some antidepressants and ECS produce significant and even

more pronounced changes in the mRNA levels of BDNF exons I and II (Dias et al., 2003).

The signalling events that ultimately regulate antidepressant-induced CREB activation are

unknown. Since antidepressants increase monoaminergic tone by increasing monoamine

bioavailability in the extracellular space, monoaminergic receptors might be involved, as

suggested by Duman (1997) (Figure 5). Although monoaminergic receptor down-

regulation is a common and well known adaptative change during continuous

antidepressant therapy, emerging evidence suggests that adenylate cyclase (AC) and protein

kinase-A (PKA) activity are actually enhanced during prolonged antidepressant treatment

(Duman et al., 1997) supporting the notion that antidepressants increase BDNF gene

expression through monoaminergic receptors. Many monoaminergic receptors couple to

AC-PKA cascade or other signalling events (e.g. 1- and 1-adrenergic receptors, 5-HT2,4,7

–serotonergic receptors) that can regulate CREB phosphorylation (Duman et al., 1997)

(Figure  5). Furthermore, induction of cAMP formation induces antidepressant-like

behavioural effects in rodents and stimulates BDNF mRNA levels in vitro and in rodent

hippocampus and further enhances antidepressant-induced BDNF mRNA up-regulation

(Condorelli et al., 1994; Morinobu et al., 1999; Fujimaki et al., 2000). In addition, a recent

study by Ivy et al (2003) showed that antidepressant-induced BDNF mRNA increase is

blunted by prior blockade of -adrenergic or 5-HT1A/5-HT2A –serotonergic receptors.

However, to date only 5-HT2A-receptor agonists have shown to mediate the regulation of

BDNF gene expression in vivo (Vaidya et al., 1997). 5-HT2A-receptor agonists also

attenuate the decrease in BDNF mRNA promoted by stress (Vaidya et al., 1999b). In

theory, any signalling event regulating [Ca2+]i can modulate the phosphorylation of CREB

and further BDNF transcription (Shaywitz and Greenberg, 1999). Consequently,

antidepressants could regulate CREB phosphorylation and BDNF gene expression also, at

least partially, through BDNF receptor TrkB (Finkbeiner et al., 1997) (see Figure  3).

Therefore, both TrkB and monoamine-mediated induction of BDNF gene expression may

be important for antidepressant action.

The molecular events regulating the stimulatory actions of ECS and lithium on BDNF gene

expression may differ from those of classical antidepressants. Specifically, some evidence

exists that lithium increases CREB-mediated BDNF gene expression via blocking the

inhibitory effect of glycogen synthase kinase-3  (GSK-3 ) on BDNF gene expression

(Grimes and Jope, 2001; Mai et al., 2002) (Figure  5). Lithium actually increases BDNF

protein in primary cortical cultures (as do inhibit GSK-3 ) (Hashimoto et al., 2002), a
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finding that have not been yet observed with antidepressants. ECS could regulate BDNF

gene expression by increasing Ca2+ influx through neuronal depolarization (Tao et al.,

1998) or some unknown mechanism. Recent evidence has also raised the important role of

chromatin remodelling at gene promoter regions as an epigenetic mechanism of NT gene

expression. Specifically, recent studies by Tsankova et al (2004, 2006) have shown that

antidepressant treatments produce significant alteration in chromatin remodelling at BDNF

gene promoter regions.

3.2.2 TrkB activation and signalling

Although antidepressants increase BDNF gene expression, surprisingly few studies have

studied the effects of antidepressants on the activation of TrkB, the primary receptor for

BDNF. This is a highly relevant issue for at least four reasons: 1) increased BDNF levels

do not necessarily mean that the release of BDNF is increased, 2) rapid increases in BDNF

mRNA levels may be a reflection of transcriptionally independent release of BDNF from a

releasable pool of BDNF vesicles, 3) in addition to TrkB, BDNF (particularly the pro-

BDNF) can activate the p75NTR receptor (which often mediates opposite functions than

those of TrkB), and 4) the bioavailability of BDNF and the activity status of TrkB are

significantly modulated by truncated TrkB receptors. The effects of antidepressant on TrkB

gene expression have been studied, but these results are rather difficult to interpret: both

chronic stress and chronic antidepressant treatment increase the mRNA levels of TrkB

catalytic transcript (Nibuya et al., 1995; Nibuya et al., 1999). Antidepressants also increase

the mRNA levels of the truncated form of TrkB (Nibuya et al., 1995).

As mentioned above, rapid alterations in brain BDNF mRNA levels by antidepressants

(Zetterström et al., 1999; Miro et al., 2002; Coppell et al., 2003; Torregrossa et al., 2004)

may reflect enhanced release of BDNF and subsequent translation of newly synthesized

BDNF or its packaging. Moreover, long-term changes in BDNF protein levels can enhance

the BDNF replenishing capability of a neuron for continuous stimulation. Aloyz et al

(1999) were the first to show that rapid stimulation of central noradrenergic

neurotransmission (common effect for noradrenergic antidepressants) resulted in a rapid

and significant increase in TrkB autophosphorylation status in the mouse cortex (Aloyz et

al., 1999). The authors also showed that kainic acid (kainate receptor agonist), which

readily increased brain BDNF mRNA levels, also induced TrkB activation in the cortex

(Aloyz et al., 1999). Interestingly, soon after the pTrkB response, the levels of pro- and

mature-BDNF were elevated (Aloyz et al., 1999) thus indicating the need for new local
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BDNF synthesis (see Tongiorgi et al., 1997; Tongiorgi et al., 2004) due to prior release of

BDNF. The early findings that BDNF is located in noradrenergic neuron terminals (Fawcett

et al., 1997; Fawcett et al., 1998) suggested that TrkB autophosphorylation induced by

yohimbine was regulated by anterogradily released BDNF (Aloyz et al., 1999). Another

key finding observed by Aloyz et al (1999) was that the phosphorylated TrkB receptors

were highly enriched and restricted to the synaptic fractions. By using this same assay,

Saarelainen et al (2003) later showed that the monoamine transporter blocking

antidepressants imipramine and fluoxetine produce similar rapid changes in TrkB

autophosphorylation status in the mouse anterior cingulate cortex. Increases in TrkB

autophosphorylation were also observed after long-term treatment (Saarelainen et al., 2003)

and this observation was recently replicated by Wyneken et al (2006). Lithium has been

shown to induce TrkB activation in primary cortical neurons (Hashimoto et al., 2002), but

only after prolonged administration. To date, the effects of ECS or lithium on TrkB

activation in vivo has not been studied. It should be mentioned however, that repeated

kindling seizure (robust electrical activity) increases the autophosphorylation of TrkB in the

rodent hippocampus, but the significant effect is observed only after many hours following

the seizures (Binder et al., 1999). However, in this particular study the phosphorylation

status of TrkB was not assessed at the very early time points.

Antidepressant-induced TrkB autophosphorylation is likely mediated by enhanced release

of BDNF. Indeed, Wyneken et al (2006) showed that TrkB autophosphorylation coincided

with reduced levels of TrkB protein in synaptosomes, indicating increased down-regulation

of TrkB receptors ligand-dependently (Haapasalo et al., 2002). Yet the molecular

mechanism that might regulate BDNF release is unknown. Activation of the cAMP

cascade, an event that is regulated by many monoaminergic receptors, results in an increase

in BDNF release in vitro experiments (Goodman et al., 1996). However, since BDNF

release is not directly shown, other mechanisms may also be involved. For example,

emerging evidence indicates that receptors coupling to cAMP cascades increases the

membrane expression or transactivation of TrkB (Lee and Chao, 2001; Berghuis et al.,

2005; Ji et al., 2005). Whether these mechanisms mediate the antidepressant-induced TrkB

activation remain to be solved.

As reviewed earlier, antidepressants induce the phosphorylation and activation of CREB in

the rodent and human brain (Frechilla et al., 1998; Thome et al., 2000; Chen et al., 2001;

Conti et al., 2002; Saarelainen et al., 2003; Itoh et al., 2004; Tiraboschi et al., 2004;

Laifenfeld et al., 2005), and since TrkB couples to signaling cascades regulating CREB,

this might be partially mediated through TrkB. The findings that the CREB (and TrkB)
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phosphorylation response by antidepressants is blunted in mice which over-express the

dominant-negative truncated TrkB (Saarelainen et al., 2003) significantly supports this

hypothesis. If antidepressants produce rapid (within 30 min) activation of CREB through

TrkB, alterations in BDNF gene expression might be regulated, at least partially, by this

positive loop. The TrkB downstream signaling events which regulate antidepressant-

induced changes in CREB activity are not known. In support, although speculative, the

study by Minichello et al (2002) indicates that the TrkB PLC 1 site is likely mediating this

effect. A study by Joshi et al (1999) showed indirect evidence that some antidepressants

(but only at high concentrations) induce [Ca2+]i via stimulating PLC 1 signaling in vitro.

Some evidence also suggests that antidepressants modulate the signaling cascades mediated

by the TrkB Shc binding site (see Figure 3). For example, indirect evidence suggests that

the PI3-k/Akt cascade is activated by the antidepressant imipramine in vitro (Basta-Kaim et

al., 2005). Whereas in vivo studies suggest that antidepressants reduce MAPK

phosphorylation (indicator of reduced activity) (Popoli et al., 2002; Fumagalli et al., 2005),

in vitro studies suggest that antidepressants (or monoamines) activate these signalling

molecules (Tolbert et al., 2003; Mercier et al., 2004; Ha et al., 2006). In contrast, the work

by Einat et al (2003) convincingly demonstrates that many of the Shc-mediated signalling

events (MAPK, Akt, CREB, Rsk) are activated by chronic lithium treatment in rat

hippocampus and frontal cortex. Of the many other TrkB intracellular molecules linked to

TrkB, Grb2 is up-regulated by ECS in the rodent hippocampus and frontal cortex (Altar et

al., 2004; Newton et al., 2004).

3.3 Mood disorders and neurotrophins

3.3.1 General introduction to mood disorders

Despite the fact that mood disorders have been identified since antiquity little is known

about the neurobiological basis of these diseases. Today mood disorders are classified into

two major categories:  major depression (MDD) and bipolar mood disorder (BP). Yet,

given the myriad number of symptoms (Table  2), which are not universally manifested,

most likely a series neurobiologically distinguishable mood disorders exists (Dubovsky et

al., 2003). Mood disorders are one of the most common and disabling chronic diseases

worldwide and often precipitate or coexist with other serious diseases (e.g. anxiety,

coronary heart disease) (Wong and Licinio, 2001; Dubovsky et al., 2003). The prevalence

of MDD and BP are about 3-12% and 1-2.5%, respectively (Dubovsky et al., 2003). MDD

is about 2-3 times more common in females when compared to males (Wong and Licinio et
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al., 2001). Although mood disorders are frequently familial, the specific genes that are

linked to the aetiology of these disorders are unknown (Dubovsky et al., 2003).

Table 2 Cardinal features of mood disorders (Dubovsky et al., 2003).

Depression Mania
Anhedonia Decreased need for sleep
Depressed mood High self-esteem
Weight loss/gain Distractibility
Insomnia/hypersomnia Talkative
Psychomotor retardation Flight of ideas
Loss of energy Excessive involvement in pleasurable activities
Guilt Hallucinations
Feeling of worthlessness
Problems to concentrate
Recurrent thoughts of death
Suicial thoughts

3.3.2 Atrophic changes associated with mood disorders

Recent neuropathological and brain imaging studies suggest that neuronal communications

are compromised in patients suffering from mood disorders (reviewed by Drevets, 2000;

Manji et al., 2001; Castrén, 2004a; Castrén, 2005; Ebmeier et al., 2006). Specifically, a

consistent observation is that the size of the hippocampus is reduced in patients suffering

from major depression and other stress-related psychiatric disorders (e.g. Bremner et al.,

1995; Sheline et al., 1996; Sheline et al., 1999; Bremner et al., 2000; Steffens et al., 2000;

Vythilingam et al., 2002; MacQueen et al., 2003; Kitayama et al., 2005). Duration of

illness, repeated episodes, treatment resistance and previous abuse are associated with more

pronounced hippocampal damage (Ebmeier et al., 2006). However, abnormal changes in

hippocampal volume are observed sometimes very early in the disease process (Frodl et al.,

2002). In addition, reductions in mean grey matter volume have been observed in the

prefrontal cortex of both MDD and BP patients (Drevets et al., 1997; Botteron et al., 2002;

Bremner et al., 2002). Reductions in hippocampal volume do not appear to be due loss of

cells or reduced neurogenesis (Lucassen et al., 2001; Reif et al., 2006) thus suggesting that

mood disorders are associated with neuronal atrophy and thus with a reduced number of

neuronal connections. Indeed, mood disorders are often associated with abnormal changes

in many cognitive functions (for review see Ebmeier et al., 2006). In addition, post-mortem

studies indicate that glial cell numbers are reduced in the cortex of mood disorder patients

(Öngur et al., 1998; Rajkowska et al., 1999). Since glial cells are crucial for the

maintenance of synaptic connections, the reduced number of these cells is an indirect

indicator of reduced neuronal connections. Although all the factors mediating these
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atrophic changes are not known, it is interesting that uncontrollable stress often has a

pronounced (and similar to that seen in mood disorders) impact on cellular survival and

morphology, particularly in the hippocampus (reviewed in McEwen, 1999). For example,

stress inhibits hippocampal neurogenesis (Gould et al., 1997; Tanapat et al., 1998) and

produces atrophy in the hippocampal pyramidal neurons (Watanabe et al., 1992; Fuchs et

al., 1995; Magarinos et al., 1996; Magarinos et al., 1998). Importantly, effective

antidepressant treatment seems to protect against hippocampal volume loss in humans

(Sheline et al., 2003) and prevents stress-induced atrophic changes in rodent hippocampus

(Czeh et al., 2001).

3.3.3 Changes in neurotrophic factors and their signalling

Emerging evidence indicates that BDNF mediated TrkB signalling is not only involved in

the mechanism of action of antidepressants but is also associated with the aetiology of

mood disorders. For example, a Val66Met polymorphism in the BDNF coding region

(Figure 1), which has been shown to influence activity-induced BDNF release (Egan et al.,

2003), has been linked to familial bipolar disorder (Neves-Pereira et al., 2002; Sklar et al.,

2002) and to other antidepressant-treatable psychiatric diseases (see Castrén, 2004a).

Moreover, BDNF protein levels are significantly reduced in unmedicated depressed patients

when compared to antidepressant-treated subjects (Chen et al., 2001). Although this

particular study did not directly show that depressive patients have less hippocampal

BDNF, recent findings suggest that victims of suicide, which is often linked to mood

disorders, have significantly lower levels of BDNF in the frontal cortex and hippocampus

(Dwivedi et al., 2003; Karege et al., 2005b). As revealed by post-mortem analyses, the

phosphorylation and protein levels of CREB are significantly reduced in the cortex of

depressive patients (Dowlatshahi et al., 1998; Yamada et al., 2003) and the changes in total

CREB levels are normalized in antidepressant-medicated patients (Dowlatshahi et al.,

1998). In addition, reduced BDNF plasma levels have been observed in depressed patients

(Karege et al., 2002; Karege et al., 2005a). Interestingly, during tryptophan depletion (a

precipitation factor for major depression in drug-treated patients) BDNF levels increased in

healthy volunteers but in depressed patients BDNF levels remained low (Neumeister et al.,

2005). In addition, stress and glucocorticoids down-regulate mRNA levels of BDNF and

CREB (Cosi et al., 1993; Nibuya et al., 1995; Smith et al., 1995b; Tsankova et al., 2006;

Alfonso et al., 2006). Importantly, prolonged antidepressant treatment reverses the BDNF

mRNA down-regulation promoted by stress (e.g. Tsankova et al., 2006). The mechanism of
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BDNF mRNA down-regulation is currently unclear but repression of transcription through

BDNF gene histone methylation or inhibition of CREB signalling may be involved (Duman

et al., 1997; Tsankova et al., 2004; Tsankova et al., 2006). In respect to the chromatin

remodelling it is interesting that antidepressants and stress increase and reduce BDNF gene

expression, respectively, via different molecular routes (Tsankova et al., 2006).

3.4 Brain monoaminergic systems and neurotrophins

Brain monoaminergic systems are associated with mood disorders and all clinically

effective antidepressants primarily target these systems. Therefore it is likely that

antidepressants produce long-term plastic alterations in brain monoaminergic neurocircuits.

Supporting this hypothesis, emerging evidence suggests that NTs are involved in short- and

long-term plasticity of CNS monoaminergic (particularly serotonergic) neurons (reviewed

by Altar, 1999; Mattson et al., 2004). Specifically, in vivo infusions of BDNF (or other

TrkB ligands) significantly modulates the turnover or levels of serotonin, noradrenalin and

dopamine in the rat forebrain (hippocampus, neocortex, basal ganglia) (Martin-Iverson et

al., 1994; Altar et al., 1994; Siuciak et al., 1996; Siuciak et al., 1998). BDNF also

potentates depolarization-induced release of dopamine and serotonin in vitro (Goggi et al.,

2002) and increases the mRNA levels of tryptophan hydroxylase (the rate-limiting enzyme

in serotonin synthesis) (Siuciak et al., 1998). Moreover, local infusion of BDNF modifies

the firing pattern of dorsal raphe serotonergic neurons (Celada et al., 1996) thus suggesting

that BDNF produces overall changes in serotonergic network activity.

In cell cultures, BDNF up-regulates the phenotype and differentiation of serotonergic and

noradrenergic neurons (Galter and Unsicker, 2000a; Galter and Unsicker, 2000b;

Rumajogee et al., 2002; Rumajogee et al., 2004; Guo et al., 2005). Infusion or viral-

expression of BDNF or NT-3 into the brain accelerates the regrowth of serotonergic nerve

fibres following their destruction by a serotonergic neurotoxin (Mamounas et al., 1995;

Grider et al., 2005; Mamounas et al., 2000). Furthermore, infusions of BDNF into the adult

rat neocortex produce a robust sprouting of 5-HT nerve terminals (Mamounas et al., 1995).

Similar but less pronounced observations are seen in noradrenergic neurons, but only in

aged animals (Matsunaga et al., 2004). Neutralization of endogenous BDNF with a specific

function-blocking antibody against BDNF led to a reduction in noradrenergic axons in the

frontal cortex of 19-month-old rats (Matsunaga et al., 2004). Following partial denervation

of brain serotonergic axons by stress, 5-HT axon density was increased whereas NA axon

density reduced (Liu et al., 2004) suggesting that these monoaminergic neurocircuits are
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differently modulated by stress. Increased 5-HT axon density was accompanied with

increased BDNF levels (Liu et al., 2004) further supporting the positive effects of BDNF on

serotonergic system.

Further evidence for the functional interactions between brain serotonergic systems and

BDNF signalling comes from studies conducted with BDNF deficient mice. BDNF +/-

mice exhibit many behavioural/physiological disturbances associated with serotonergic

system (Lyons et al., 1999). In BDNF and SERT double mutant mice, hippocampal neurons

exhibited 25-30% reductions in dendrites compared to control mice (Ren-Patterson et al.,

2005). Interestingly, in BDNF-/- mice the number of serotonin-immunoreactive neuronal

somata, the amount of the serotonin transporter and the brain serotonin contents were

increased (Djalali et al., 2005). Yet, BDNF +/- mice show accelerated age-related

degeneration of 5-HT forebrain innervation (Szapacs et al., 2004). Finally, low serotonergic

activity is suggested to correlate with reduced BDNF plasma concentrations (Lang et al.,

2005).

3.5 Neurotrophin-like effects of antidepressants

The findings showing that antidepressants increase BDNF gene expression and TrkB

signalling suggest that antidepressants produce long-term structural neurotrophic changes

in brain. In support, Duman and co-workers were the first to demonstrate that long-term

treatment with antidepressants produces cellular proliferation in the hippocampus (Malberg

et al., 2000). In tissue sections, these newborn cells are co-labelled with neuronal, but not

glial, markers (Malberg et al., 2000) further supporting that antidepressants specifically

increase the genesis of new neurons. Many later studies have confirmed these observations

(Manev et al., 2001; Khawaja et al., 2004; Sairanen et al., 2005) and in addition lithium and

ECS, when administered several times, were also shown to increase hippocampal

neurogenesis (Chen et al., 2000; Madsen et al., 2000). Interestingly, lithium and

antidepressants seem to induce the dividing of hippocampal progenitor cells also in vitro

(Manev et al., 2001; Kim et al., 2004). The antidepressant tianeptine (although not in

clinical use) also blocks stress-induced decrease in hippocampal neurogenesis (Czeh et al.,

2001). Chronic ECS promote long-lasting sprouting of mossy fiber axons in the rodent

hippocampus (Gombos et al., 1999; Vaidya et al., 1999a). Similarly to BDNF,

antidepressants produce trophic actions on brain monoaminergic neurons (Kitayama et al.,

1997). The molecular mechanism and role of neurogenesis mediating the therapeutic

actions of antidepressants is not known. Interestingly however, the behavioural effects of
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antidepressants are abolished in rodents whose hippocampal neurogenesis is inhibited

(Santarelli et al., 2003). In addition, in 5-HT1A knock-out mice, fluoxetine failed to induce

neurogenesis (Santarelli et al., 2003). Yet, 5-HT1A knock-out mice responded to imipramine

and desipramine suggesting that diverse antidepressants may induce neurogenesis through

separate molecular routes.

Increasing evidence suggests that antidepressant-induced changes in pCREB and TrkB

signalling mediate antidepressant-induced neurogenesis and survival. Increased and

decreased expression of pCREB in the hippocampus promotes and reduces, respectively,

hippocampal neurogenesis (Nakagawa et al., 2002a; Nakagawa et al., 2002b). In addition,

agents which stimulate the intracellular cAMP cascade increase hippocampal neurogenesis

(Nakagawa et al., 2002b). Importantly, prolonged antidepressant and lithium treatment

reverses or protects against stress induced atrophic changes in hippocampus (Malberg et al.,

2000; Czeh et al., 2001; van der Hart et al., 2002; Vermetten et al., 2003; Wood et al.,

2004). Baseline neurogenesis is lower in BDNF +/- mice (Lee et al., 2002, however see

Sairanen et al., 2005), but neurogenesis is induced by antidepressants in these mice to a

similar degree to that observed in wild-type animals (Sairanen et al., 2005). Interestingly,

Sairanen et al (2005) also showed that not only do antidepressants increase neurogenesis

but also neuronal apoptosis. Furthermore, neuronal survival was reduced in BDNF +/- and

TrkB.TK- mice (Sairanen et al., 2005). Thus, neuronal survival, but not neurogenesis, is

regulated by TrkB. Whether, the increased apoptosis induced by antidepressants represents

true neuronal turnover, or just the apoptosis of newly generated neurons, remains unclear.

A recent clinical study did not observe increases in stem cell proliferation in depressed

patients (Reif et al., 2006). Antidepressant treatments also produce functional changes in

neuroplasticity. Antidepressants reduce hippocampal LTP but reverse the inhibitory effects

of stress on LTP (Steckler et al., 2001; Langosch and Walden, 2002; Kojima et al., 2003;

Matsumoto et al., 2005).

3.6 Antidepressant-like effects of neurotrophins

Numerous preclinical tests are used to assess antidepressant-like behaviours in rodents

(Cryan et al., 2002), of which the forced swim test (FST) and the tail suspension tests

(TST) are among the most widely used. In these tests, a rodent is subjected to an

inescapable stress situation and when prolonged or repeated the depressive (or despair)

behaviour is increased (e.g. increased immobility and reduced struggling). Although the

therapeutic effectiveness of antidepressants become evident after weeks of repeated
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treatment, acute (mice) or short-term (rats) antidepressant treatment is sufficient to reduce

behavioural despair in these tests. By using these tests, many studies have elucidated

antidepressant-like effects of NTs and the role of NT signalling in mediating the

behavioural actions of chemical antidepressants. Emerging evidence suggests that increased

BDNF signalling is associated with antidepressant-like behaviours in rodent depression

models. Specifically, Siuciak et al (1997) was the first to report that short-term (6-7 days)

intra-midbrain treatment of BDNF produces antidepressant like effect in the FST and in the

LHT (Siuciak et al., 1997) and this effect was subsequently confirmed by Shirayama et al

(2002) by infusing BDNF (or NT-3) to the dentate gyrus of hippocampus. Since

antidepressants produce specific increase in BDNF immunoreactivity in CA3 region of

hippocampus (De Foubert et al., 2004), it is interesting that the infusion of BDNF, but not

NT-3, to CA3 region of hippocampus produces similar behaviour in these tests (Shirayama

et al., 2002). Furthermore, a single intracerebroventricular injection of BDNF (1.0 µg), and

of IGF-I, produces similar changes in modified rat FST (Hoshaw et al., 2005). Significant

effect is evident already after 3 days of an infusion (Shirayama et al., 2002; Hoshaw et al.,

2005), but unfortunately the earliest time-point when these behavioural effects are evident

have not been examined or reported. Compared to the classical antidepressants, the effects

of BDNF on these behaviours are long-lasting (Shirayama et al., 2002; Hoshaw et al.,

2005). However, relatively high doses of BDNF need to be administered to achieve these

behavioural responses.

The mechanism that mediates BDNF´s effects in the behavioural despair tests remains

unclear. However, existing literature strongly indicate that chemical antidepressants act via

augmenting monoaminergic tone in these tests (Cryan et al., 2004). Therefore, the trophic

actions of NTs on brain monoaminergic systems might ultimately lead to similar changes in

extracellular monoamines as observed after chemical antidepressants (see 3.4 Brain

monoaminergic systems and neurotrophins). Therefore it is important to evaluate the

relationship between brain monoamines (particularly extracellular) and the behaviour

augmented by NTs. CREB is one of the key intracellular targets of TrkB activation and thus

one of the candidates regulating BDNF-induced behaviours. Indeed, over-expression of

CREB in hippocampus produces an antidepressant effect (Chen et al., 2001). The

behavioural effects of BDNF in the FST are dependent on ERK signalling (upstream of

CREB) since a selective ERK inhibitor blocked the effects of BDNF (Shirayama et al.,

2002) indicating the key role of Ras-ERK-CREB cascade in regulating these effects.

However, the behavioural response to antidepressants is not abolished in CREB deficient

mice (Conti et al., 2002).
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While enhanced BDNF signalling produces antidepressant-like effects in rodents, reduced

BDNF/TrkB signalling is not characterized as behavioural despair in these tests (MacQueen

et al., 2001; Saarelainen et al., 2003; Monteggia et al., 2004). Saarelainen et al (2003) were

however, the first to show that the acute behavioral effects of antidepressants imipramine

and fluoxetine are diminished in mice with reduced TrkB signalling. In these tests,

antidepressants were administered 30 min before testing in the FST. Importantly, similar

observations were made with BDNF +/- but not with NT-3 +/- mice (Saarelainen et al.,

2003). This clearly suggests that BDNF mediated TrkB activation is crucial for

antidepressant-induced behaviours in the FST. Subsequently, Monteggia et al (2004)

showed that the behavioural effects of the noradrenergic antidepressant desipramine on FST

were diminished in BDNF +/- mice. In contrast to the study by Saarelainen et al (2003),

these authors used a different injection protocol (24, 4, and 1h before FST). Similarly to

enhanced TrkB signalling, although not strongly supported by the existing literature, the

lack of antidepressant-promoted responses in TrkB deficient mice may be linked to

functional disturbances in monoaminergic signalling. Alternatively, TrkB signalling could

couple to an important signalling event which together with monoaminergic

neurotransmission regulates the behavioural effects of antidepressants.
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RESEARCH SECTION

4 AIMS

I Produce a phospho-specific antibody against the TrkB catalytic domain (Article I,

IV)

II Examine the effects of diverse antidepressants, lithium and electroconvulsive shock

on TrkB activation in the rodent hippocampus and/or anterior cingulate cortex

(Article I, III, IV)

III Examine the TrkB signaling pathways that are activated in the rodent hippocampus

upon antidepressant treatment (Article I, III)

IV Examine the role of serotonin and noradrenalin in imipramine-induced TrkB

activation in the rodent brain (Article III)

V Examine the role of TrkB signaling in mediating the behavioral effects of

antidepressants in the forced swim test (Article II, III)
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5 MATERIALS AND METHODS

5.1 Animals (I-IV)

Adult (~3 months of age) male mice and rats were used in in vivo experiments. The strains

and genotypes of the animals are listed in Table 3. The generation and characterization of

transgenic mice employed in the experiments are described in detail elsewhere (Ernfors et

al., 1994a; Ernfors et al., 1994b; Saarelainen et al., 2000a; Saarelainen et al., 2000b,

Lähteinen et al., 2003; Koponen et al., 2004;). Heterozygote transgenic (TG) males were

mated with wild-type (WT) females to obtain both TG and WT animals from the same

litter. Transgene expression was confirmed from a tail sample using polymerase chain

reaction (PCR) (see 5.10 Genotyping by polymerase chain reaction). Animal production

and animal experiments were carried out according to the guidelines of the Society for

Neuroscience and the European Communities Council directive of November 24, 1986

(86/609/EEC) and were approved by the Experimental Animal Ethical Committee of the

National Laboratory Animal Center, University of Helsinki. For class I animal experiments,

the experimentation permission was obtained by Itä-Suomen läänin hallitus. Depending on

treatment, the animals were either single- or group-housed in standard laboratory conditions

(12/12 light cycle, ~23ºC temperature, food and water available ad libitum). The animals

were allowed to adapt to the novel laboratory conditions at least three days before the

experiment. In the long-term treatments, animal weight gain, water or drug consumption

and general wellbeing were monitored regularly.

Table 3 The strains and genotypes of the animals employed in the experimental procedures.

Rodent Strain Genotype Producer Ref
mouse Balb/C , wild-type Univ of Helsinki I,II,III
mouse DBA2 , wild-type Univ of Helsinki III
mouse C57BL/6 , wild-type Univ of Helsinki I,III
mouse C57BL/6 , TrkB.T1 over-expressing Univ of Helsinki I,III
mouse C57BL/6  BDNF +/- Univ of Helsinki unpublished
mouse C57BL/6 , TrkB.FL over-expressing Univ of Helsinki I,III
rat Wistar , wild-type Univ of Helsinki & Kuopio III, IV
rat Sprague-Dawley , wild-type Charles River IV
rat Wistar , wild-type Univ of Helsinki I

5.2 Hippocampal primary cultures (I)

Hippocampi obtained from E17 (embryonic day 17) rat embryos (Table 3) were dissociated

in a papain solution (10 mg DL-cystein-HCl, 10 mg BSA, 250 mg glucose, ad 50 ml PBS)

(5 min, +37ºC) and incubated for ~10 min at 37oC. Next the cells were triturated, washed

and resuspended in a medium consisting of 1 ml B27 supplement (Gibco 17504044), 0.5 ml
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penicillin/streptomycin (Gibco 15140148), 0.5 ml glutamine (Gibco 25030032), 125 µl 10

mM glutamic acid and 47.857 ml Neurobasal medium (Gibco 21103049). The cells were

counted and plated on a poly-L-lysine coated (2 h or over-night) twelve well plates at a

density of ~5x105. The cells were maintained for seven days in vitro before experiments.

5.3 Drug treatments (I-III)

Antidepressants and doses used in the experiments are listed in Table  4. Physiological

saline was used as a control vehicle. For the acute drug treatments, animals received a

single intraperitoneal (i.p.) drug injection and after the indicated time-period the animals

were subjected to the forced swim test (30 min) or immediately killed for the

biochemical/chemical analyses (30 min, 1 h, 2 h or 3 h). In some cases, animals were pre-

treated with monoamine depleting agents or corresponding vehicles (see 5.4 Chemical

CNS lesions). For the long-term lithium treatment, mice received daily i.p. injections

(between 9 to 13 A.M.) of 100 mg/kg LiCl for 21 days. Mice were killed and the brain

samples dissected 24 h post-injection. For the long-term fluoxetine treatment, fluoxetine

was dissolved in distilled water (0.08 mg/ml) for drinking solution and the mice had free

access to the drug for the end of the experiment (Santarelli et al., 2003). Fresh drug solution

was changed every 2-3 days.

Table 4 Antidepressants used in the present experiments. Abbreviations: SSRI = serotonin-selective
reuptake inhibitor, TCA = tricyclic antidepressant, MAOI = monoamine oxidase inhibitor, SNRI =
selective-noradrenalin reuptake inhibitor, GSK = GlaxoSmithKline, EtOH = ethanol, p.o. = ”per
os”, drinking solution, i.p. = intraperitoneal, DMSO = dimethyl sylfoxide

Antidepressant Chemical formula Classification Dose & vehicle Source Ref
Citalopram
hydrobromide

C2OH21FN2O-HBr SSRI 20mg/kg in 50% EtOH GSK III
Clomipramine
hydrochloride

C19H23CIN2-HCl TCA 20mg/kg in saline Sigma III
Fluoxetine
hydrochloride

C17H18F3NO-HCl SSRI 20-30mg/kg (i.p.) in saline Sigma, GSK II,III
0.08mg/ml (p.o.) in H2O OrionPharma III

Imipramine
hydrochloride

C19H24N2-HCl TCA 30mg/kg in saline Sigma III
Moclobemide C13H18Cl2N2O2 MAOI 20mg/kg in 50% DMSO Roche III
Reboxetine C19H23NO3 SNRI 20mg/kg in 50% DMSO GSK III
Lithium chloride LiCl antimanic 50, 100mg/kg in saline Sigma I

5.4  Chemical CNS lesions (III)

DSP-4-HCl (C11H15BrClN HCl; Sigma-Aldrich Finland Oy, Helsinki, Finland) is a

neurotoxin against noradrenergic neurons originating from locus coeruleus (LC). DSP-4

was dissolved in saline and injected i.p at a dose of 50 mg/kg seven days before further
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experiments. This dose and protocol has earlier been reported to decrease significantly

noradrenalin contents in the rat forebrain without significantly altering serotonin contents

(Fornai et al., 2001; Mallo et al., 2004). pCPA (ClC6H4CH2CH(NH2)CO2H; 4-chloro-L-

phenylalanine; Sigma-Aldrich) is the active isomer of a specific inhibitor of tryptophan

hydroxylase (TPH), the rate-limiting enzyme in serotonin synthesis. In the brain, the

expression of TPH (coded by tph2 gene) and therefore serotonin synthesis is mostly limited

to the serotonergic neurons which cell bodies reside in the midbrain raphe nuclei. pCPA

was dissolved in 0.1M NaOH and pH adjusted ~8 with 0.1M HCl. pCPA was injected i.p.

at a dose of 150 mg/kg 48 and 24 h before further experiments. This protocol has earlier

been reported to diminish serotonin contents in rat forebrain without significant effects on

noradrenalin contents (Geranton et al., 2004). Sham animals received equal volume of

corresponding vehicle.

5.5 Electroconvulsive shock (IV)

The electroconvulsive shock treatment (ECT) has long been a treatment option for many

neuropsychiatric diseases such as major depression and schizophrenia. Electroconvulsive

shock (ECS) is considered as a preclinical model of ECT. For the acute treatment paradigm,

rats were given a single ECS using transaurically clip electrodes or metal forceps (50-70

mA, 0.5 seconds). For the long-term treatment paradigm, animals received daily ECS for

14 consequent days. Sham animals received similar treatment without the passing current.

Following a lag-period (2, 5, 10, 20, 30 minutes) after the last ECS, animals were killed for

biochemical measurements.

5.6 Forced swim test (II-III)

The forced swim test (FST) is a relatively easy and rapid way of screening clinically

effective antidepressant drugs on rodents (Porsolt et al., 1977; Cryan et al., 2002). When

subjected to this test a laboratory animal shows despair-like behaviours characterized by

increased immobility, reduced latency to immobility and reduced climbing.

Pharmacologically different kinds of antidepressants reduce immobility and increase

latency to immobility of a rodent in this test. Noradrenergic antidepressants, in particular,

also increase climbing in the FST. Animals were subjected to the FST 30 min after an

antidepressant injection without pre-swim. The test was carried out in a glass decanter (  18

cm, height 27 cm) half-filled with tap water (23 ± 1°C). Latency to immobility, defined as

the first episode of immobility (absence of movement except for those necessary to keep
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head above water) lasting more than 2 seconds, was recorded during a 6 minute observation

period.

5.7 Antibody production and characterization (I, IV)

It is increasingly recognized that different intracellular tyrosine residues of Trk receptors

can be differently and independently regulated in vivo and in vitro (Choi et al., 2001; Lucas

et al., 2003; Saarelainen et al., 2003). However, Trk receptor catalytic domain (pY705/6 in

TrkB nomenclature) is the vital and initial step in Trk receptor activation (Huang and

Reichardt, 2001). In addition, the activity of this site highly correlates with actual kinase

activity (Segal et al., 1996). Thus, measuring the phosphorylation status of this particular

tyrosine site gives the advantage to reliably measure the activity status of Trk receptors.

The lack of good commercially available phospho-specific antibodies against this site

prompted us to generate our own antibody. The antibody was essentially generated

according to Segal et al (1996) with slight modifications. Antisera were produced by

Agrisera (Vännäs, Sweden) by immunizing chickens with a phospho-peptide corresponding

to Trk receptor catalytic domain (CVYSTD (pY) (pY) RVGG, produced by Innovagen AB,

Lund, Sweden). IgY was affinity purified through phospho-peptide (pY705/6) and non-

phospho-peptide (Y705/6) coupled Ultralink  columns (Amersham Biosciences,

Piscataway, NJ, USA) as follows. The columns were equilibrated with 10 mM Tris (pH

7.5) and IgY (300-500 µg) loaded through the column at least two times. Next the columns

were washed with 10 mM Tris (pH 7.5) and the specific antibodies coupled to the columns

eluted to tubes containing 50 mM Tris (pH 8.0) with 100 mM glycine (pH 2.5). The

specificity of the antibody was subsequently confirmed conducting in vitro and ex vivo

experiments. Briefly, PBS or TrkB ligand BDNF (Peprotech, Rocky Hill, NJ, USA) was

applied at a concentration of 50 ng/ml to the 7 DIV maintained hippocampal primary

cultures (see 5.2 Hippocampal primary cultures) for 5 minutes, cells washed with ice-

cold PBV (PBS +2 mM Na2VO3) and immediately lysed in a buffer (NP++: 137 mM NaCl,

20 mM TRIS, 1% NP-40, 10% glycerol, 48 mM sodium fluoride, distilled water, 2x

Complete inhibitor mix (Sigma-Aldrich), 2 mM Na2VO3). Trk receptor

autophosphorylation was analyzed from a glycosylated pool of proteins as described in the

section 5.9 Biochemical studies. TrkB autophosphorylation was similarly analyzed from

raw lysate samples of control and rat trkB transfected NIH3T3 cells with or without BDNF

application. Finally, anterior cingulate samples obtained from saline and imipramine treated

mice where analyzed according to Saarelainen et al (2003). It should be mentioned
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however, that since the antigen sequence is identical in all Trk receptors (Shelton et al.,

1995) (the TrkC receptor has an insert immediately following the phosphorylated tyrosines)

one can not distinguish the phosphorylation status of particular Trk receptor by using this

antibody in a situation were more than one Trk is expressed (e.g. hippocampus).

5.8 Chemical analyses (I-III)

5.8.1 Measurement of brain tissue amine levels

In order to check the extent and specificity of monoamine depletions by DSP-4 and pCPA,

cortical tissue levels of monoamines and their major metabolites were analysed from DSP-

4, pCPA and sham treated rats using high-performance liquid chromatography coupled with

electrochemical detection (HPLC-EC), as previously described (Airavaara et al., 2006). The

HPLC-EC analyses for DSP-4 and pCPA were organized or conducted by Pekka T.

Männistö (M.D., Ph.D.) and Jelena Mijatovic (M.Sci.), respectively. Shortly, a small

sample from motor cortex was dissected, freezed on dry-ice and further homogenized in a

mixture of 0.2M HClO4 and antioxidant solution (Kankaanpää et al., 2001), centrifuged

(20800g, 35 min, 4ºC), and supernatants centrifugated again (8600g, 35 min, 4ºC) through

Vivaspin filter concentrators (10 000 MWCO PES; Vivascience AG, Hannover, Germany).

The column (Spherisorb® ODS2 3µm, 4.6 x 100 mm; Waters, Milford, MA, USA) was kept

at 50ºC (column heater: Croco-Cil, Bordeaux, France). The mobile phase consisted of 0.1M

NaH2PO4 buffer, 350 mg/l of octane sulfonic acid, 3.5-5% (v/v) CH3OH and 450mg/l

EDTA (pH 2.7). The filtrate was injected at flow rate 1 ml/min into chromatographic

system with a CMA/200 autoinjector (CMA, Stockholm, Sweden). Amine concentrations

were quantified using ESA® CoulArray Electrode Array Detector system (ESA Inc.,

Chelmsford, MA, USA). The tissue monoamine levels were similarly, but not identically,

assayed by Ewen MacDonald (Ph.D.) from brain samples obtained from saline or

fluoxetine injected (20 mg/kg, 3 h) TrkB.TK+ and wild-type mice.

5.8.2 Measurement of plasma lithium and fluoxetine

Lithium has a narrow therapeutic window in humans (0.6 – 1.5 mEq/L) (Timmer and

Sands, 1999). Consequently, we decided to monitor Li+ plasma levels after acute and long-

term LiCl treatments. After sacrificing the animal, trunk blood was collected to tubes

containing 50 mM ethylenediamine-tetraacetic acid (EDTA), a Ca2+ chelating –based

anticoagulant. Samples were incubated in room temperature for >30 min, centrifuged (2000

rpm, 15 min) and supernatant (plasma) stored in -70ºC. Plasma Li+ levels were measured by
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Medix Laboratories (Espoo, Finland) using a lithium-ion-selective electrode analysis

described by Linko (2001).

In the long-term fluoxetine treatments, plasma fluoxetine levels were assayed by Aino

Kankaanpää (Ph.D.) using gas chromatography-mass spectrometry (GC-MS). Briefly,

fluoxetine was extracted from 200 µl of plasma by mixing with 5 ml of toluene (internal

standard flurazepam) and 200 µl of a buffer (0.5 M Na2HCO3 x 2H2O). After

centrifugation, the toluene layer was collected and 15 µl of the derivatization reagent

(heptafluorobutyric anhydride, HFBA) was added together with, 1ml of saturated NaHCO3.

After centrifugation, the toluene layer was evaporated, the residue dissolved into 50µl of

toluene and transferred into autosampler vials with inserts. A 4µl aliquot of the toluene

layer was injected into a GC-MS apparatus consisting of an Agilent (Agilent Technologies,

Palo Alto, CA, USA) 6890N gas chromatograph, an Agilent 5973 mass selective detector

(EI, positive ions, 70eV) and an Agilent ChemStation data system.  The GC column was a

DB-35MS of length 30 m, internal diameter 0.32 mm and film thickness 0.25 µm (J&W

Scientific Inc., Folsom, CA, USA). The column temperature was initially 150ºC for 1 min,

then increased 45ºC/min to 330ºC, with a final hold time of 2 min. MS detection was

performed in selected ion monitoring mode fluoxetine was analyzed as its HFB-derivative.

5.9 Biochemical studies (I, III, IV)

5.9.1 Sample preparation

The animal was killed with CO2 followed by cervical dislocation, brains quickly removed

and dipped in ice-cold Tris buffered saline (TBS). Anterior cingulate cortex (containing the

anterior parts of cingulate cortex 1 and 2, the anterior part of the secondary motor cortex

and prelimbic, infralimbic and medial orbital cortices) and left (and right) hippocampus

were dissected on a dish cooled on dry-ice. Tissue samples were immediately homogenized

in a lysis buffer (NP++: 137 mM NaCl, 20 mM TRIS, 1% NP-40, 10% glycerol, 48 mM

sodium fluoride, distilled water, 2 x Complete inhibitor mix- (Sigma-Aldrich) and 2 mM

Na2VO3) or processed to synaptosomes according to Huttner et al (1983). Briefly, samples

were homogenized in a solution consisting of 320 mM sucrose and 4 mM HEPES (pH 7.2)

using glass-Teflon (~5 up and down strikes). Resulting homogenate was centrifuged (800g,

10 min, +4 °), supernatant (S1) collected and centrifugated again (9200g, 15 mi, +4°) to

obtain crude synaptosomal fraction (P2). Second supernatant (S2) was discarded or

subjected to BDNF immunoprecipitation. P2 was resuspended to homogenization buffer

and centrifugated (10200g, 15 min, +4°). Beige pellet (cleaned synaptosomes) was lysed in
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NP++ buffer. Lysed samples were always incubated on ice for >15 min, centrifugated

(16100g, 15 min, +4 C) and the resulting supernatants collected. The protein contents of

supernatants were measured using the colorimetric assay described initially by Bradford

(1976) using a commercially available kit (Biorad, Hercules, CA). The samples were

immediately subjected to further analyses or stored at -70 °C.

5.9.2 Immunoprecipitation and western blot

For Trk and BDNF immunoprecipitation, 100-600µg of protein was incubated over night at

+4ºC with 5µl of Trk and BDNF antibodies (Table  5), respectively, immuno-complexes

precipitated with 35-50µl of 50% Protein-G Sepharose (Zymed, Invitrogen Corporation,

Carlsbad, CA) (2h, +4ºC) (in a solution consisting of 1:2 NP++ and Triton++, respectively;

Triton++: 137mM NaCl, 20mM Tris (pH 8.0), 48mM NaF, 0.5% TritonX + 2 x Complete

inhibitor mix (Roche) + 2mM Na3VO2). Lectin precipitation was carried out essentially as

described (Aloyz et al., 1999; Saarelainen et al., 2003). Briefly, 400-600µg of protein was

incubated with 30-35µl of 50% Wheat Germ Lectin/NP++ (6MB or 4B Sepharose,

Amersham Biosciences). Further the precipitates were extensively washed with the

corresponding buffer. Precipitated or raw proteins were separated using sodium dodecyl

lauryl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; buffer: 24 mM Tris, 192

mM glycine, 0.1% SDS, pH 8.3) under reducing conditions (Laemmli buffer: 20% glycerol,

4% SDS, 125 mM Tris (pH 6.8), 10% -mercaptoethanol, 0.02% bromophenol blue) and

blotted (buffer: 24 mM Tris, 192 mM glycine, 15% methanol; +4°C, 300 mA, 1h) to a

polyvinylidene fluoride (PVDF; 0.45µm, Hybond P, Amersham) membrane (300mA, 1h,

+4°C). For protein tracking, prestained protein markers (7708S, BioRad Laboratories,

Hercules, CA) were also run. After blocking (1 hour, room temperature) with 3% bovine

serum albumin (BSA; Sigma-Aldrich), membranes were incubated with the primary

antibodies (Table  5), washed with TBS+0.1% Tween (TBST), followed by horse-radish

peroxidase (HRP) –conjugated secondary antibody incubation (Table 5). After subsequent

TBST washes, specifically bound antibodies were visualized by using

electrochemiluminescence kits (ECL or ECL+, Amersham Biosciences) followed by

exposure to a standard X-ray film and/or to Fuji LAS-3000 camera (Tamro Medlabs,

Vantaa, Finland) for ECL detection.
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Table  5 Antibodies used in the biochemical analyses. Abbreviations: WB=western blot,
IP=immunoprecipitation, ELISA=enzyme-linked immunosorbent assay, BDNF=brain-derived
neurotrophic factor, pBDNF=pro-BDNF, mBDNF=mature-BDNF, CREB=cAMP related element
binding protein, MAPK=mitogen-activated protein kinase, Akt=protein kinase B,
PLC 1=phospholipase-C 1, HRP=horse-radish peroxidase, POD=peroxidase

Antibody Peptide detection Application Dilution Source Ref
anti-BDNF (host unknown) pBDNF, mBDNF ELISA Roche IV

anti-BDNF (sc-546) (rabbit) pBDNF, mBDNF, unknown bands WB 1:500 Santa Cruz I

IP 5 µl

anti-CREB (sc-240) (mouse) CREB, CREM, unknown bands WB 1:1000 Santa Cruz I

anti-p42/44-MAPK p42-MAPK, p44-MAPK WB 1:1000-2000 Cell Signalling III,IV

Anti-42/44-MAPK 42-MAPK, 44-MAPK WB 1:2000 Cell Signalling IV

anti-pAkt pAkt WB 1:1000 Cell Signalling III,IV

anti-Akt Akt WB 1:1000 Cell Signalling IV

anti-actin Actin WB 1:30000 Sigma IV

anti-pCREB pCREB, pCREM, unknown bands WB 1:600-1000 Cell Signalling I,III

anti-PLC 1 (rabbit) PLC 1 WB 1:1000 Upstate III

anti-pY490 (rabbit) phosphorylated Trk Shc binding site WB 1:2000 Cell Signalling I,III

anti-pY674/5 (rabbit) phosphorylated Trk catalytic domain, WB 1:1000-2000 Dr. Kaplan I,III

unknown bands

anti-pY705/6 (chicken) phosphorylated Trk catalytic domain, WB 1:500-1000 own I,III

unknown bands

anti-pTyr tyrosinephosphorylated proteins WB 1:2000 Upstate IV

anti-Shc (rabbit) 46kDa, 52kDa, 66kDa Shc proteins WB 1:1000 Upstate III

anti-TrkBout (rabbit) full-length and truncated TrkB WB 1:10000 Dr. Kaplan III

HRP-conjugated anti-chicken WB 1:10000 Biorad I,III

HRP-conjugated anti-mouse WB 1:10000 Biorad I

HRP-conjugated anti-rabbit WB 1:10000 Biorad I,III

POD-conjugated anti-BDNF pBDNF, mBDNF ELISA Roche IV

 (host unknown)

sc-11, pantrk (rabbit) full-length Trks WB 1:1000-2000 Santa Cruz I,III

IP 5 µl

5.9.3 Enzyme-linked immunosorbent assay

BDNF protein levels were measured from ECS and sham animal cortexes using two-site

enzyme-linked immunosorbent assay (ELISA). Briefly, 96 well ELISA plates (MaxiSorp ,

Nalge Nunc Int., Rochester, NY) were coated over night in +4ºC with a BDNF antibody

(Table 5) (kindly provided by Roche) (1:4000 in a buffer consisting of 50mM NaHCO3 and

50mM Na2CO3; pH 9.7), incubated with blocking buffer for 2 h in room temperature (2%

BSA and 0.1% Triton X-100 in Hank’s buffer). Samples were diluted 1:20 in Hank’s buffer

(125 mM NaCl, 5 mM KCl, 1.2 mM NaH2PO4, 1 mM CaCl2, 1.2 mM MgCl2, 1 M ZnCl2,

10 mM glucose, 25 mM HEPES, 0,25% BSA; pH 7.4), acidic treated with 4 µl 1 N HCl for

15 min and immediately normalized with 4 µl 1 N NaOH (Szapacs et al., 2004).

Samples/BDNF standards (Promega) (each 170µl) and 30µl POD-conjugated secondary

BDNF antibody (Table  5) (1:12500 in Hanks buffer containing 6.66% BSA and 0.66%

Triton X-100) were added to wells and incubated over-night in +4ºC. Next the plates were
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extensively washed (PBS + 0.1% Tween-20) and BM blue POD substrate (Roche)

incubated for 20 min at room temperature. The enzymatic reaction was stopped by adding

50  l  of  1  M H2SO4 to wells. Absorbance was measured at 490 nm using Victor ELISA

plate reader (Tamro Medlabs, Vantaa, Finland).

5.10 Genotyping by polymerase chain reaction (II-III)

Mouse tail sample (~0.5cm) was lysed with 500µl of DNA-lysis buffer (200mM NaCl,

20mM EDTA, 40mM Tris-HCl (pH 8.0), 0.5% SDS, 0.5% -mercaptoethanol, 20mg/ml

Proteinase-K) and incubated over night in a water bath that was adjusted to +60°C. Further

the samples were centrifuged (16100g, 10 min, room temperature) and the supernatant

collected. The DNA was precipitated with isopropanol, washed with ice cold 70% EtOH

and dissolved in 100µl TE (10 mM Tris-HCl, 0.1 mM EDTA, pH 8.0) in +60°C for 10 min.

The primers, reaction mixes and running conditions for specific polymerase chain reaction

(PCR) runs are shown in Table  6. Ten µl of the sample (+ 12% dye) was separated in a

1.2% agarose gel.

Table 6 PCR conditions

Genotype TrkB.TK- & TrkB.TK+ BDNF +/-
Primers 5´ CGA CTA CAA AGA CGA CGA TGA C ( Flag+TrkBT-1) G10 5' GGG AAC TTC CTG ACT AGG GG oIMR0132

5´ TGT TCT CTG GGT  CAA TGC TG     (flag+TrkBT-1) G11 5' ATG AAA GAA GTA AAC GTC CAC oIMR0133

Positive control: Thy1.2-flag construct 5' CCA GCA GAA AGA GTA GAG GAG oIMR0134

Reaction 2.5µl 10xPCR buffer w/o MgCl2, 1.5µl 25mM MgCl2, 2.5µl 10xPCR buffer w/o MgCl2, 2.0µl 25mM MgCl2,

mix 0.5µl 10mM dNTP, 0.5µl primer 1 G 10 25 pmol/µl, 0.5µl 10mM dNTP, 1.25µl 20µM oIMR0132,

primer 2 G 11 25 pmol/µl, 0.15µl Tag polymerase (5U/µl), 1.25µl 20µM oIMR0133, 1.25µl 20µM oIMR0134,

1µl sample DNA, 18.35 H2O 1µl sample DNA, 0.313µl Tag polymerase, 14.94µl H2O

Running 95ºC 1', 35x (95ºC 0.5', 55ºC 1', 72ºC 1'), 72ºC 7', 4ºC 95ºC 1', 35x (95ºC 0.5', 55ºC 0.5', 72ºC 0.5'), 72ºC 7', 4ºC

5.11 Result analyses (I-IV)

Immunoblot bands were quantitated using NIH ImageJ 1.32. For the western blot analyses,

equal loading was confirmed by Ponceau staining, which was also routinely used for band

intensity. In addition to Ponceau staining, band intensity was normalized against

corresponding total protein levels, actin levels or against total protein in the sample.

Statistical analyses were done using two-sample two-tailed Student t-test or with one or

two-way analysis of variance (ANOVA) with Newman-Keuls post hoc test. The statistical

significant P-value was set to 0.05.
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6 RESULTS

6.1 Characterization of antibody against the TrkB catalytic domain (I, IV)

A specific antibody against the phosphorylated TrkB receptor catalytic domain (pY705/6)

was produced for a tool to measure TrkB receptor activation from brain tissue. The

antibody detected a significant increase in band intensity (~145kDa, corresponding to full-

length TrkB) of samples obtained from hippocampal cells acutely treated with TrkB ligand

BDNF (50 ng/ml, 5 min). Similar increase in band intensity was observed when the

membranes were reprobed with a commercially available antibody against the

phosphorylated Shc binding site (pY515). Robust increase in ~145 kDa band intensity was

also observed when samples of NIH3T3 cells transfected with the rat full-length trkB were

run and probed with the antibody. The increase in pTrkB levels were slightly increased by

BDNF application. Subsequent analyses revealed that, the increase in pY705/6 levels were

diminished when the BDNF treated NIH3T-trkB cell extracts were pre-exposed to

phosphatase before BDNF application further supporting phosphorylation specificity of the

antibody. In order to check whether the antibody works equally well with mouse tissue,

anterior cingulate cortex samples obtained from saline and imipramine (30 mg/kg, 30 min)

treated mice (see Saarelainen et al., 2003 and Article III) were analyzed. The antibody

detected a significant increase in band intensity at TrkB site of cortical samples obtained

from mice acutely treated with imipramine when compared to control animals. Importantly,

this increase was diminished when the membranes were pre-exposed in excess (1:10) of the

competing antigen phospho-peptide. The antibody detects specifically also other low- and

high molecular weight bands. In addition, the antibody works equally well following with

an immunoprecipitation with lectin or sc-11 (an antibody against Trk receptor C-terminus).

However, when analysing raw protein samples, an unspecific band is detected over TrkB

band. For this reason, the preliminary studies using this antibody in tissue sections have

been disappointing (Tobias Gyarfas, unpublished observations). Taken together, the

produced antibody showed significant selectivity for phosphorylated TrkB catalytic domain

in vitro and ex vivo.

6.2 Modulation of TrkB activity by antidepressant treatments in vivo (I, III, IV)

Previous studies showing that antidepressants imipramine and fluoxetine induce rapid TrkB

activation in mouse anterior cingulate cortex (Saarelainen et al., 2003), prompted us to

examine the acute effects of diverse antidepressants, lithium and ECS on brain TrkB

activity. TrkB activity was measured from glycosylated pool of proteins by the antibody
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against the phosphorylated TrkB catalytic domain (anti-pY705/6). In addition to anterior

cingulate cortex, a tendency to significant increase in the hippocampus was observed in the

study by Saarelainen et al (2003). Consequently, initial studies were conducted to examine

the temporal characteristics of hippocampal TrkB activity produced by antidepressant

fluoxetine (30 mg/kg). TrkB activity started to increase 30 min post-injection, reached the

maximum within 60 min and gradually started to decline at 120 min time-point (see also

Saarelainen et al., 2003).

All the antidepressants tested including SSRI citalopram, SNRI reboxetine, MAOI

moclobemide and TCAs clomipramine and imipramine produced a significant increase in

TrkB phosphorylation status in the anterior cingulate and hippocampus within this time-

frame. Although the phosphorylation status of TrkB in these brain areas were not

quantitatively compared, the fold increase compared to saline treated animals seemed

essentially the same in both brain areas. A similar increase in TrkB autophosphorylation at

pY705/6 site was observed in the anterior cingulate cortex after acute (30 min) LiCl

treatment at a dose of 100 mg/kg while 50 mg/kg had no significant effect. In contrast to

antidepressants, acute lithium tends to reduce rather than increase TrkB

autophosphorylation levels in the hippocampus. The plasma levels of Li+ remained below

the toxic levels of the drug, as measured by lithium-ion-selective electrode analysis,

indicating that the present observations are not due to toxic actions of lithium. Subsequent

experiments revealed that the antidepressant fluoxetine (0.08 mg/ml in drinking solution,

21 days) and lithium (100 mg/kg, 21 days) produced significant increases in anterior

cingulate and hippocampal TrkB activity, respectively, also after prolonged drug treatment.

Interestingly, in the case of lithium the increase in pY705/6 levels after prolonged treatment

did not coincide with increases in Li+ plasma levels.

Surprisingly, a decrease in pY705/6 levels was observed 30 min after the acute (1xECS)

and prolonged ECS (14xECS) treatments in the prefrontal cortex of rats. Additional studies

were conducted to see whether this decrease was due to prior activation of the receptor as

suggested by our previous studies (Saarelainen et al., 2003). However, prefrontal pY705/6

levels were similar to control samples 2,5,10 and 20 min post-ECS. However, acute ECS

treatment increased MAPK neurotrophic signaling pathway and chronic treatment resulted

in significant increases in BDNF protein levels in the rat prefrontal cortex.

Concomitant to increases in pY705/6 levels, other unidentified bands (>170kDa and ~140-

90 kDa) were also observed consistently after antidepressant treatments (Figure 6). The

intensity of these bands was in many instances, but not always, significantly higher than the
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actual full-length TrkB band. The immunoreactivity of these bands is seen after lectin and

Trk immunoprecipitations (Saarelainen et al., 2003; data shown partially in Figure 6).

Figure  6 Fluoxetine-induced (30mg/kg,
60min) tyrosinephosphorylation of high- and
low-molecular weight TrkB products? Lectin
precipitated or raw lysates samples were
separated in a SD-PAGE and transferred to a
PVDF membrane. Membranes were probed
with either anti-pY705/6 or anti-
phosphotyrosine (4G10).

6.3 Alterations in TrkB signaling cascades by antidepressants (I, III)

Activation of TrkB catalytic domain (Y701, Y705, Y706) is the initial step in TrkB

signaling which further mediated the autophosphorylation of other tyrosine residues in the

receptor (Huang and Reichardt et al., 2001). Phosphorylation of these tyrosines creates a

docking site for many of the intracellular signaling cascades regulated by TrkB. Two of the

remaining 7 tyrosine residues have been extensively studied, the Y515 (Shc binding site)

and Y816, which activate the MAPK/Akt and phospholipase-C 1 (PLC 1) pathways,

respectively. Both MAPK and PLC 1 can further regulate the phosphorylation of cAMP

related element binding protein (pCREB) at Ser133, a critical step in its activation. Since

alterations in TrkB autophosphorylation at pY705/6 site most probably regulates the

activation of one or more of these signaling pathways, we decided to examine the effects of

lithium and antidepressant on pCREB. The acute and long-term effects of fluoxetine on the

levels of pMAPK and pAkt and the activation of Shc and PLC 1 adaptor proteins were

studied in more detail. Indeed, we observed that both lithium and fluoxetine-induced

changes in hippocampal pY705/6 levels coincided with reduced and increased pCREB

levels, respectively. However, no changes in pCREB levels were observed in the anterior

cingulate cortex by acute lithium treatment. In support to the previous findings by

Saarelainen et al (2003), the phosphorylation status of the Shc binding site was not altered

by any of the treatments. This was also confirmed by analyzing samples obtained from

saline and imipramine treated wild-type and TrkB.TK+ mice. TrkB.TK+ mice stably

express the full-length TrkB receptor in neurons and thus biochemically show increased

TrkB tyrosine phosphorylation status when probing with anti-phosphotyrosine or anti-

pY515 (Koponen et al., 2004). Imipramine produced significant increases in pY705/6

levels in both genotypes while the pY515 were unaltered. Furthermore, the phosphorylation

status of MAPK and AKT and the interaction of Shc adaptor proteins and TrkB were not
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altered by fluoxetine treatment in the hippocampus further supporting the notion that the

signaling pathways mediated by Y515 tyrosine are not affected by antidepressants. In

contrast, increases in hippocampal pCREB levels coincided with increased association of

PLC 1 with TrkB indicating that Y816 tyrosine was activated by fluoxetine.

6.4 Role of monoamines in imipramine-induced TrkB activation (III)

Since antidepressants produce rapid alterations in extracellular monoamines, the role of

noradrenalin (NA) and serotonin (5-HT) in imipramine-induced TrkB activation was

analyzed in rats previously depleted of tissue NA and 5-HT contents. DSP-4 and pCPA

were used as the monoamine depleting agents and their actions on respective monoamine

systems were confirmed by HPLC analyses of forebrain monoamine and their metabolite

levels. While pCPA produced a robust and selective alteration in 5-HT and 5-HIAA levels,

DSP-4 produced more widespread effects in many monoamine and monoamine metabolite

levels although more consistent and robust effects were observed in NA and MPHG levels

(Article III, Table 1). This was probably due to increased uptake via diverse monoamine

transporters and thus actions to also other monoaminergic neurons.

Imipramine (30 mg/kg, 30 min) induced significant and similar autophosphorylation of the

TrkB catalytic domain in both sham and monoamine-depleted rats. Again, no differences

were observed in the Shc binding site between the treatment groups. Moreover, total tissue

content of full-length TrkB and the basal phosphorylation status of TrkB were unchanged

after the monoamine depletions. However, subsequent experiments conducted in mice

revealed a slight decrease in synaptosomal TrkB protein levels after monoamine depletions,

particularly after DSP-4 treatment (Figure  7). No differences were observed in TrkB.T1

levels in the synaptosomes.

Figure 7 The effects of serotonin (5-HT) and noradrenalin
(NA) depletions on synaptosomal TrkB protein levels in the
rat anterior cingulate cortex. 5-HT and NA depletions were
made by using pCPA and DSP-4 treatments as described in
the Materials and methods. Synaptosomal preparations were
prepared according to Huttner et al (1983). Proteins were
separated under reducing conditions in a 7.5% SDS-PAGE
and transferred to PVDF membrane. Full-length (FL) and
truncated (T1) receptors were analyzed using a specific
TrkB antibody directed against the extracellular portion of
TrkB A) Full-length receptor, B) Truncated receptor C)
Ratio between Full-length and Truncated receptors, D)
Immunoblots. Data are presented as mean ± SEM and % of
control. *p<0.05, one-way ANOVA with Newman-Keuls
post hoc test.



6.5  Role of BDNF in imipramine-induced TrkB activation

Antidepressant-induced TrkB activation is likely mediated by enhanced release of BDNF.

However, antidepressants have not been reported to produce significant changes in total

tissue levels of BDNF within the time frame when imipramine produces rapid TrkB

activation (Saarelainen et al., 2003). This finding may be related to the fact that BDNF is

released in limiting quantities and that the release of BDNF is spatially restricted to active

synapses (Poo, 2001). For these reasons, it is currently impossible to measure BDNF

release in vivo. Consequently, we prepared a synaptosomal preparation of anterior cingulate

cortex samples from mice acutely injected with saline or imipramine (30 mg/kg, 30 min)

and further analysed BDNF levels from the final extracellular liquid. Although membrane

breakdown may occur when making the synaptosomal preparation, the changes in BDNF

levels in this compartment may give indirect evidence of BDNF release or translation. In

support of the hypothesis that antidepressant-induced TrkB activation is BDNF-mediated,

BDNF antibody revealed significantly increased band intensity of BDNF

immunoprecipitated extracellular brain samples obtained from imipramine treated mice

compared to saline treated animals (Figure 8A).

To further examine the role of BDNF in mediating antidepressant-induced TrkB activation,

we treated wild-type and BDNF +/- mice acutely with imipramine (30 mg/kg, 30 min) and

analyzed TrkB autophosphorylation status (pY705/6) in the anterior cingulate cortex. It

should be mentioned, however, that this is not direct evidence that 50% depletion of tissue

BDNF in these mice (also confirmed by me, data not shown) results in a robust decrease in

activity-dependent release of BDNF in vivo. Surprisingly, imipramine (30 mg/kg, 30 min)

produced a significant and indistinguishable increase in pY705/6 levels in both genotypes.

Equally interesting, the basal phosphorylation status of pY705/6 was only slightly reduced

in BDNF +/- mice thus suggesting that basal BDNF release in these mice is not radically

reduced (Figure 8B).

Figure  8 The  role  of  BDNF  in  impramine-
induced (30mg/kg, 30 min) TrkB activation
in the mouse anterior cingulate cortex A)
Extracellular BDNF protein levels in WT
animals (See Material and methods) B)
Autophosphorylation and protein levels of
TrkB  in  WT  (white  bars)  and  BDNF  +/-
(black bars) mice. Data are presented as
mean ± SEM and % of control. *<0.05,
Student t-test (A) or two-way ANOVA with
Newman-Keuls post-hoc test. SAL=saline,
IMI=imipramine.



6.6 Effect of fluoxetine on monoamine levels in TrkB.TK+ mice (II)

Possible alteration in the cortical and hippocampal tissue levels of NA, 5-HT, tryptophan

(TRP) and 5-HIAA in wild-type and TrkB.TK+ mice were analyzed by HPLC three hours

following saline or fluoxetine (20 mg/kg) treatment. The levels of NA, 5-HT, TRP and 5-

HIAA in the hippocampus were essentially the same between the genotypes. Only TRP

levels and the 5-HIAA/5-HT ratio were significantly decreased in TrkB.TK+ mice when

compared to wild-type mice. In the cingulate cortex, tendencies to reduced levels of all

analytes were observed but ANOVA comparison did not reveal statistical differences.

Moreover, acute fluoxetine treatment produced similar changes in the levels of NA, 5-HT,

TRP and 5-HIAA in both genotypes.

6.7 Forced swim test (II-III)

6.7.1 Behavioural effects of citalopram and reboxetine in TrkB.TK- mice

Previous studies have shown that when tested in the FST the acute behavioural effects of

imipramine, fluoxetine and desipramine are abolished in mice with reduced BDNF

mediated TrkB signalling (Saarelainen et al., 2003; Monteggia et al., 2004). Since the

antidepressant treatments presented in these early studies do not significantly differentiate

between 5-HT and NA systems, the importance of TrkB signalling in more selective

monoaminergic antidepressants were studied (Article III). Citalopram and reboxetine,

currently the most selective antidepressants against 5-HT and NA systems, respectively,

where used. TrkB.T1 over-expressing mice, which have stably reduced TrkB signalling in

the brain, were employed in these experiments. As reported before, the behaviour of

TrkB.T1 drug-naïve animals in the FST was comparable with the behaviour of WT mice

(Saarelainen et al., 2003). In the WT mice both citalopram (20 mg/kg) and reboxetine (20

mg/kg) significantly decreased the latency to immobility time in the FST. The

exceptionally robust effect of SSRI citalopram in the current test was most likely due to the

high dose. In striking contrast and similarly to the SSRI fluoxetine, acute citalopram

treatment did not produce this characteristic behavioural in the TrkB.T1 over-expressing

mice.

6.7.2 Behaviour of TrkB.TK+ mice in the FST – effect of fluoxetine treatment

Previous studies have shown that application of BDNF and to a lesser extent NT-3 which

are both ligands for TrkB, produce antidepressant-like effects in rodent depression models
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(Siuciak et al., 1997; Shirayama et al., 2002). To further study the role of TrkB signalling

and antidepressant behaviour, we studied the behaviour of mice over-expressing the

functional TrkB receptor in brain, the TrkB.TK+ mice, in the FST. Supporting previous

findings that enhanced TrkB signalling produce antidepressant-like behaviour, the latency

to immobility time, an indicator of behavioural despair, was significantly higher in

TrkB.TK+ mice compared to control animals. Interestingly however, this behaviour was

not further enhanced by acute fluoxetine (20 mg/kg) injection.
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7 DISCUSSION

7.1 TrkB receptor activation is common for differently acting antidepressants and

lithium

The present studies together with earlier findings (Saarelainen et al., 2003) show

compelling evidence that diverse set of antidepressant drugs induce TrkB activation in the

rodent hippocampus (HC) and anterior cingulate cortex (ACC). Specifically,

antidepressants which block either the catabolism or reuptake of monoamines in vivo

produced autophosphorylation of TrkB at the catalytic domain (pY705/6) in the rodent

ACC and HC. High affinity and selective SNRI and SSRI antidepressants induced similar

changes in pY705/6 levels indicating that antidepressants, which produce extracellular

alterations of specific monoamines, activate TrkB in vivo. Moreover, lithium, an

augmenting agent in antidepressant therapy (Fawcett, 2003), induced TrkB activation in the

mouse ACC. However, if anything, hippocampal TrkB activity was reduced after acute

lithium injection. Even though antidepressants alleviate depressive symptoms after weeks

of treatment, the effects of these treatments on TrkB activation are surprisingly fast: a

significant effect is seen already 30 or 60 minutes after a single treatment. Importantly

fluoxetine and lithium induced TrkB activation in the rodent HC and ACC, respectively,

also after prolonged treatment. These findings are significant since they show that pTrkB

response is not reduced (or adapted) by continuous treatment (in comparison: -receptor

down-regulation due to increases in NA availability after prolonged antidepressant

treatment). TrkB induction observed after long-term fluoxetine administration was

associated with therapeutic plasma drug levels.

Recently, a variety of non-aminenergic drugs have been developed which show

antidepressant-like properties in animal models of depression. These novel antidepressant

drugs include modulators of glutaminergic neurotransmission (NMDA receptor antagonists,

AMPAkines and metabotropic glutamate receptor modulators), GABA receptor

antagonists, NK1 receptor antagonists and CRF1 receptor antagonists, among others

(reviewed in Schechter et al., 2005). Unfortunately, many of these compounds have failed

in clinical settings due to severe adverse effects (clinical toxicity) or due to low

therapeutical potential. NMDA antagonists (Marvanova et al., 2001), and AMPAkines

induce BDNF mRNA and protein in the rodent hippocampus and anterior cingulate cortex

(Mackowiak et al., 2002). Moreover, genetic deletion of NK1 receptors increases

hippocampal BDNF levels (Morcuende et al., 2003). These data suggest that some of these

potential non-aminergic antidepressant drugs have pronounced effects on BDNF synthesis
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and therefore may functionally affect TrkB signalling. However, whether the clinical effect

of a particular drug is associated with its TrkB-inducting properties is important to analyze

in the future studies. The effect of antidepressant on TrkB activity in rodent depression

models is also important to examine. However, it should be mentioned that antidepressants

induce TrkB activation after the FST (Saarelainen et al., 2003) a paradigm which rapidly

reduces BDNF mRNA levels (Russo-Neustadt et al., 2001).

A limitation of the present studies is that TrkB activity was measured by analysing total

brain tissue sample obtained by free-hand dissection. Therefore, we can only speculate

which neuronal populations show increased TrkB autophosphorylation upon antidepressant

treatment. However, in the HC, antidepressants produce specific changes in BDNF gene

expression in glutamatergic neurons (e.g. Nibuya et al., 1995). Moreover, kindling seizures

induce TrkB autophosphorylation in the same neuronal populations (Binder et al., 1999). In

a recent study, De Foubert et al (2004) reported that long-term antidepressant treatment

produced significant increases in BDNF immunoreactivity in the CA3 and CA2 regions of

the HC thus suggesting that BDNF could be anterogradily transported through the mossy

fiber pathway and released for CA3 neurons. In the ACC, BDNF mRNA levels are also not

evenly distributed after acute antidepressant treatment but are restricted to specific neuronal

populations (Zetterström et al., 1999). However, developing a phospho-TrkB specific

antibody which reliably works in immunohistochemistry would be an important tool to

assess the exact localization of the antidepressant-induced TrkB response.

7.2 Mechanism of antidepressant-induced TrkB activation

7.2.1 Antidepressant-induced changes in BDNF release

Given that TrkB receptors are primarily activated upon ligand-induced receptor

dimerization (Huang and Reichardt, 2001), antidepressant-induced TrkB activation may be

regulated by activity-dependent release of BDNF. Indeed, the rapidity of the antidepressant-

induced pTrkB response suggests that it is independent of new BDNF synthesis.

Furthermore, indirect evidence suggests that by augmenting noradrenergic

neurotransmission by yohimbine, cortical TrkB receptors are activated in consequence of

the release of BDNF vesicles (Aloyz et al., 1999). Although the release of BDNF was not

measured directly in this particular experiment, the rapid changes in pro- and mature-BDNF

levels soon after the pTrkB response (Aloyz et al., 1999) and the observations by other

laboratories that acute antidepressant treatments produce significant changes in BDNF

mRNA levels (e.g. Zetterström et al., 1999) clearly suggests the need for new protein
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synthesis/translation due to prior release of BDNF. However, up-regulation of BDNF

mRNA and protein does not directly indicate that BDNF is released (Mowla et al., 1999).

Importantly, a recent study showed that the fluoxetine-induced TrkB autophosphorylation

response coincided with a reduced number of TrkB receptors at the synaptic sites

(Wyneken et al., 2006), an indicator of agonist-induced trafficking of activated TrkB

receptors (see Haapasalo et al., 2002). The finding by Saarelainen et al (2003) that total

tissue levels of BDNF are not altered in the time frame when antidepressants produce rapid

TrkB activation (Saarelainen et al., 2003) suggests that antidepressants induce the release,

but not translation of BDNF. Alternatively and conceivably, the release and/or translation

of BDNF are highly restricted to active synapses (Poo, 2001). In order to examine this, we

prepared synaptosomal preparations of anterior cingulate samples obtained from mice

acutely treated with either saline or imipramine and assayed BDNF levels from the final

supernatant (Figure 8A). Significantly, we observed increased levels of BDNF levels in

this particular fraction after antidepressant treatment. Although the cellular membranes are

likely, at least partially, destroyed during the preparation of synaptosomes, these findings

indirectly suggest that BDNF release or translation is indeed affected by antidepressants. In

another experiment we observed, however, that the antidepressant-induced pY705/6

response is not blunted in BDNF +/- mice (Figure 8B). This may indicate that the release

of BDNF is not severely decreased in BDNF +/- mice (although they show reduced

hippocampal LTP, see Korte et al., 1995) or alternatively that other mechanisms are also

involved in the antidepressant-induced TrkB response. The observation that the basal

autophosphorylation status of TrkB was only mildly reduced in BDNF +/- mice however

supports the former hypothesis. Another possibility is that the readily releasable pool of

BDNF is similar between BDNF +/- and WT mice even though BDNF +/- mice have a 50%

depletion of BDNF, and that a small decrease in activity-dependent BDNF release in BDNF

+/- mice could only be revealed by conducting experiments using non-saturating doses of

antidepressants.

Extracellular enzymatic conversion of pro-BDNF to mature-BDNF is increasingly

recognized as an important modulatory mechanism of BDNF-mediated signalling (Lee et

al., 2001). Consequently, antidepressants might alter the activity of tissue plasminogen

activator (tPA) or matrix metalloproteases (MMP) to direct the actions of BDNF to TrkB

signalling. Although this is not supported by existing literature (Urano et al., 1995, however

see Knuuttila et al., 2004), the role of these cleavage proteins in antidepressant-induced

TrkB activation needs to be clarified in the future.
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Up-regulation of BDNF gene expression is a consistent finding after prolonged

antidepressant treatment (Castrén, 2004a; Duman and Monteggia, 2006) and this action of

antidepressants is likely associated with increased TrkB autophosphorylation observed after

long-term antidepressant treatment. If the newly synthesized BDNF is transported to

synaptic sites in significant amounts this likely leads to a better replenishing capacity of

BDNF for the activated neurons. The present results and our previous observations

(Saarelainen et al., 2001) also suggest that the acute changes in TrkB autophosphorylation

and signalling might initiate cellular responses that further regulate BDNF gene expression.

Thus, the molecular mechanism of antidepressant-induced up-regulation of BDNF might be

mediated by both monoaminergic (Duman, 1997) and TrkB signalling. Whether only a

single treatment augments short-term plastic events by this positive feed-back loop is still

unknown. However, it is interesting to note here that kindling seizure produces TrkB

autophosphorylation many hours after the actual seizure activity (Binder et al., 1999).

Unfortunately, pTrkB levels were not assayed in this study shortly after the seizure

induction. Moreover, the increase in pY705/6 levels in the anterior cingulate cortex after

LiCl treatment was not accompanied with significant increases in plasma Li+ levels,

suggesting that the treatment produced long-term changes in BDNF signalling. It might be

that, the changes in BDNF gene expression augmented by continuous lithium treatment

further increases BDNF trafficking and release at the synaptic sites. Alternatively, lithium

may accumulate in brain synaptosomes after long-term administration (Lam and

Christensen, 1992) and directly act at the synapses. It has actually been shown that in the

cell lithium accumulates to the head of dendritic spines (Kabakov et al., 1998). Lithium has

been shown to increase membrane depolarization (Adam-Vizi et al., 1987) thus it could

increase depolarization-dependent increase of BDNF in the synapses.

7.2.2 The role of monoamines and cyclic AMP

All clinically effective antidepressants acutely increase monoaminergic tone (Lucki and

O'Leary, 2004) suggesting that monoamines are the key mediators of antidepressant-

induced rapid TrkB activation. Whether the mechanism is direct or involves BDNF release

is not clear. For example, monoamines could stimulate the release of BDNF (Goodman et

al, 1996) and/or increase membrane expression of TrkB through intracellular cAMP (Du et

al., 2003; Meyer-Franke et al., 1998; Du et al., 2000; Du et al., 2003; Ji et al., 2005).

Consequently, we examined the role of serotonin (5-HT) and noradrenalin (NA), two

central monoamines which activate many cAMP-coupled receptors, in imipramine-induced
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TrkB activation in rat ACC. Although imipramine is an unselective monoamine reuptake

blocker, it was selected for these studies since it most reliably and consistently produces

TrkB activation (T.R., unpublished observations). Unexpectedly, imipramine produced

significant increase in TrkB activity in control animals and in animals with 5-HT or NA

contents depleted. Importantly, the fold change was identical in both groups thus suggesting

that monoamine depletions do not distrupt the molecular machinery which regulates

antidepressant-induced TrkB activation. One could argue that since imipramine produces

similar alterations in all monoamines, other remaining monoaminergic systems may

compensate for changes in another. However, basal levels of pTrkB were not altered by

monoamine depletions indicating that neither 5-HT nor NA modulates basal pTrkB status

(Actually DSP-4 produced widespread actions on all monoamine systems: 5-HT, NA and

dopamine). Yet, the finding that MAOI moclobemide also induced rapid TrkB activation

supports the role of monoamines in mediating antidepressant-induced pTrkB response.

How could antidepressants which produce similar changes in extracellular monoamine

levels but through different pharmacological mechanisms produce the same effect in TrkB

activation if monoamines are not involved? It might be that robust but yet incomplete

decrease in tissue monoamine contents is not sufficient to alter antidepressant-induced

TrkB activation. Alternatively although speculative, antidepressants may regulate the

release of BDNF independently of monoamines by changing the presynaptic membrane

potential by blocking the presynaptic reuptake transporters or by yet unknown mechanisms.

The temporal characteristics of antidepressant-induced TrkB activation reveal a few other

interesting hypotheses of how antidepressants induce TrkB activation in vivo.

Antidepressants produce rapid (within tens of minutes) elevation of extracellular

monoamines in vivo but TrkB autophosphorylation is observed only after 30 or even 60 min

later. This lag-time is quite consistent with the previously observed lag-time in ligand-

independent Trk receptor transactivation observed in vitro which is also mediated by cAMP

(Lee and Chao, 2001; Lee et al., 2002a; Lee et al., 2002b; Rajagopal et al., 2004; Berghuis

et al., 2005). Whether, antidepressants induce TrkB transactivation through some specific

cAMP (or other) coupled receptor remains unknown. The present results suggest, however,

that monoamines do not induce TrkB transactivation in vivo. The role of transactivation

could however be examined by pretreating the animals with an inhibitor of Src (critical

mediator of transactivation) prior to antidepressant treatment. Alternatively, blocking

known endogenic mediators of Trk transactivation (e.g. adenosine) might be useful. As a

mechanism, TrkB transactivation might explain why only a subset of TrkB signalling

cascades are activated upon antidepressant treatment (Lee and Chao, 2001; Lee et al.,
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2002a) and also why some unknown bands are concomitantly immunoreactive with full-

length TrkB band (see below). Finally, in a recent report TrkB was shown to be activated

by increasing the [Ca2+]i via Sigma-1 receptors (Yagasaki et al., 2006) thus adding a novel

possible mechanism of action of the antidepressant-induced TrkB response.

7.3 Antidepressant-induced autophosphorylation of partially glycosylated TrkB

One of the interesting biochemical characteristics of antidepressant-induced TrkB

activation was that additional immunoreactive bands were frequently observed by the

pY705/6 antibody in samples obtained from antidepressant-treated mice (Figure 6).

Importantly, these bands are also observed by other researchers (Saarelainen et al., 2003;

Wyneken et al., 2006). Intensities of these extra bands were often more robust than the

actual ~145 kDa band, and often invisible in samples obtained from drug-naïve animals.

The identity of these bands remained unclear but they might represent partially

glycosylated (are lectin precipitated) TrkB receptors. Trks have many N-glycosylation sites

and the glycosylation at these sites regulates the autophosphorylation status of TrkB

(Watson et al., 1999). Interestingly, a ~110kDa unglycosylated Trk band is observed after

adenosine treatment (Lee and Chao, 2001; Lee et al., 2002a). These, low-molecular bands

are also observed when TrkB receptors are over-expressed in vitro, but this is probably due

to saturation of the glycosylation capacity of the cell. As supported by the rapidity of

changes in their phosphorylation, these low-molecular weight bands may represent a

cleavaged product of full-length TrkB. If this is really the case, then this might reveal a

novel modulatory mechanism of TrkB signalling. The role of these unknown protein

products in the mechanism of action of antidepressants remains unknown but would be

highly important to examine in the future. Finally, it should be mentioned that since

truncated TrkB does not contain the actual tyrosine kinase domain or any intracellular

tyrosine residues, this band can not represent this protein.

7.4 The mechanism of pTrkB down-regulation promoted by lithium and ECS

Given the pronounced neurotrophic changes promoted by ECS (Nibuya et al., 1995;

Lindefors et al., 1995; Zetterström et al., 1998; Vaidya et al., 1999a; Altar et al., 2003;

Jacobsen and Mork et al., 2004), it was surprising that acute and prolonged ECS only

reduced pY705/6 levels in the ACC of rat 30 min post-treatment. The reason for lack of

stimulatory effect of lithium and ECS on HC and AC TrkB activity, respectively, is

currently unclear but may be due to many factors. First, reduced pY705/6 levels may
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paradoxically reflect a prior increase in TrkB activity (Saarelainen et al., 2003) and

subsequent trafficking of the receptors from the plasma membrane (Haapasalo et al., 2002).

However, we failed to observe any significant changes in pY705/6 levels prior to the down-

regulation response of ECS. It may be that the pTrkB response follows different kinetics to

those produced by antidepressants and lithium and consequently rapid peaks in pY705/6

levels induced by ECS were still undetected. Furthermore, if ECS acts by stimulating the

release of BDNF through depolarization, repetitive treatment might be necessary to elicit

rapid responses in pTrkB (Balkowiec and Katz, 2002). Interestingly, a preliminary study

suggests that TrkB receptors are activated within 2 minutes from ECS double stimulation

(T.R. and H.H., unpublished observations). Whether this was a false positive finding

remains to be determined. Although highly speculative at this point, this finding may

suggest that by modifying the current ECT protocol to elicit a rapid pTrkB response might

be of clinical importance. Could it be that the clinical effects of ECT are mediated by a

robust increase in BDNF transcription and a subsequent increase in newly formed BDNF

while the readily releasable pool of BDNF is not acutely affected? Reduced pTrkB levels

soon after the last ECS stimulation may also be linked to retrograde amnesia, a common

side-effect of ECS. It is important to note that ECS-induced reductions in pTrkB levels are

not likely associated with neuronal degeneration since the treatment paradigm induced a

critical neurotrophic pathway, the MAPK signalling pathway (see Kang et al., 1994), in the

prefrontal cortex. In addition, as mentioned earlier chronic ECS treatment increases BDNF

protein and mRNA levels throughout the forebrain (Nibuya et al., 1995; Lindefors et al.,

1995; Zetterström et al., 1998; Vaidya et al., 1999a; Altar et al., 2003; Jacobsen and Mork

et al., 2004) (see below).

Lithium-induced changes in the pTrkB response in the HC may be due to other factors also.

For example, lithium has been shown to inhibit TrkA mediated signalling in vitro in  HC

cultures (e.g. Burstein et al., 1985) thus suggesting that reduced activation of TrkA may

actually mask TrkB activation in the hippocampus. In the present study, TrkB activity was

measured using a phospho-specific antibody against all Trk receptors (the sequences of the

catalytic domains of Trks are identical). Since all Trk receptors are abundantly expressed in

the adult hippocampus (McAllister et al., 1999), one can not differentiate by using this

antibody which Trk receptor is activated or inhibited. Significantly, Saarelainen et al (2003)

confirmed the identity of antidepressant-induced TrkB phosphorylation by phospho-

analysing TrkB-immunoprecipitates and by showing that the pTrkB response was blunted

in TrkB deficient mice (see also 7.5 Antidepressant-induced TrkB signalling –

convergence to CREB?). Although both antidepressants and lithium produce neurotrophic
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actions such as neurogenesis (Malberg et al., 2000; Chen et al., 2000) in the HC, it is

interesting to speculate that these agents produce opposite changes in HC TrkB activity and

that this difference may be of clinical significance (antimanic versus antidepressant). In

contrast to antidepressants, lithium-induced changes in TrkB activity in the HC is not

evident after prolonged treatment thus lithium produces only transient changes in TrkB

activity in the HC.

Although we did not see increases in pY705/6 levels of TrkB after ECS, one interesting

observation was made. In the long-term ECS paradigm, reduced activity of TrkB coincided

with increased levels of BDNF protein, an effect which is consistently reported in literature

(e.g. Altar et al., 2003). This phenomenon is most likely related to the fact that BDNF

release is restricted to active synapses (Poo, 2001) but BDNF levels can be up-regulated

within the cell without significant increases in BDNF release. Of course and as explained

earlier, BDNF up-regulation (promoted by antidepressants for example) strengthens the

BDNF replenishing capabilities of a given neuron when it is stimulated. However, this

study together with earlier findings emphasizes the fact that measuring tissue contents of

BDNF does not give a clear picture about the TrkB activity status. This is also supported by

the finding that although long-term lithium treatment induced pTrkB in the ACC this effect

was not associated with significant changes in tissue BDNF protein levels.

7.5 Antidepressant-induced TrkB signalling – convergence to CREB?

The present results together with previous observations suggest that antidepressants activate

the TrkB signalling cascades directed by the PLC 1 site (Figure 9). Specifically, together

with increases in pY705/6 levels in the mouse HC following acute and long-term

antidepressant treatments, we observed enhanced co-immunoprecipitation between TrkB

receptors and PLC 1. Importantly, we also observed an induction of TrkB-PLC 1 site

phosphorylation after acute imipramine treatment using a TrkB specific antibody directed

against this site (T.R., unpublished observations). Significantly supporting these results, a

recent study by Yagasaki et al (2006) observed a similar interaction between TrkB and

PLC 1 in vitro upon imipramine treatment. The authors showed that by stimulating [Ca2+]i

via activation of Sigma-1 receptors, endoplasmic reticular proteins that enhance IP3

signalling (Yagasaki et al., 2006), results in pTrkB induction. Theoretically, since a variety

of antidepressants bind to and activate Sigma-1 receptors (Takebayashi et al., 2004) the

pTrkB response induced by antidepressants could be mediated through this intracellular

signalling pathway. Moreover, although we failed to see pTrkB up-regulation following



75

ECS, this treatment paradigm is known to increase the phosphorylation of PLC 1 in the HC

(Lee et al., 1993). Finally, lithium has been shown to activate PLC 1 signalling and this

effect is mediating some of its anti-apoptotic actions in vitro (Kang et al., 2003).

Even though previous studies in our laboratory have not observed the phosphorylation and

activation of the TrkB Shc binding site following antidepressant or morphine treatment in

vivo (Lucas et al., 2003; Saarelainen et al., 2003) the signalling cascades regulated by this

particular tyrosine have not yet been examined in detail. However, we observed no

significant changes in the phosphorylation status of 42/44-MAP kinases or Akt (or p38-

MAPK; T.R., unpublished observations) following antidepressant treatment in the HC. In

addition, the pY705/6 levels of TrkB did not coincide with increases in co-

immunoprecipitation with TrkB and Shc adaptor proteins. These results further support the

hypothesis that antidepressants do not significantly modulate signalling events directed by

Shc binding site of TrkB. However, these results are inconsistent with previous in vivo

experiments by Popoli et al (2002) and Fumagalli et al (2005) which showed reduced

pMAPK levels upon long-term antidepressant treatment. Therefore, pMAPK levels may be

modulated by antidepressants but they follow different kinetics to that of TrkB

autophosphorylation (and thus are not linked to the activation of TrkB) or are only observed

in specific subcellular compartments.

The present experiments also revealed some interesting molecular characteristics of the

TrkB catalytic domain. For example, in TrkB.TK+ mice which show robust increase in

pY515 levels only minor stimulation is seen in pY705/6 levels. Moreover, BDNF +/- mice

showed an exceptionally minor decrease in pY705/6 levels. Most importantly, imipramine

produced a significant increase in pY705/6 levels in both genotypes. Thus, TrkB catalytic

domain seems to be highly adaptative in nature and is specifically activated by

antidepressants. Importantly, the catalytic domain is capable of recruiting and activating a

number of intracellular signalling molecules such as rAPS and SH-2B (Qian et al., 1998).

Therefore, it would be interesting to examine the effects of antidepressants and lithium on

these signalling proteins. A recent report have shown that ECS produces a significant

increase in the mRNA levels of Grb2 (Newton et al., 2004), a protein which is regulated by

rAPS and SH-2B (Qian et al., 1998) thus suggesting that such catalytic domain -regulated

signalling is activated by antidepressants.

Emerging evidence indicates that CREB playes an important role in the actions of

antidepressants and in the aetiology of mood disorders (Duman et al., 1997; Nestler et al.,

2002; Castrén, 2004a). For example, phosphorylation of CREB in the hippocampus is a

consistent finding following long-term antidepressant, lithium or ECS treatment. Yet, the
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molecular events which ultimately regulate antidepressant-induced CREB phosphorylation

are unknown, although regulation of [cAMP]i by monoaminergic receptors has been

suggested  (Duman et al., 1997). Interestingly, the present observations together with earlier

findings point out a strong relationship between pCREB and pTrkB levels in vivo.

Specifically, antidepressant-induced TrkB autophosphorylation coincide with increased

levels of pCREB in the ACC (Saarelainen et al., 2003) and the HC (Article III)  of  WT

mice but in TrkB.TK- mice both the autophosphorylation of TrkB and pCREB levels are

blunted (Saarelainen et al., 2003). In addition, lithium-induced down-regulation of pTrkB

levels were significantly correlated with reduced pCREB levels in the HC. The findings by

Minichello et al (2002) showing that it is the PLC 1, but not Shc site, of TrkB which

regulates CREB phosphorylation, strongly point out that antidepressant-induced activation

of pCREB is mediated by activation of PLC 1 signalling. However, it is likely that both

monoaminergic and TrkB mediated CREB phosphorylation are involved and these events

regulate in concert the activation of CREB-mediated transcription (Figure  9). Although

speculative at this point, the convergence of monoaminergic and TrkB signalling on to

CREB might result in induction of only subset of CREB-mediated genes (see below).

Figure 9 Molecular interactions between
monoaminergic and TrkB signalling
components. In addition to increase
intrasynaptic levels of monoamines (see
Figure  5), antidepressants may induce
rapid activity-dependent release of
BDNF which further regulate TrkB
activity. Therefore, both monoaminergic
and TrkB signalling events can
synergically regulate CREB-mediated
gene expression. As an important
example, rapid activation of TrkB
signalling in response to BDNF can
further increase BDNF synthesis which
might be directed to the activated
synapses. In addition rapid TrkB activity
can regulate synaptic activity and the
release of releasable pool of BDNF. For
abbreviations see pages 9-10.

What is then the functional importance of antidepressant-induced PLC 1 and CREB

signalling via TrkB? Increasing evidence suggests that both PLC 1 and CREB are

implicated in neuronal plasticity (reviewed by Silva et al., 1998; Ernfors and Bramham,

2003). For example, functional signalling through PLC 1 and CREB is needed for the

formation and maintenance of LTP. In the hippocampus, phosphorylated CREB is located
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in newborn neurons and could mediate antidepressant-stimulated hippocampal

neurogenesis (Nakagawa et al., 2002a; Nakagawa et al., 2002b). However, our laboratory

have observed that TrkB deficient mice show similar increases in hippocampal

neurogenesis following antidepressant treatment but more pronounced neuronal apoptosis

in HC (Sairanen et al., 2005), thus suggesting that antidepressant-induced TrkB-mediated

CREB phosphorylation might be involved only in mediating the survival of newly formed

neurons (up-regulation of bcl-2?). In addition to BDNF, CREB mediates gene expression of

a variety of genes implicated in synaptic plasticity, cell survival/division, neuronal

differentiation and neurotransmission (Mayr and Montminy, 2001). The potential of these

proteins induced by CREB acting alone or synergistically with BDNF should be examined

in the future (Mayr et al., 2001). As an interesting example, the synthesis of insulin growth

factor (IGF) is under the control of CREB-mediated gene expression and is increased

following antidepressant treatment (Khawaja et al., 2004). Importantly, IGF promotes

antidepressant-like responses in animal depression models (Hoshaw et al., 2005). Finally,

chronic lithium treatment induces Bcl-2 protein levels in the rodent frontal cortex (Chen et

al., 1999).

Activation of PLC 1 signalling has also other functions beyond CREB phosphorylation.

Activation of PLC 1 leads to the breakdown of phospho inositol lipids to obtain DAG and

IP3 proteins. IP3 stimulate the release of [Ca2+]i from endoplasmic reticulum (ER) through

binding with IP3 –receptor. In addition to CREB activation, increased levels [Ca2+]i through

PLC 1 have been shown to stimulate glutamate and NT release (Canossa et al., 1997;

Numakawa et al., 2002) (Figure 9). Thus by signalling via PLC 1 cascade antidepressant

promotes synergic effects on both NT release and on glutamatergic neurotransmission.

These changes may ultimately lead to long-term changes in the plasticity and function of

glutaminergic signaling and overall network activity.

7.6 TrkB and behaviour in the FST

Compelling evidence suggests that antidepressant-induced increases in extracellular

monoamines regulate characteristic behaviours of antidepressants in rodent models of

depression (Cryan et al., 2004; Page et al., 1999). However, BDNF and TrkB also seem to

be involved in mediating the behavioural effects of antidepressants in these tests.

Specifically, the behavioural responses of the antidepressants imipramine, fluoxetine and

desipramine are abolished in TrkB or BDNF deficient mice (Saarelainen et al., 2003;

Monteggia et al., 2004). Interestingly, reduced BDNF mediated TrkB signaling does not
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augment depressive-like behaviours in these test (Saarelainen et al., 2003; MacQueen et al.,

2001). Since the antidepressant treatments used in previous studies (Saarelainen et al.,

2003; Monteggia et al., 2004) do not clearly differentiate between different monoaminergic

systems, we examined whether both serotonergic and noradrenergic antidepressants exert

their behavioural effects in the FST through TrkB-dependent neuronal circuits. We

observed that whereas the behavioural effects of the selective serotonergic antidepressant

citalopram were abolished in the FST, the behavioural effects of a selective noradrenergic

antidepressant were not. This result together with earlier findings supports a role for TrkB

signaling in mediating the plasticity and functionality of serotonergic networks (Altar,

1999). Although these results suggest that the acute behavioural effects of noradrenergic

agents are mediated through TrkB-independent circuits, it does not reveal the role of TrkB

signaling in more relevant behavioural situations. It is possible that the acute behavioural

responses for noradrenergic antidepressants in the FST are independent of TrkB signaling

(normal noradrenergic neurotransmission) but long-term alterations in the brain that

regulate behavioural responses for prolonged antidepressant treatment need proper TrkB

signaling (e.g. latency to feed paradigm).

In support of previous observations using direct applications of BDNF (or NT-3) to the

brain (Siuciak et al., 1997; Shirayama et al., 2002), the present results show that stable

enhanced (neuronal) TrkB signaling is sufficient to promote antidepressant-like behaviours

in the FST. The pronounced phenotype of TrkB.TK+ mice was not further augmented with

acute fluoxetine treatment. Since both PLC 1 and MAPK signaling are up-regulated in

these mice, the molecular signaling event regulating this behaviour remains to be

determined. (Koponen et al, 2004, Semenov et al., 2006). However, the lack of a

behavioural response by BDNF when combined with an ERK inhibitor, suggest an

important role of the MAPK signaling cascade (see Shirayama et al., 2002).

The present results suggest that TrkB activation per se is not involved in the behavioural

effects of antidepressants. For example, in BDNF +/- mice, imipramine produces equal

activation of TrkB although the behavioural effects of imipramine are blunted in the FST.

Moreover, reboxetine produce rapid activation of TrkB but the behavioural effects in the

FST are not abolished in TrkB.TK- mice. In addition, the antidepressant-like behaviour of

TrkB.TK+ mice is not further augmented by antidepressants although the pTrkB response

is. Finally, TrkB.TK- and BDNF +/- mice have a small but significant reduction in pTrkB

levels in the brain whereas the basal behaviour of these mice in the FST does not differ

from those seen in wild-type mice. Yet, in order to totally rule out the role of functional
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TrkB at the time of behavioural testing, one could use a previously described mouse line in

which TrkB catalytic activity can be inhibited in an hour’s time-scale (Chen et al., 2005).

7.7 TrkB as a target for novel antidepressants

Mood disorders are frequently associated with cellular loss and atrophy (Drevets, 2000;

Manji et al., 2001; Castrén, 2004a; Castrén, 2005; Ebmeier et al., 2006). These structural

impairments are probably a net effect of various molecular, behavioural and developmental

events as well as the specific genetic background of an individual. Stress, which is a

common precipitation factor for mood disorders, profoundly alters neuronal morphology

and survival in the adult brain (McEwen, 1999). Consequently, the ability of an individual

to cope with prolonged and inescapable stress is an important epigenetic factor for mood

disorders. Significantly, the abnormalities in neuronal atrophy and glial cell loss are

associated with impairments in neuronal communications such as learning (Ebmeier et al.,

2006). The present results suggest that antidepressants induce a rapid activation of PLC 1

and CREB signaling through BDNF release and TrkB activation and that these changes

initiate a plastic response in brain circuits implicated in mood disorders. Therefore,

although antidepressants act in a delayed-onset manner, antidepressants produce significant

changes in synaptic plasticity already during the early phases of treatment. These molecular

changes, if coupled to appropriate changes in neuronal network activity, might ultimately

lead to long-term neuroplastic changes in neuronal communications and consequently

clinical recovery (Figure 10) (Castrén, 2005).

The present studies further support the neurotrophic hypothesis of depression and

antidepressant action: that is reduced BDNF levels are associated with depression and stress

whereas antidepressant medication increases brain BDNF. But clearly the link between

BDNF (and other neurotrophic factors) and mood is much more complicated. For example,

a reduction in BDNF levels or signaling has not been reported to produce depression-like

symptoms in rodents (e.g. Saarelainen et al., 2003). Most importantly, whereas infusion of

BDNF to the hippocampus produces antidepressant-like behavioural effect (Shirayama et

al., 2002; Siuciak et al., 1997), infusion of BDNF to the ventral tegmental area (VTA)

produces the opposite phenotype, a pro-depressive action (Eisch et al., 2003). One of the

brain’s major dopaminergic neuronal populations reside in the VTA and these project to the

nucleus accumbens, the brain region critical for reward regulation (note that anhedodia is a

common symptom in depression). Furthermore, depression-like behavioural responses

elicited by social defeat stress are dependent on intact BDNF signaling (Berton et al.,
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2006). Finally, stress reduces BDNF mRNA levels in the hippocampus but increases BDNF

in the hypothalamus and amygdala (Nibuya et al., 1995; Smith et al., 1995a; Smith et al.,

1995b; Aguilar-Valles et al., 2005).

These studies suggest that BDNF is a critical tool for activity-dependent plasticity in a

variety, if not all, neuronal networks and that the activity of the networks itself determines

how plastic changes regulate mood. Indeed, abnormal BDNF signalling is linked to variety

of CNS disorders such as dementia, schizophrenia, epilepsy, Parkinson’s disease and

addiction (Castrén, 2004b; Pezet et al., 2004). Significantly, antidepressant drugs are

widely and effectively used in the treatment of many psychiatric and other nervous system

diseases (Castrén, 2005). This is critical to keep in mind when novel antidepressants are

developed. Given that only a limiting amount of peripherally administered BDNF crosses

the blood-brain barrier (BBB), much effort has been made to seek small-molecule ligands

directing brain TrkB receptors. In order that these novel compounds are clinically effective

in the treatment of depression, their actions must be directed to the right neuronal networks.

In regard to factors which regulate BDNF gene expression and TrkB signaling at a more

system level, adding physical activity (Russo-Neustadt et al., 1999; Russo-Neustadt et al.,

2001; Russo-Neustadt et al., 2000), “unstressful factors” or increased social interaction

might be beneficial for the treatment of depression. Therefore, one of the best and potent

alternatives to focus the plastic events in neuronal networks critical for mood regulation can

be the combination of antidepressant treatment with psychotherapy.

Figure 10 Antidepressants and synaptic
plasticity. When compared to normal state (a)
depression is associated with cellular and
functional changes implicated in
compromised neuronal communications
(reduced number and functions of synaptic
connections) (b). Antidepressant-induced
changes in BDNF release and gene
expression increase the synthesis and
plasticity of synapses through TrkB (c).
These changes when coupled to optimal
changes in network activity result in the
activity-dependent competition between the
synapses and consequently the formation and
organization of functional neurocircuits.
These changes further lead to the
amelioration of depressive symptoms (d).
Picture adopted with permission from Castrén
(2004a).
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The actions of BDNF are mediated by highly activity-dependent mechanisms and the

formation of functional connections is always based on optimal competition between

neurons and synapses (Figure 10). Although highly speculative, this raises an interesting

and paradoxical question: is the delay in antidepressant actions to some extent mediated by

inappropriate competition within neuronal networks due to the fact that antidepressants are

administered daily? In this sense it might be useful to “boost” the actions of BDNF more

frequently (short-acting antidepressants) thus giving the possibility for better activity-

dependent competition of new synaptic connections. In this regard, an agent that does not

directly modulate neuronal transmission and BDNF signaling might be more an optimal for

treatment. Therefore, AMPA receptor potentators (Mackowiak et al., 2002) that do not

themselves activate AMPA receptors, but in the presence of an endogenous agonist (e.g.,

glutamate and AMPA) reduce the rate of receptor desensitization and/or deactivation, might

be of significant therapeutic value.
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8 SUMMARY AND CONCLUSIONS

I TrkB receptors are a common neurotrophic target for diverse antidepressant drugs. The

rapidity of antidepressant-induced changes in TrkB activity indicates that it is not

mediated by increased synthesis of BDNF but may be associated with changes in

BDNF release.

II Antidepressant-induced TrkB activation specifically activates TrkB mediated PLC 1

signaling which in part and likely in concert with monoaminergic signalling regulates

the phosphorylation of CREB and therefore the transcription of genes regulated by it.

By this positive regulatory loop activity-dependent release of BDNF can regulate its

further release and synthesis.

III In contrast to chemical antidepressants, electroconvulsive shock (ECS), regulates rapid

neurotrophic responses in the brain via the TrkB-independent mitogen-activated

protein kinase (MAPK) neurotrophic pathway. Furthermore, ECS produces a transient

inhibition of TrkB signaling in the rodent prefrontal cortex by yet unknown

mechanism.

IV Behavioural effects of serotonergic antidepressants are crucially dependent on brain

TrkB signaling. Enhanced TrkB signaling is characterized by antidepressant-like

behaviour in the forced swim test (FST), a rodent depression model, but the behaviour

is not increased further by fluoxetine.

V Chemical antidepressants initiate rapid plastic responses via TrkB signaling and these

changes together with optimal network activity restore the impairment in information

processing associated with mood disorders.



84

REFERENCES

Adam-Vizi, V., Banay-Schwartz, M., Wajda, I., Lajtha, A. (1987). Depolarization of brain cortex
slices and synaptosomes by lithium. Determination of K+-equilibrium potential in cortex slices.
Brain Research 410, 257-263.

Airavaara, M., Mijatovic, J., Vihavainen, T., Piepponen, T. P., Saarma, M., Ahtee, L. (2006). In
heterozygous GDNF knockout mice the response of striatal dopaminergic system to acute morphine
is altered. Synapse 59, 321-329.

Aguilar-Valles, A., Sanchez, E., de Gortari, P., Balderas, I., Ramirez-Amaya, V., Bermudez-
Rattoni, F., Joseph-Bravo, P. (2005). Analysis of the stress response in rats trained in the water-
maze: Differential expression of corticotropin-releasing hormone, CRH-R1, glucocorticoid
receptors and brain-derived neurotrophic factor in limbic regions. Neuroendocrinology 82, 306-319.

Alfonso, J., Frick, L. R., Silberman, D. M., Palumbo, M. L., Genaro, A. M., Frasch, A. C. (2006).
Regulation of hippocampal gene expression is conserved in two species subjected to different
stressors and antidepressant treatments. Biological Psychiatry 59, 244-251.

Aloyz,  R.,  Fawcett,  J.  P.,  Kaplan,  D.  R.,  Murphy,  R.  A.,  Miller,  F.  D.  (1999). Activity-dependent
activation of TrkB neurotrophin receptors in the adult CNS. Learning & Memory 6, 216-231.

Altar, C. A., Boylan, C. B., Fritsche, M., Jackson, C., Hyman, C., Lindsay, R. M. (1994). The
neurotrophins NT-4/5 and BDNF augment serotonin, dopamine, and GABAergic systems during
behaviorally effective infusions to the substantia nigra. Experimental Neurology 130, 31-40.

Altar, C. A., Cai, N., Bliven, T., Juhasz, M., Conner, J. M., Acheson, A. L., et al (1997).
Anterograde transport of brain-derived neurotrophic factor and its role in the brain. Nature 389,
856-860.

Altar, C. A. (1999). Neurotrophins and depression. Trends in Pharmacological Sciences 20, 59-61.

Altar,  C.  A.,  Whitehead,  R.  E.,  Chen,  R.,  Wortwein,  G.,  Madsen,  T.  M.  (2003).  Effects  of
electroconvulsive seizures and antidepressant drugs on brain-derived neurotrophic factor protein in
rat brain. Biological Psychiatry 54, 703-709.

Altar, C. A., Laeng, P., Jurata, L. W., Brockman, J. A., Lemire, A., Bullard, J., et al (2004).
Electroconvulsive seizures regulate gene expression of distinct neurotrophic signaling pathways.
The Journal of Neuroscience 24, 2667-2677.

Balkowiec, A., Katz, D. M. (2002). Cellular mechanisms regulating activity-dependent release of
native brain-derived neurotrophic factor from hippocampal neurons. The Journal of Neuroscience
22, 10399-10407.

Barbacid, M. (1994). The Trk family of neurotrophin receptors. Journal of Neurobiology 25, 1386-
1403.

Barker, P. A., Lomen-Hoerth, C., Gensch, E. M., Meakin, S. O., Glass, D. J., Shooter, E. M. (1993).
Tissue-specific alternative splicing generates two isoforms of the trkA receptor. Journal of
Biological Chemistry 268, 15150-15157.

Barnabe-Heider, F., Miller, F. D. (2003). Endogenously produced neurotrophins regulate survival
and differentiation of cortical progenitors via distinct signaling pathways. The Journal of
Neuroscience 23, 5149-5160.

Bartrup,  J.  T.,  Moorman,  J.  M.,  Newberry,  N.  R.  (1997). BDNF enhances neuronal growth and
synaptic activity in hippocampal cell cultures. Neuroreport 8, 3791-3794.

Basta-Kaim, A., Budziszewska, B., Jaworska-Feil, L., Tetich, M., Kubera, M., Leskiewicz, M., et al
(2005). Inhibitory effect of imipramine on the human corticotropin-releasing-hormone gene
promoter activity operates through a PI3-K/AKT mediated pathway. Neuropharmacology 49, 156-
164.



85

Beck, K. D., Lamballe, F., Klein, R., Barbacid, M., Schauwecker, P. E., McNeill, T. H., et al
(1993). Induction of noncatalytic TrkB neurotrophin receptors during axonal sprouting in the adult
hippocampus. The Journal of Neuroscience 13, 4001-4014.

Berghuis, P., Dobszay, M. B., Wang, X., Spano, S., Ledda, F., Sousa, K. M., et al (2005).
Endocannabinoids regulate interneuron migration and morphogenesis by transactivating the TrkB
receptor. Proceedings of the National Academy of Sciences of the USA 102, 19115-19120.

Berton, O., McClung, C. A., Dileone, R. J., Krishnan V., Renthal W., Russo S. J., et al (2006).
Essential role of BDNF in the mesolimbic dopamine pathway in social defeat stress. Science 311,
864-868.

Biffo, S., Offenhauser, N., Carter, B. D., Barde, Y. A. (1995). Selective binding and internalisation
by truncated receptors restrict the availability of BDNF during development. Development 121,
2461-2470.

Binder, D. K., Routbort, M. J., McNamara, J. O. (1999). Immunohistochemical evidence of seizure-
induced activation of trk receptors in the mossy fiber pathway of adult rat hippocampus. The
Journal of Neuroscience 19, 4616-4626.

Blum, R., Kafitz, K. W., Konnerth, A. (2002). Neurotrophin-evoked depolarization requires the
sodium channel Na(V)1.9. Nature 419, 687-693.

Bonni, A., Brunet, A., West, A. E., Datta, S. R., Takasu, M. A., Greenberg, M. E. (1999). Cell
survival promoted by the Ras-MAPK signaling pathway by transcription-dependent and -
independent mechanisms. Science 286, 1358-1362.

Botteron, K. N., Raichle, M. E., Drevets, W. C., Heath, A. C., Todd, R. D. (2002). Volumetric
reduction in left subgenual prefrontal cortex in early onset depression. Biological Psychiatry 51,
342-344.

Boulanger, L., Poo, M. (1999). Gating of BDNF-induced synaptic potentiation by cAMP. Science
284, 1982-1984.

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of microgram quantities
of protein utilizing the principle of protein-dye binding. Analytical Biochemistry 72, 248-254.

Bremner, J. D., Randall, P., Scott, T. M., Bronen, R. A., Seibyl, J. P., Southwick, S. M., et al
(1995). MRI-based measurement of hippocampal volume in patients with combat-related
posttraumatic stress disorder. The American Journal of Psychiatry 152, 973-981.

Bremner,  J.  D.,  Narayan,  M.,  Anderson,  E.  R.,  Staib,  L.  H.,  Miller,  H.  L.,  Charney,  D.  S.  (2000).
Hippocampal volume reduction in major depression. The American Journal of Psychiatry 157, 115-
118.

Bremner, J. D., Vythilingam, M., Vermetten, E., Nazeer, A., Adil, J., Khan, S., et al (2002).
Reduced volume of orbitofrontal cortex in major depression. Biological Psychiatry 51, 273-279.

Burstein, D. E., Seeley, P. J., Greene, L. A. (1985). Lithium ion inhibits nerve growth factor-
induced neurite outgrowth and phosphorylation of nerve growth factor-modulated microtubule-
associated proteins. The Journal of Cell Biology 101, 862-870.

Cabelli,  R. J.,  Hohn, A.,  Shatz, C. J.  (1995). Inhibition of ocular dominance column formation by
infusion of NT-4/5 or BDNF. Science 267, 1662-1666.

Canossa, M., Griesbeck, O., Berninger, B., Campana, G., Kolbeck, R., Thoenen, H. (1997).
Neurotrophin release by neurotrophins: implications for activity-dependent neuronal plasticity.
Proceedings of the National Academy of Sciences of the USA 94, 13279-13286.

Castrén, E., Zafra, F., Thoenen, H., Lindholm, D. (1992). Light regulates expression of brain-
derived neurotrophic factor mRNA in rat visual cortex. Proceedings of the National Academy of
Sciences of the USA 89, 9444-9448.

Castrén, E., Pitkanen, M., Sirvio, J., Parsadanian, A., Lindholm, D., Thoenen, H., et al (1993). The
induction of LTP increases BDNF and NGF mRNA but decreases NT-3 mRNA in the dentate
gyrus. Neuroreport 4, 895-898.



86

Castrén, E. (2004a). Neurotrophic effects of antidepressant drugs. Current Opinion in
Pharmacology 4, 58-64.

Castrén, E. (2004b). Neurotrophins as mediators of drug effects on mood, addiction, and
neuroprotection. Molecular Neurobiology 29, 289-302.

Castrén, E. (2005). Is mood chemistry? Nature Reviews Neuroscience 6, 241-246.

Causing, C. G., Gloster, A., Aloyz, R., Bamji, S. X., Chang, E., Fawcett, J., et al (1997). Synaptic
innervation density is regulated by neuron-derived BDNF. Neuron 18, 257-267.

Celada, P., Siuciak, J. A., Tran, T. M., Altar, C. A., Tepper, J. M. (1996). Local infusion of brain-
derived neurotrophic factor modifies the firing pattern of dorsal raphe serotonergic neurons. Brain
Research 712, 293-298.

Chao,  M.  V.,  Hempstead,  B.  L.  (1995). p75 and Trk: a two-receptor system. Trends in
Neurosciences 18, 321-326.

Chen G., Zeng W. Z., Yuan P. X. Huang L. D., Jiang Y. M., Zhao Z. H., Manji H.K., (1999). The
mood-stabilizing agents lithium and valproate robustly increase the levels of the neuroprotective
protein bcl-2 in the CNS. Journal of Neurochemistry 72, 879-82

Chen, A. C., Shirayama, Y., Shin, K. H., Neve, R. L., Duman, R. S. (2001). Expression of the
cAMP response element binding protein (CREB) in hippocampus produces an antidepressant effect.
Biological Psychiatry 49, 753-762.

Chen, B., Dowlatshahi, D., MacQueen, G. M., Wang, J. F., Young, L. T. (2001). Increased
hippocampal BDNF immunoreactivity in subjects treated with antidepressant medication.
Biological Psychiatry 50, 260-265.

Chen, G., Rajkowska, G., Du, F., Seraji-Bozorgzad, N., Manji, H. K. (2000). Enhancement of
hippocampal neurogenesis by lithium. Journal of Neurochemistry 75, 1729-1734.

Chen, X., Ye, H., Kuruvilla, R., Ramanan, N., Scangos, K. W., Zhang, C., et al (2005). A chemical-
genetic approach to studying neurotrophin signaling. Neuron 46, 13-21.

Chen, Z. Y., Patel, P. D., Sant, G., Meng, C. X., Teng, K. K., Hempstead, B. L., et al (2004).
Variant brain-derived neurotrophic factor (BDNF) (Met66) alters the intracellular trafficking and
activity-dependent secretion of wild-type BDNF in neurosecretory cells and cortical neurons. The
Journal of Neuroscience 24, 4401-4411.

Choi,  D.  Y.,  Toledo-Aral,  J.  J.,  Segal,  R.,  Halegoua,  S.  (2001). Sustained signaling by
phospholipase C-gamma mediates nerve growth factor-triggered gene expression. Molecular and
Cellular biology 21, 2695-2705.

Cohen-Cory, S., Fraser, S. E. (1995). Effects of brain-derived neurotrophic factor on optic axon
branching and remodelling in vivo. Nature 378, 192-196.

Condorelli, D. F., Dell'Albani, P., Mudo, G., Timmusk, T., Belluardo, N. (1994). Expression of
neurotrophins and their receptors in primary astroglial cultures: induction by cyclic AMP-elevating
agents. Journal of Neurochemistry 63, 509-516.

Conner, J. M., Lauterborn, J. C., Yan, Q., Gall, C. M., Varon, S. (1997). Distribution of brain-
derived neurotrophic factor (BDNF) protein and mRNA in the normal adult rat CNS: evidence for
anterograde axonal transport. The Journal of Neuroscience 17, 2295-2313.

Conti, A. C., Cryan, J. F., Dalvi, A., Lucki, I., Blendy, J. A. (2002). cAMP response element-
binding protein is essential for the upregulation of brain-derived neurotrophic factor transcription,
but not the behavioral or endocrine responses to antidepressant drugs. The Journal of Neuroscience
22, 3262-3268.

Coppell, A. L., Pei, Q., Zetterström, T. S. (2003). Bi-phasic change in BDNF gene expression
following antidepressant drug treatment. Neuropharmacology 44, 903-910.

Cosi, C., Spoerri, P. E., Comelli, M. C., Guidolin, D., Skaper, S. D. (1993). Glucocorticoids depress
activity-dependent expression of BDNF mRNA in hippocampal neurones. Neuroreport 4, 527-530.



87

Coyle, J. T., Duman, R. S. (2003). Finding the intracellular signaling pathways affected by mood
disorder treatments. Neuron 38, 157-160.

Cryan, J. F., Markou, A., Lucki, I. (2002). Assessing antidepressant activity in rodents: recent
developments and future needs. Trends in Pharmacological Sciences 23, 238-245.

Cryan, J. F., O'Leary, O. F., Jin, S. H., Friedland, J. C., Ouyang, M., Hirsch, B. R., et al (2004).
Norepinephrine-deficient mice lack responses to antidepressant drugs, including selective serotonin
reuptake inhibitors. Proceedings of the National Academy of Sciences of the USA 101, 8186-8191.

Czeh, B., Michaelis, T., Watanabe, T., Frahm, J., de Biurrun, G., van Kampen, M., et al (2001).
Stress-induced changes in cerebral metabolites, hippocampal volume, and cell proliferation are
prevented by antidepressant treatment with tianeptine. Proceedings of the National Academy of
Sciences of the USA 98, 12796-12801.

Davies, A. M. (1994). The role of neurotrophins in the developing nervous system. Journal of
Neurobiology 25, 1334-1348.

De Foubert, G., Carney, S. L., Robinson, C. S., Destexhe, E. J., Tomlinson, R., Hicks, C. A., et al
(2004). Fluoxetine-induced change in rat brain expression of brain-derived neurotrophic factor
varies depending on length of treatment. Neuroscience 128, 597-604.

Dennis, K. E., Levitt, P. (2005). Regional expression of brain derived neurotrophic factor (BDNF)
is correlated with dynamic patterns of promoter methylation in the developing mouse forebrain.
Molecular Brain Research 140, 1-9.

Dias, B. G., Banerjee, S. B., Duman, R. S., Vaidya, V. A. (2003). Differential regulation of brain
derived neurotrophic factor transcripts by antidepressant treatments in the adult rat brain.
Neuropharmacology 45, 553-563.

Djalali, S., Holtje, M., Grosse, G., Rothe, T., Stroh, T., Grosse, J., et al (2005). Effects of brain-
derived neurotrophic factor (BDNF) on glial cells and serotonergic neurones during development.
Journal of Neurochemistry 92, 616-627.

Doris, A., Ebmeier, K., Shajahan, P. (1999). Depressive illness. Lancet 354, 1369-1375.

Dowlatshahi,  D.,  MacQueen,  G.  M.,  Wang,  J.  F.,  Young,  L.  T.  (1998). Increased temporal cortex
CREB concentrations and antidepressant treatment in major depression. Lancet 352, 1754-1755.

Drevets, W. C. (2000). Neuroimaging studies of mood disorders. Biological Psychiatry 48, 813-
829.

Drevets, W. C., Price, J. L., Simpson, J. R.,Jr, Todd, R. D., Reich, T., Vannier, M., et al (1997).
Subgenual prefrontal cortex abnormalities in mood disorders. Nature 386, 824-827.

Drigues, N., Poltyrev, T., Bejar, C., Weinstock, M., Youdim, M. B. (2003). cDNA gene expression
profile of rat hippocampus after chronic treatment with antidepressant drugs. Journal of Neural
Transmission 110, 1413-1436.

Du, J., Feng, L., Zaitsev, E., Je, H. S., Liu, X. W., Lu, B. (2003). Regulation of TrkB receptor
tyrosine kinase and its internalization by neuronal activity and Ca2+ influx. The Journal of Cell
Biology 163, 385-395.

Dubovsky, S. L., Davies, R., Dubovsky, A. N. (2003). Mood Disorders 439-542. In Textbook of
Clinical Psychiatry,  4th edition. Edited by Hales R.E., Yydofsky S.C. American Psychiatric
Publishing, Inc. Washington DC.

Duman, R. S., Heninger, G. R., Nestler, E. J. (1997). A molecular and cellular theory of depression.
Archives of General Psychiatry 54, 597-606.

Duman, R. S., Monteggia, L. M. (2006). A Neurotrophic Model for Stress-Related Mood Disorders.
Biological Psychiatry 59, 1116-27.

Dwivedi, Y., Rizavi, H. S., Conley, R. R., Roberts, R. C., Tamminga, C. A., Pandey, G. N. (2003).
Altered gene expression of brain-derived neurotrophic factor and receptor tyrosine kinase B in
postmortem brain of suicide subjects. Archives of General Psychiatry 60, 804-815.



88

Ebmeier, K. P., Donaghey, C., Steele, J. D. (2006). Recent developments and current controversies
in depression. Lancet 367, 153-167.

Egan, M. F., Kojima, M., Callicott, J. H., Goldberg, T. E., Kolachana, B. S., Bertolino, A., et al
(2003). The BDNF val66met polymorphism affects activity-dependent secretion of BDNF and
human memory and hippocampal function. Cell 112, 257-269.

Eide, F. F., Vining, E. R., Eide, B. L., Zang, K., Wang, X. Y., Reichardt, L. F. (1996). Naturally
occurring truncated trkB receptors have dominant inhibitory effects on brain-derived neurotrophic
factor signaling. The Journal of Neuroscience 16, 3123-3129.

Einat, H., Yuan, P., Gould, T. D., Li, J., Du, J., Zhang, L., et al (2003). The role of the extracellular
signal-regulated kinase signaling pathway in mood modulation. The Journal of Neuroscience 23,
7311-7316.

Eisch, A. J., Bolanos, C. A., de Wit, J., Simonak, R. D., Pudiak, C. M., Barrot, M., Verhaagen, J.,
Nestler, E. J. (2003). Brain-derived neurotrophic factor in the ventral midbrain-nucleus accumbens
pathway: A role in depression. Biological Psychiatry 54, 994-1005.

Ernfors, P., Ibanez, C. F., Ebendal, T., Olson, L., Persson, H. (1990a). Molecular cloning and
neurotrophic activities of a protein with structural similarities to nerve growth factor: developmental
and topographical expression in the brain. Proceedings of the National Academy of Sciences of the
USA 87, 5454-5458.

Ernfors, P., Wetmore, C., Olson, L., Persson, H. (1990b). Identification of cells in rat brain and
peripheral tissues expressing mRNA for members of the nerve growth factor family. Neuron 5, 511-
526.

Ernfors, P., Bengzon, J., Kokaia, Z., Persson, H., Lindvall, O. (1991). Increased levels of messenger
RNAs for neurotrophic factors in the brain during kindling epileptogenesis. Neuron 7, 165-176.

Ernfors, P., Merlio, J. P., Persson, H. (1992). Cells Expressing mRNA for Neurotrophins and their
Receptors During Embryonic Rat Development. The European Journal of Neuroscience 4, 1140-
1158.

Ernfors, P., Lee, K. F., Jaenisch, R. (1994a). Mice lacking brain-derived neurotrophic factor
develop with sensory deficits. Nature 368, 147-150.

Ernfors, P., Lee, K. F., Kucera, J., Jaenisch, R. (1994b). Lack of neurotrophin-3 leads to
deficiencies in the peripheral nervous system and loss of limb proprioceptive afferents. Cell 77,
503-512.

Ernfors,  P.,  Bramham,  C.  R.  (2003). The coupling of a trkB tyrosine residue to LTP. Trends in
Neurosciences 26, 171-173.

Falkenberg, T., Mohammed, A. K., Henriksson, B., Persson, H., Winblad, B., Lindefors, N. (1992).
Increased expression of brain-derived neurotrophic factor mRNA in rat hippocampus is associated
with improved spatial memory and enriched environment. Neuroscience Letters 138, 153-156.

Fawcett,  J.  A.  (2003). Lithium combinations in acute and maintenance treatment of unipolar and
bipolar depression. The Journal of Clinical Psychiatry 64 Suppl 5, 32-37.

Fawcett, J. P., Aloyz, R., McLean, J. H., Pareek, S., Miller, F. D., McPherson, P. S., et al (1997).
Detection of brain-derived neurotrophic factor in a vesicular fraction of brain synaptosomes.
Journal of Biological Chemistry 272, 8837-8840.

Fawcett, J. P., Bamji, S. X., Causing, C. G., Aloyz, R., Ase, A. R., Reader, T. A., et al (1998).
Functional evidence that BDNF is an anterograde neuronal trophic factor in the CNS. The Journal
of Neuroscience 18, 2808-2821.

Figurov, A., Pozzo-Miller, L. D., Olafsson, P., Wang, T., Lu, B. (1996). Regulation of synaptic
responses to high-frequency stimulation and LTP by neurotrophins in the hippocampus. Nature 381,
706-709.

Fink, M. (2001). Convulsive therapy: a review of the first 55 years. Journal of Affective Disorders
63, 1-15.



89

Finkbeiner, S., Tavazoie, S. F., Maloratsky, A., Jacobs, K. M., Harris, K. M., Greenberg, M. E.
(1997). CREB: a major mediator of neuronal neurotrophin responses. Neuron 19, 1031-1047.

Fornai, F., Giorgi, F. S., Gesi, M., Chen, K., Alessri, M. G., Shih, J. C. (2001). Biochemical effects
of the monoamine neurotoxins DSP-4 and MDMA in specific brain regions of MAO-B-deficient
mice. Synapse 39, 213-221.

Frazer, A., Benmansour, S. (2002). Delayed pharmacological effects of antidepressants. Molecular
Psychiatry 7 Suppl 1, S23-8.

Frechilla, D., Otano, A., Del Rio, J. (1998). Effect of chronic antidepressant treatment on
transcription factor binding activity in rat hippocampus and frontal cortex. Progress in
Neuropsychopharmacology & Biological Psychiatry 22, 787-802.

Frerking, M., Malenka, R. C., Nicoll, R. A. (1998). Brain-derived neurotrophic factor (BDNF)
modulates inhibitory, but not excitatory, transmission in the CA1 region of the hippocampus.
Journal of Neurophysiology 80, 3383-3386.

Frey, B. N., Andreazza, A. C., Cereser, K. M., Martins, M. R., Valvassori, S. S., Reus, G. Z., et al
(2006). Effects of mood stabilizers on hippocampus BDNF levels in an animal model of mania. Life
Sciences 17, 311-8.

Friedman, W. J., Black, I. B., Kaplan, D. R. (1998). Distribution of the neurotrophins brain-derived
neurotrophic factor, neurotrophin-3, and neurotrophin-4/5 in the postnatal rat brain: an
immunocytochemical study. Neuroscience 84, 101-114.

Frodl, T., Meisenzahl, E. M., Zetzsche, T., Born, C., Groll, C., Jager, M., et al (2002). Hippocampal
changes in patients with a first episode of major depression. The American Journal of Psychiatry
159, 1112-1118.

Fryer, R. H., Kaplan, D. R., Feinstein, S. C., Radeke, M. J., Grayson, D. R., Kromer, L. F. (1996).
Developmental and mature expression of full-length and truncated TrkB receptors in the rat
forebrain. The Journal of Comparative Neurology 374, 21-40.

Fuchs, E., Uno, H., Flugge, G. (1995). Chronic psychosocial stress induces morphological
alterations in hippocampal pyramidal neurons of the tree shrew. Brain Research 673, 275-282.

Fujimaki, K., Morinobu, S., Duman, R. S. (2000). Administration of a cAMP phosphodiesterase 4
inhibitor enhances antidepressant-induction of BDNF mRNA in rat hippocampus.
Neuropsychopharmacology 22, 42-51.

Fujimura, H., Altar, C. A., Chen, R., Nakamura, T., Nakahashi, T., Kambayashi, J., et al (2002).
Brain-derived neurotrophic factor is stored in human platelets and released by agonist stimulation.
Thrombosis and Haemostasis 87, 728-734.

Fujisawa, S., Yamada, M. K., Nishiyama, N., Matsuki, N., Ikegaya, Y. (2004). BDNF boosts spike
fidelity in chaotic neural oscillations. Biophysical Journal 86, 1820-1828.

Fukumoto, T., Morinobu, S., Okamoto, Y., Kagaya, A., Yamawaki, S. (2001). Chronic lithium
treatment increases the expression of brain-derived neurotrophic factor in the rat brain.
Psychopharmacology 158, 100-106.

Fumagalli, F., Molteni, R., Calabrese, F., Frasca, A., Racagni, G., Riva, M. A. (2005). Chronic
fluoxetine administration inhibits extracellular signal-regulated kinase 1/2 phosphorylation in rat
brain. Journal of Neurochemistry 93, 1551-1560.

Gallo, G., Letourneau, P. C. (1998). Localized sources of neurotrophins initiate axon collateral
sprouting. The Journal of Neuroscience 18, 5403-5414.

Galter, D., Unsicker, K. (2000a). Brain-derived neurotrophic factor and trkB are essential for
cAMP-mediated induction of the serotonergic neuronal phenotype. Journal of Neuroscience
Research 61, 295-301.

Galter, D., Unsicker, K. (2000b). Sequential activation of the 5-HT1(A) serotonin receptor and
TrkB induces the serotonergic neuronal phenotype. Molecular and Cellular Neurosciences 15, 446-
455.



90

Geranton,  S.  M.,  Heal,  D.  J.,  Stanford,  S.  C.  (2004). 5-HT has contrasting effects in the frontal
cortex, but not the hypothalamus, on changes in noradrenaline efflux induced by the monoamine
releasing-agent, d-amphetamine, and the reuptake inhibitor, BTS 54 354. Neuropharmacology 46,
511-518.

Ghosh,  A.,  Carnahan,  J.,  Greenberg,  M.  E.  (1994). Requirement for BDNF in activity-dependent
survival of cortical neurons. Science 263, 1618-1623.

Goedert, M., Fine, A., Hunt, S. P., Ullrich, A. (1986). Nerve growth factor mRNA in peripheral and
central rat tissues and in the human central nervous system: lesion effects in the rat brain and levels
in Alzheimer's disease. Brain Research 387, 85-92.

Goggi, J., Pullar, I. A., Carney, S. L., Bradford, H. F. (2002). Modulation of neurotransmitter
release induced by brain-derived neurotrophic factor in rat brain striatal slices in vitro. Brain
Research 941, 34-42.

Gombos, Z., Spiller, A., Cottrell, G. A., Racine, R. J., McIntyre Burnham, W. (1999). Mossy fiber
sprouting induced by repeated electroconvulsive shock seizures. Brain Research 844, 28-33.

Gonul, A. S., Akdeniz, F., Taneli, F., Donat, O., Eker, C., Vahip, S. (2005). Effect of treatment on
serum brain-derived neurotrophic factor levels in depressed patients. European Archives of
Psychiatry and Clinical Neuroscience 255, 381-386.

Goodman, L. J., Valverde, J., Lim, F., Geschwind, M. D., Federoff, H. J., Geller, A. I., et al (1996).
Regulated release and polarized localization of brain-derived neurotrophic factor in hippocampal
neurons. Molecular and Cellular Neurosciences 7, 222-238.

Gotz, R., Koster, R., Winkler, C., Raulf, F., Lottspeich, F., Schartl, M., et al (1994). Neurotrophin-6
is a new member of the nerve growth factor family. Nature 372, 266-269.

Gould, E., McEwen, B. S., Tanapat, P., Galea, L. A., Fuchs, E. (1997). Neurogenesis in the dentate
gyrus of the adult tree shrew is regulated by psychosocial stress and NMDA receptor activation. The
Journal of Neuroscience 17, 2492-2498.

Grider, M. H., Mamounas, L. A., Le, W., Shine, H. D. (2005). In situ expression of brain-derived
neurotrophic factor or neurotrophin-3 promotes sprouting of cortical serotonergic axons following a
neurotoxic lesion. Journal of Neuroscience Research 82, 404-412.

Grimes, C. A., Jope, R. S. (2001). CREB DNA binding activity is inhibited by glycogen synthase
kinase-3 beta and facilitated by lithium. Journal of Neurochemistry 78, 1219-1232.

Guo, H., Hellard, D. T., Huang, L., Katz, D. M. (2005). Development of pontine noradrenergic A5
neurons requires brain-derived neurotrophic factor. The European Journal of Neuroscience 21,
2019-2023.

Ha, E., Jung, K. H., Choe, B. K., Bae, J. H., Shin, D. H., Yim, S. V., et al (2006). Fluoxetine
increases the nitric oxide production via nuclear factor kappa B-mediated pathway in BV(2) murine
microglial cells. Neuroscience Letters 397, 185-189.

Haapasalo, A., Koponen, E., Hoppe, E., Wong, G., Castrén, E. (2001). Truncated trkB.T1 is
dominant negative inhibitor of trkB.TK+-mediated cell survival. Biochemical and Biophysical
Research Communications 280, 1352-1358.

Haapasalo, A., Sipola, I., Larsson, K., Åkerman, K. E., Stoilov, P., Stamm, S., et al (2002).
Regulation of TRKB surface expression by brain-derived neurotrophic factor and truncated TRKB
isoforms. Journal of Biological Chemistry 277, 43160-43167.

Hall, J., Thomas, K. L., Everitt, B. J. (2000). Rapid and selective induction of BDNF expression in
the hippocampus during contextual learning. Nature Neuroscience 3, 533-535.

Hartmann, M., Brigadski, T., Erdmann, K. S., Holtmann, B., Sendtner, M., Narz, F., et al (2004).
Truncated TrkB receptor-induced outgrowth of dendritic filopodia involves the p75 neurotrophin
receptor. Journal of Cell Science 117, 5803-5814.



91

Hashimoto, R., Takei, N., Shimazu, K., Christ, L., Lu, B., Chuang, D. M. (2002). Lithium induces
brain-derived neurotrophic factor and activates TrkB in rodent cortical neurons: an essential step for
neuroprotection against glutamate excitotoxicity. Neuropharmacology 43, 1173-1179.

Heerssen,  H.  M.,  Segal,  R.  A.  (2002). Location, location, location: a spatial view of neurotrophin
signal transduction. Trends in Neurosciences 25, 160-165.

Hefti,  F.,  Hartikka,  J.,  Salvatierra,  A.,  Weiner,  W.  J.,  Mash,  D.  C.  (1986). Localization of nerve
growth factor receptors in cholinergic neurons of the human basal forebrain. Neuroscience Letters
69, 37-41.

Hempstead, B. L., Martin-Zanca, D., Kaplan, D. R., Parada, L. F., Chao, M. V. (1991). High-
affinity NGF binding requires coexpression of the trk proto-oncogene and the low-affinity NGF
receptor. Nature 350, 678-683.

Hempstead, B. L. (2002). The many faces of p75NTR. Current Opinion in Neurobiology 12, 260-
267.

Hofer, M., Pagliusi, S. R., Hohn, A., Leibrock, J., Barde, Y. A. (1990). Regional distribution of
brain-derived neurotrophic factor mRNA in the adult mouse brain. The EMBO Journal 9, 2459-
2464.

Holoubek,  G.,  Noldner,  M.,  Treiber,  K.,  Müller,  W.  E.  (2004). Effect of chronic antidepressant
treatment on beta-receptor coupled signal transduction cascade. Which effect matters most?
Pharmacopsychiatry 37 Suppl 2, S113-9.

Hoshaw, B. A., Malberg, J. E., Lucki, I. (2005). Central administration of IGF-I and BDNF leads to
long-lasting antidepressant-like effects. Brain Research 1037, 204-208.

Huang, E. J., Reichardt, L. F. (2001). Neurotrophins: roles in neuronal development and function.
Annual Review of Neuroscience 24, 677-736.

Huang, E. J., Reichardt, L. F. (2003). Trk receptors: roles in neuronal signal transduction. Annual
Review of Biochemistry 72, 609-642.

Huang, Z. J., Kirkwood, A., Pizzorusso, T., Porciatti, V., Morales, B., Bear, M. F., et al (1999).
BDNF regulates the maturation of inhibition and the critical period of plasticity in mouse visual
cortex. Cell 98, 739-755.

Huttner, W. B., Schiebler, W., Greengard, P., De Camilli, P. (1983). Synapsin I (protein I), a nerve
terminal-specific phosphoprotein. III. Its association with synaptic vesicles studied in a highly
purified synaptic vesicle preparation. The Journal of Cell Biology 96, 1374-1388.

Inagaki, N., Thoenen, H., Lindholm, D. (1995). TrkA tyrosine residues involved in NGF-induced
neurite outgrowth of PC12 cells. The European Journal of Neuroscience 7, 1125-1133.

Ip, N. Y., Stitt, T. N., Tapley, P., Klein, R., Glass, D. J., Fandl, J., et al (1993). Similarities and
differences in the way neurotrophins interact with the Trk receptors in neuronal and nonneuronal
cells. Neuron 10, 137-149.

Isackson, P. J., Huntsman, M. M., Murray, K. D., Gall, C. M. (1991). BDNF mRNA expression is
increased in adult rat forebrain after limbic seizures: temporal patterns of induction distinct from
NGF. Neuron 6, 937-948.

Itoh,  T.,  Tokumura,  M.,  Abe,  K.  (2004). Effects of rolipram, a phosphodiesterase 4 inhibitor, in
combination with imipramine on depressive behavior, CRE-binding activity and BDNF level in
learned helplessness rats. European Journal of Pharmacology 498, 135-142.

Ivy, A. S., Rodriguez, F. G., Garcia, C., Chen, M. J., Russo-Neustadt, A. A. (2003). Noradrenergic
and serotonergic blockade inhibits BDNF mRNA activation following exercise and antidepressant.
Pharmacology, Biochemistry, and Behavior 75, 81-88.

Jacobsen,  J.  P.,  Mörk,  A.  (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 Research 1024, 183-192.



92

Ji, Y., Pang, P. T., Feng, L., Lu, B. (2005). Cyclic AMP controls BDNF-induced TrkB
phosphorylation and dendritic spine formation in mature hippocampal neurons. Nature
Neuroscience 8, 164-172.

Joshi, P. G., Singh, A., Ravichandra, B. (1999). High concentrations of tricyclic antidepressants
increase intracellular Ca2+ in cultured neural cells. Neurochemical Research 24, 391-398.

Jovanovic, J. N., Czernik, A. J., Fienberg, A. A., Greengard, P., Sihra, T. S. (2000). Synapsins as
mediators of BDNF-enhanced neurotransmitter release. Nature Neuroscience 3, 323-329.

Kabakov, A. Y., Karkanias, N. B., Lenox, R. H., Papke, R. L. (1998). Synapse-specific
accumulation of lithium in intracellular microdomains: a model for uncoupling coincidence
detection in the brain. Synapse 28, 271-279.

Kafitz, K. W., Rose, C. R., Thoenen, H., Konnerth, A. (1999). Neurotrophin-evoked rapid
excitation through TrkB receptors. Nature 401, 918-921.

Kang, H., Schuman, E. M. (1995). Long-lasting neurotrophin-induced enhancement of synaptic
transmission in the adult hippocampus. Science 267, 1658-1662.

Kang, H., Welcher, A. A., Shelton, D., Schuman, E. M. (1997). Neurotrophins and time: different
roles for TrkB signaling in hippocampal long-term potentiation. Neuron 19, 653-664.

Kang, H. J., Noh, J. S., Bae, Y. S., Gwag, B. J. (2003). Calcium-dependent prevention of neuronal
apoptosis by lithium ion: essential role of phosphoinositide 3-kinase and phospholipase Cgamma.
Molecular Pharmacology 64, 228-234.

Kang, U. G., Hong, K. S., Jung, H. Y., Kim, Y. S., Seong, Y. S., Yang, Y. C., et al (1994).
Activation and tyrosine phosphorylation of 44-kDa mitogen-activated protein kinase (MAPK)
induced by electroconvulsive shock in rat hippocampus. Journal of Neurochemistry 63, 1979-1982.

Kankaanpää, A., Meririnne, E., Ariniemi, K., Seppälä, T. (2001). Oxalic acid stabilizes dopamine,
serotonin, and their metabolites in automated liquid chromatography with electrochemical
detection. Journal of Chromatography 753, 413-419.

Kaplan, D. R., Hempstead, B. L., Martin-Zanca, D., Chao, M. V., Parada, L. F. (1991).  The  trk
proto-oncogene product: a signal transducing receptor for nerve growth factor. Science 252, 554-
558.

Karege, F., Perret, G., Bondolfi, G., Schwald, M., Bertschy, G., Aubry, J. M. (2002). Decreased
serum brain-derived neurotrophic factor levels in major depressed patients. Psychiatry Research
109, 143-148.

Karege, F., Bondolfi, G., Gervasoni, N., Schwald, M., Aubry, J. M., Bertschy, G. (2005a). Low
brain-derived neurotrophic factor (BDNF) levels in serum of depressed patients probably results
from lowered platelet BDNF release unrelated to platelet reactivity. Biological Psychiatry 57, 1068-
1072.

Karege,  F.,  Vaudan,  G.,  Schwald,  M.,  Perroud,  N.,  La  Harpe,  R.  (2005b). Neurotrophin levels in
postmortem brains of suicide victims and the effects of antemortem diagnosis and psychotropic
drugs. Molecular Brain Research 136, 29-37.

Kendall, S., Yeo, M., Henttu, P., Tomlinson, D. R. (2000). Alternative splicing of the neurotrophin-
3 gene gives rise to different transcripts in a number of human and rat tissues. Journal of
Neurochemistry 75, 41-47.

Kesslak, J. P., So, V., Choi, J., Cotman, C. W., Gomez-Pinilla, F. (1998). Learning upregulates
brain-derived neurotrophic factor messenger ribonucleic acid: a mechanism to facilitate encoding
and circuit maintenance? Behavioral Neuroscience 112, 1012-1019.

Khawaja, X., Xu, J., Liang, J. J., Barrett, J. E. (2004). Proteomic analysis of protein changes
developing in rat hippocampus after chronic antidepressant treatment: Implications for depressive
disorders and future therapies. Journal of Neuroscience Research 75, 451-460.



93

Kim, J. S., Chang, M. Y., Yu, I. T., Kim, J. H., Lee, S. H., Lee, Y. S., et al (2004). Lithium
selectively increases neuronal differentiation of hippocampal neural progenitor cells both in vitro
and in vivo. Journal of Neurochemistry 89, 324-336.

Kitayama, I., Yaga, T., Kayahara, T., Nakano, K., Murase, S., Otani, M., et al (1997). Long-term
stress degenerates, but imipramine regenerates, noradrenergic axons in the rat cerebral cortex.
Biological Psychiatry 42, 687-696.

Kitayama, N., Vaccarino, V., Kutner, M., Weiss, P., Bremner, J. D. (2005). Magnetic resonance
imaging (MRI) measurement of hippocampal volume in posttraumatic stress disorder: a meta-
analysis. Journal of Affective Disorders 88, 79-86.

Klein,  R.,  Jing,  S.  Q.,  Nanduri,  V.,  O'Rourke,  E.,  Barbacid,  M.  (1991a). The trk proto-oncogene
encodes a receptor for nerve growth factor. Cell 65, 189-197.

Klein, R., Nanduri, V., Jing, S. A., Lamballe, F., Tapley, P., Bryant, S., et al (1991b). The trkB
tyrosine protein kinase is a receptor for brain-derived neurotrophic factor and neurotrophin-3. Cell
66, 395-403.

Klein, R., Lamballe, F., Bryant, S., Barbacid, M. (1992).  The  trkB  tyrosine  protein  kinase  is  a
receptor for neurotrophin-4. Neuron 8, 947-956.

Knipper, M., da Penha Berzaghi, M., Blöchl, A., Breer, H., Thoenen, H., Lindholm, D. (1994).
Positive feedback between acetylcholine and the neurotrophins nerve growth factor and brain-
derived neurotrophic factor in the rat hippocampus. The European Journal of Neuroscience 6, 668-
671.

Knuuttila, J. E., Törönen, P., Castrén, E. (2004). Effects of antidepressant drug imipramine on gene
expression in rat prefrontal cortex. Neurochemical Research 29, 1235-1244.

Knüsel, B., Rabin, S. J., Hefti, F., Kaplan, D. R. (1994). Regulated neurotrophin receptor
responsiveness during neuronal migration and early differentiation. The Journal of Neuroscience
14, 1542-1554.

Kojima, T., Matsumoto, M., Togashi, H., Tachibana, K., Kemmotsu, O., Yoshioka, M. (2003).
Fluvoxamine suppresses the long-term potentiation in the hippocampal CA1 field of anesthetized
rats: an effect mediated via 5-HT1A receptors. Brain Research 959, 165-168.

Kokaia, Z., Bengzon, J., Metsis, M., Kokaia, M., Persson, H., Lindvall, O. (1993). Coexpression of
neurotrophins and their receptors in neurons of the central nervous system. Proceedings of the
National Academy of Sciences of the USA 90, 6711-6715.

Koponen, E., V ikar, V., Riekki, R., Saarelainen, T., Rauramaa, T., Rauvala, H., et al (2004).
Transgenic mice overexpressing the full-length neurotrophin receptor trkB exhibit increased
activation of the trkB-PLCgamma pathway, reduced anxiety, and facilitated learning. Molecular
and Cellular Neurosciences 26, 166-181.

Korte, M., Carroll, P., Wolf, E., Brem, G., Thoenen, H., Bonhoeffer, T. (1995). Hippocampal long-
term potentiation is impaired in mice lacking brain-derived neurotrophic factor. Proceedings of the
National Academy of Sciences of the USA 92, 8856-8860.

Korte,  M.,  Kang,  H.,  Bonhoeffer,  T.,  Schuman,  E.  (1998).  A  role  for  BDNF in  the  late-phase  of
hippocampal long-term potentiation. Neuropharmacology 37, 553-559.

Kovalchuk, Y., Hanse, E., Kafitz, K. W., Konnerth, A. (2002).  Postsynaptic  Induction  of  BDNF-
Mediated Long-Term Potentiation. Science 295, 1729-1734.

Laifenfeld,  D.,  Karry,  R.,  Grauer,  E.,  Klein,  E.,  Ben-Shachar,  D.  (2005). Antidepressants and
prolonged stress in rats modulate CAM-L1, laminin, and pCREB, implicated in neuronal plasticity.
Neurobiology of Disease 20, 432-441.

Lam, H. R., Christensen, S. (1992). Regional and subcellular localization of Li+ and other cations in
the rat brain following long-term lithium administration. Journal of Neurochemistry 59, 1372-1380.

Lamballe, F., Klein, R., Barbacid, M. (1991). trkC, a new member of the trk family of tyrosine
protein kinases, is a receptor for neurotrophin-3. Cell 66, 967-979.



94

Lang,  U.  E.,  Hellweg,  R.,  Gallinat,  J.  (2005). Association of BDNF serum concentrations with
central serotonergic activity: evidence from auditory signal processing. Neuropsychopharmacology
30, 1148-1153.

Langosch, J. M., Walden, J. (2002). Effects of the atypical antidepressant trimipramine on neuronal
excitability and long-term potentiation in guinea pig hippocampal slices. Progress in Neuro-
psychopharmacology & Biological psychiatry 26, 299-302.

Lee,  F.  S.,  Chao,  M.  V.  (2001). Activation of Trk neurotrophin receptors in the absence of
neurotrophins. Proceedings of the National Academy of Sciences of the USA 98, 3555-3560.

Lee, F. S., Rajagopal, R., Kim, A. H., Chang, P. C., Chao, M. V. (2002a). Activation of Trk
neurotrophin receptor signaling by pituitary adenylate cyclase-activating polypeptides. Journal of
Biological Chemistry 277, 9096-9102.

Lee,  F.  S.,  Rajagopal,  R.,  Chao,  M. V.  (2002b). Distinctive features of Trk neurotrophin receptor
transactivation by G protein-coupled receptors. Cytokine & Growth factor reviews 13, 11-17.

Lee, J., Duan, W., Mattson, M. P. (2002). Evidence that brain-derived neurotrophic factor is
required for basal neurogenesis and mediates, in part, the enhancement of neurogenesis by dietary
restriction in the hippocampus of adult mice. Journal of Neurochemistry 82, 1367-1375.

Lee, R., Kermani, P., Teng, K. K., Hempstead, B. L. (2001). Regulation of cell survival by secreted
proneurotrophins. Science 294, 1945-1948.

Lee, Y. H., Ryu, S. H., Suh, P. G., Park, J. B., Ahn, Y. M., Kim, Y. S. (1993). Tyrosine
phosphorylation of PLC-gamma 1 induced by electroconvulsive shock in rat hippocampus.
Biochemical and Biophysical Research Communications 194, 665-670.

Lessmann, V., Gottmann, K., Heumann, R. (1994). BDNF and NT-4/5 enhance glutamatergic
synaptic transmission in cultured hippocampal neurones. Neuroreport 6, 21-25.

Lessmann V, Gottmann K, Malcangio M. (2003). Neurotrophin secretion: current facts and future
prospects. Progress in Neurobiology 69, 341-74.

Levi-Montalcini, R. (1987). The nerve growth factor 35 years later. Science 237, 1154-1162.

Levine,  E.  S.,  Dreyfus,  C.  F.,  Black,  I.  B.,  Plummer,  M.  R.  (1995). Brain-derived neurotrophic
factor rapidly enhances synaptic transmission in hippocampal neurons via postsynaptic tyrosine
kinase receptors. Proceedings of the National Academy of Sciences of the USA 92, 8074-8077.

Levine, E. S., Dreyfus, C. F., Black, I. B., Plummer, M. R. (1996). Selective role for trkB
neurotrophin receptors in rapid modulation of hippocampal synaptic transmission. Molecular Brain
Research 38, 300-303.

Lewin, G. R., Barde, Y. A. (1996). Physiology of the neurotrophins. Annual Review of
Neuroscience 19, 289-317.

Lindefors, N., Brodin, E., Metsis, M. (1995). Spatiotemporal selective effects on brain-derived
neurotrophic factor and trkB messenger RNA in rat hippocampus by electroconvulsive shock.
Neuroscience 65, 661-670.

Linko, S. (2001). Automated ion-selective measurement of lithium in serum. A practical  approach
to result-level verification in a two-way method validation. Accreditation and Quality Assurance 6,
31-36.

Liu, D., Diorio, J., Day, J. C., Francis, D. D., Meaney, M. J. (2000). Maternal care, hippocampal
synaptogenesis and cognitive development in rats. Nature Neuroscience 3, 799-806.

Liu, Q. R., Lu, L., Zhu, X. G., Gong, J. P., Shaham, Y., Uhl, G. R. (2006). Rodent BDNF genes,
novel promoters, novel splice variants, and regulation by cocaine. Brain Research 1067, 1-12.

Liu, Y., Ishida, Y., Shinoda, K., Furukawa, S., Nakamura, S. (2004). Opposite morphological
responses of partially denervated cortical serotonergic and noradrenergic axons to repeated stress in
adult rats. Brain Research Bulletin 64, 67-74.



95

Lucas, G., Hendolin, P., Harkany, T., Åkerman, K., Paratcha, G., Holmgren, C., et al (2003).
Neurotrophin-4 mediated TrkB activation reinforces morphine-induced analgesia. Nature
Neuroscience 6, 221-222.

Lucassen, P. J., Muller, M. B., Holsboer, F., Bauer, J., Holtrop, A., Wouda, J., et al (2001).
Hippocampal apoptosis in major depression is a minor event and absent from subareas at risk for
glucocorticoid overexposure. American Journal of Pathology 158, 453-468.

Lucki, I., O'Leary, O. F. (2004). Distinguishing roles for norepinephrine and serotonin in the
behavioral effects of antidepressant drugs. The Journal of clinical psychiatry 65 Suppl 4, 11-24.

Lyons, W. E., Mamounas, L. A., Ricaurte, G. A., Coppola, V., Reid, S. W., Bora, S. H., et al
(1999). Brain-derived neurotrophic factor-deficient mice develop aggressiveness and hyperphagia
in conjunction with brain serotonergic abnormalities. Proceedings of the National Academy of
Sciences of the USA 96, 15239-15244.

Lähteinen, S., Pitkänen, A., Koponen, E., Saarelainen, T., Castrén, E. (2003). Exacerbated status
epilepticus and acute cell loss, but no changes in epileptogenesis, in mice with increased brain-
derived neurotrophic factor signaling. Neuroscience 122, 1081-1092.

Ma, Y. L., Wang, H. L., Wu, H. C., Wei, C. L., Lee, E. H. (1998). Brain-derived neurotrophic factor
antisense oligonucleotide impairs memory retention and inhibits long-term potentiation in rats.
Neuroscience 82, 957-967.

Mackowiak, M., O'Neill, M. J., Hicks, C. A., Bleakman, D., Skolnick, P. (2002). An AMPA
receptor potentiator modulates hippocampal expression of BDNF: An in vivo study.
Neuropharmacology 43, 1-10.

MacQueen, G. M., Ramakrishnan, K., Croll, S. D., Siuciak, J. A., Yu, G., Young, L. T., et al
(2001). Performance of heterozygous brain-derived neurotrophic factor knockout mice on
behavioral analogues of anxiety, nociception, and depression. Behavioral Neuroscience 115, 1145-
1153.

MacQueen, G. M., Campbell, S., McEwen, B. S., Macdonald, K., Amano, S., Joffe, R. T., et al
(2003). Course of illness, hippocampal function, and hippocampal volume in major depression.
Proceedings of the National Academy of Sciences of the USA 100, 1387-1392.

Madsen, T. M., Treschow, A., Bengzon, J., Bolwig, T. G., Lindvall, O., Tingstrom, A. (2000).
Increased neurogenesis in a model of electroconvulsive therapy. Biological Psychiatry 47, 1043-
1049.

Magarinos, A. M., McEwen, B. S., Flugge, G., Fuchs, E. (1996). Chronic psychosocial stress causes
apical dendritic atrophy of hippocampal CA3 pyramidal neurons in subordinate tree shrews. The
Journal of Neuroscience 16, 3534-3540.

Magarinos, A. M., Orchinik, M., McEwen, B. S. (1998). Morphological changes in the hippocampal
CA3 region induced by non-invasive glucocorticoid administration: a paradox. Brain Research 809,
314-318.

Mai, L., Jope, R. S., Li, X. (2002). BDNF-mediated signal transduction is modulated by GSK3beta
and mood stabilizing agents. Journal of Neurochemistry 82, 75-83.

Maisonpierre, P. C., Belluscio, L., Friedman, B., Alderson, R. F., Wiegand, S. J., Furth, M. E., et al
(1990). NT-3, BDNF, and NGF in the developing rat nervous system: parallel as well as reciprocal
patterns of expression. Neuron 5, 501-509.

Malberg, J. E., Eisch, A. J., Nestler, E. J., Duman, R. S. (2000). Chronic antidepressant treatment
increases neurogenesis in adult rat hippocampus. The Journal of Neuroscience 20, 9104-9110.

Mallo, T., Berggard, C., Eller, M., Damberg, M., Oreland, L., Harro, J. (2004). Effect of long-term
blockade of CRF(1) receptors on exploratory behaviour, monoamines and transcription factor AP-2.
Pharmacology, Biochemistry, and Behavior 77, 855-865.

Mamounas, L. A., Blue, M. E., Siuciak, J. A., Altar, C. A. (1995). Brain-derived neurotrophic factor
promotes the survival and sprouting of serotonergic axons in rat brain. The Journal of Neuroscience
15, 7929-7939.



96

Mamounas, L. A., Altar, C. A., Blue, M. E., Kaplan, D. R., Tessarollo, L., Lyons, W. E. (2000).
BDNF promotes the regenerative sprouting, but not survival, of injured serotonergic axons in the
adult rat brain. The Journal of Neuroscience 20, 771-782.

Manev, H., Uz, T., Smalheiser, N. R., Manev, R. (2001). Antidepressants alter cell proliferation in
the adult brain in vivo and in neural cultures in vitro. European Journal of Pharmacology 411, 67-
70.

Manji, H. K., Drevets, W. C., Charney, D. S. (2001). The cellular neurobiology of depression.
Nature Medicine 7, 541-547.

Martin-Iverson, M. T., Todd, K. G., Altar, C. A. (1994). Brain-derived neurotrophic factor and
neurotrophin-3 activate striatal dopamine and serotonin metabolism and related behaviors:
interactions with amphetamine. The Journal of Neuroscience 14, 1262-1270.

Marty,  S.,  Berninger,  B.,  Carroll,  P.,  Thoenen,  H.  (1996). GABAergic stimulation regulates the
phenotype of hippocampal interneurons through the regulation of brain-derived neurotrophic factor.
Neuron 16, 565-570.

Marvanova, M., Lakso, M., Pirhonen, J., Nawa, H., Wong, G., Castrén, E. (2001). The
neuroprotective agent memantine induces brain-derived neurotrophic factor and trkB receptor
expression in rat brain. Molecular and Cellular Neurosciences 18, 247-258.

Matsumoto, M., Tachibana, K., Togashi, H., Tahara, K., Kojima, T., Yamaguchi, T., et al (2005).
Chronic treatment with milnacipran reverses the impairment of synaptic plasticity induced by
conditioned fear stress. Psychopharmacology 179, 606-612.

Matsunaga, W., Shirokawa, T., Isobe, K. (2004). BDNF is necessary for maintenance of
noradrenergic innervations in the aged rat brain. Neurobiology of Aging 25, 341-348.

Mattson, M. P., Maudsley, S., Martin, B. (2004). BDNF and 5-HT: a dynamic duo in age-related
neuronal plasticity and neurodegenerative disorders. Trends in Neurosciences 27, 589-594.

Mayr,  B.,  Montminy,  M.  (2001). Transcriptional regulation by the phosphorylation-dependent
factor CREB. Nature Reviews Molecular Cell Biology 2, 599-609.

McAllister, A. K., Lo, D. C., Katz, L. C. (1995). Neurotrophins regulate dendritic growth in
developing visual cortex. Neuron 15, 791-803.

McAllister, A. K., Katz, L. C., Lo, D. C. (1999). Neurotrophins and synaptic plasticity. Annual
Review of Neuroscience 22, 295-318.

McEwen, B. S. (1999). Stress and hippocampal plasticity. Annual Review of Neuroscience 22, 105-
122.

Mercier, G., Lennon, A. M., Renouf, B., Dessouroux, A., Ramauge, M., Courtin, F., et al (2004).
MAP kinase activation by fluoxetine and its relation to gene expression in cultured rat astrocytes.
Journal of Molecular Neuroscience 24, 207-216.

Metsis, M., Timmusk, T., Arenas, E., Persson, H. (1993). Differential usage of multiple brain-
derived neurotrophic factor promoters in the rat brain following neuronal activation. Proceedings of
the National Academy of Sciences of the USA 90, 8802-8806.

Meyer-Franke, A., Wilkinson, G. A., Kruttgen, A., Hu, M., Munro, E., Hanson, M. G.,Jr, et al
(1998). Depolarization and cAMP elevation rapidly recruit TrkB to the plasma membrane of CNS
neurons. Neuron 21, 681-693.

Middlemas, D. S., Meisenhelder, J., Hunter, T. (1994). Identification of TrkB autophosphorylation
sites and evidence that phospholipase C-gamma 1 is a substrate of the TrkB receptor. Journal of
Biological Chemistry 269, 5458-5466.

Minichiello, L., Casagranda, F., Tatche, R. S., Stucky, C. L., Postigo, A., Lewin, G. R., et al (1998).
Point mutation in trkB causes loss of NT4-dependent neurons without major effects on diverse
BDNF responses. Neuron 21, 335-345.

Minichiello, L., Calella, A. M., Medina, D. L., Bonhoeffer, T., Klein, R., Korte, M. (2002).
Mechanism of TrkB-mediated hippocampal long-term potentiation. Neuron 36, 121-137.



97

Miro,  X.,  Perez-Torres,  S.,  Artigas,  F.,  Puigdomenech,  P.,  Palacios,  J.  M.,  Mengod,  G.  (2002).
Regulation of cAMP phosphodiesterase mRNAs expression in rat brain by acute and chronic
fluoxetine treatment. An in situ hybridization study. Neuropharmacology 43, 1148-1157.

Molteni, R., Calabrese, F., Bedogni, F., Tongiorgi, E., Fumagalli, F., Racagni, G., et al (2005).
Chronic treatment with fluoxetine up-regulates cellular BDNF mRNA expression in rat
dopaminergic regions. The International Journal of Neuropsychopharmacology 1-11.

Monteggia, L. M., Barrot, M., Powell, C. M., Berton, O., Galanis, V., Gemelli, T., et al (2004).
Essential role of brain-derived neurotrophic factor in adult hippocampal function. Proceedings of
the National Academy of Sciences of the USA 101, 10827-10832.

Morcuende, S., Gadd, C. A., Peters, M., Moss A., Harris E. A., Sheasby A., et al. (2003). Increased
neurogenesis and brain-derived neurotrophic factor in neurokinin-1 receptor gene knockout mice.
The European Journal of Neuroscience 18, 1828-1836.

Morinobu, S., Fujimaki, K., Okuyama, N., Takahashi, M., Duman, R. S. (1999). Stimulation of
adenylyl cyclase and induction of brain-derived neurotrophic factor and TrkB mRNA by NKH477,
a novel and potent forskolin derivative. Journal of Neurochemistry 72, 2198-2205.

Mowla,  S.  J.,  Pareek,  S.,  Farhadi,  H.  F.,  Petrecca,  K.,  Fawcett,  J.  P.,  Seidah,  N.  G., et al (1999).
Differential sorting of nerve growth factor and brain-derived neurotrophic factor in hippocampal
neurons. The Journal of Neuroscience 19, 2069-2080.

Mowla, S. J., Farhadi, H. F., Pareek, S., Atwal, J. K., Morris, S. J., Seidah, N. G., et al (2001).
Biosynthesis and post-translational processing of the precursor to brain-derived neurotrophic factor.
Journal of Biological Chemistry 276, 12660-12666.

Nakagawa, S., Kim, J. E., Lee, R., Chen, J., Fujioka, T., Malberg, J., et al (2002b). Localization of
phosphorylated cAMP response element-binding protein in immature neurons of adult
hippocampus. The Journal of Neuroscience 22, 9868-9876.

Nakagawa, S., Kim, J. E., Lee, R., Malberg, J. E., Chen, J., Steffen, C., et al (2002a). Regulation of
neurogenesis in adult mouse hippocampus by cAMP and the cAMP response element-binding
protein. The Journal of Neuroscience 22, 3673-3682.

Nawa, H., Carnahan, J., Gall, C. (1995). BDNF protein measured by a novel enzyme immunoassay
in normal brain and after seizure: partial disagreement with mRNA levels. The European Journal of
Neuroscience 7, 1527-1535.

Nestler, E. J., Barrot, M., DiLeone, R. J., Eisch, A. J., Gold, S. J., Monteggia, L. M. (2002).
Neurobiology of depression. Neuron 34, 13-25.

Neumeister,  A.,  Yuan,  P.,  Young,  T.  A.,  Bonne,  O.,  Luckenbaugh,  D.  A.,  Charney,  D.  S., et al
(2005). Effects of tryptophan depletion on serum levels of brain-derived neurotrophic factor in
unmedicated patients with remitted depression and healthy subjects. The American Journal of
Psychiatry 162, 805-807.

Neves-Pereira,  M.,  Mundo,  E.,  Muglia,  P.,  King,  N.,  Macciardi,  F.,  Kennedy,  J.  L.  (2002). The
brain-derived neurotrophic factor gene confers susceptibility to bipolar disorder: evidence from a
family-based association study. American Journal of Human Genetics 71, 651-655.

Newton,  S.  S.,  Collier,  E.  F.,  Bennett,  A.  H.,  Russell,  D.  S.,  Duman,  R.  S.  (2004). Regulation of
growth factor receptor bound 2 by electroconvulsive seizure. Molecular Brain Research 129, 185-
188.

Nibuya, M., Morinobu, S., Duman, R. S. (1995). Regulation of BDNF and trkB mRNA in rat brain
by chronic electroconvulsive seizure and antidepressant drug treatments. The Journal of
Neuroscience 15, 7539-7547.

Nibuya, M., Nestler, E. J., Duman, R. S. (1996). Chronic antidepressant administration increases the
expression of cAMP response element binding protein (CREB) in rat hippocampus. The Journal of
Neuroscience 16, 2365-2372.

Nibuya, M., Takahashi, M., Russell, D. S., Duman, R. S. (1999). Repeated stress increases catalytic
TrkB mRNA in rat hippocampus. Neuroscience Letters 267, 81-84.



98

Nilsson, A. S., Fainzilber, M., Falck, P., Ibanez, C. F. (1998). Neurotrophin-7: a novel member of
the neurotrophin family from the zebrafish. FEBS Letters 424, 285-290.

Numakawa, T., Yamagishi, S., Adachi, N., Matsumoto, T., Yokomaku, D., Yamada, M., et al
(2002). Brain-derived neurotrophic factor-induced potentiation of Ca(2+) oscillations in developing
cortical neurons. Journal of Biological Chemistry 277, 6520-6529.

Ohira, K., Kumanogoh, H., Sahara, Y., Homma, K. J., Hirai, H., Nakamura, S., et al (2005).  A
truncated tropomyosin-related kinase B receptor, T1, regulates glial cell morphology via Rho GDP
dissociation inhibitor 1. The Journal of Neuroscience 25, 1343-1353.

Olofsdotter, K., Lindvall, O., Asztely, F. (2000). Increased synaptic inhibition in dentate gyrus of
mice with reduced levels of endogenous brain-derived neurotrophic factor. Neuroscience 101, 531-
539.

Page, M. E., Detke, M. J., Dalvi, A., Kirby, L. G., Lucki, I. (1999). Serotonergic mediation of the
effects of fluoxetine, but not desipramine, in the rat forced swimming test. Psychopharmacology
147, 162-167.

Pang, P. T., Teng, H. K., Zaitsev, E., Woo, N. T., Sakata, K., Zhen, S., et al (2004). Cleavage of
proBDNF by tPA/plasmin is essential for long-term hippocampal plasticity. Science 306, 487-491.

Patterson, S. L., Grover, L. M., Schwartzkroin, P. A., Bothwell, M. (1992). Neurotrophin
expression in rat hippocampal slices: a stimulus paradigm inducing LTP in CA1 evokes increases in
BDNF and NT-3 mRNAs. Neuron 9, 1081-1088.

Patterson, S. L., Abel, T., Deuel, T. A., Martin, K. C., Rose, J. C., Kandel, E. R. (1996).
Recombinant BDNF rescues deficits in basal synaptic transmission and hippocampal LTP in BDNF
knockout mice. Neuron 16, 1137-1145.

Pencea, V., Bingaman, K. D., Wiegand, S. J., Luskin, M. B. (2001). Infusion of brain-derived
neurotrophic factor into the lateral ventricle of the adult rat leads to new neurons in the parenchyma
of the striatum, septum, thalamus, and hypothalamus. The Journal of Neuroscience 21, 6706-6717.

Pezet, S., Malcangio, M. (2004). Brain-derived neurotrophic factor as a drug target for CNS
disorders. Expert Opin Ther Targets 8, 391-399.

Poo, M. M. (2001). Neurotrophins as synaptic modulators. Nature Reviews Neuroscience 2, 24-32.

Popoli,  M.,  Gennarelli,  M.,  Racagni,  G.  (2002). Modulation of synaptic plasticity by stress and
antidepressants. Bipolar Disorders 4, 166-182.

Porsolt,  R.  D.,  Le  Pichon,  M.,  Jalfre,  M.  (1977). Depression: a new animal model sensitive to
antidepressant treatments. Nature 266, 730-732.

Pozzo-Miller, L. D., Gottschalk, W., Zhang, L., McDermott, K., Du, J., Gopalakrishnan, R., et al
(1999). Impairments in high-frequency transmission, synaptic vesicle docking, and synaptic protein
distribution in the hippocampus of BDNF knockout mice. The Journal of Neuroscience 19, 4972-
4983.

Qian,  X.,  Riccio,  A.,  Zhang,  Y.,  Ginty,  D.  D.  (1998). Identification and characterization of novel
substrates of Trk receptors in developing neurons. Neuron 21, 1017-1029.

Rajagopal, R., Chen, Z. Y., Lee, F. S., Chao, M. V. (2004). Transactivation of Trk neurotrophin
receptors by G-protein-coupled receptor ligands occurs on intracellular membranes. The Journal of
Neuroscience 24, 6650-6658.

Rajkowska, G., Miguel-Hidalgo, J. J., Wei, J., Dilley, G., Pittman, S. D., Meltzer, H. Y., et al
(1999). Morphometric evidence for neuronal and glial prefrontal cell pathology in major depression.
Biological Psychiatry 45, 1085-1098.

Reif, A., Fritzen, S., Finger, M., Strobel, A., Lauer, M., Schmitt, A., et al (2006). Neural stem cell
proliferation is decreased in schizophrenia, but not in depression. Molecular Psychiatry 11, 514-22.

Ren-Patterson, R. F., Cochran, L. W., Holmes, A., Sherrill, S., Huang, S. J., Tolliver, T., et al
(2005). Loss of brain-derived neurotrophic factor gene allele exacerbates brain monoamine



99

deficiencies and increases stress abnormalities of serotonin transporter knockout mice. Journal of
Neuroscience Research 79, 756-771.

Rivera, C., Li, H., Thomas-Crusells, J., Lahtinen, H., Viitanen, T., Nanobashvili, A., et al (2002).
BDNF-induced TrkB activation down-regulates the K+-Cl- cotransporter KCC2 and impairs
neuronal Cl- extrusion. The Journal of Cell Biology 159, 747-752.

Rocamora, N., Welker, E., Pascual, M., Soriano, E. (1996). Upregulation of BDNF mRNA
expression in the barrel cortex of adult mice after sensory stimulation. The Journal of Neuroscience
16, 4411-4419.

Rodriguez-Tebar,  A.,  Dechant,  G.,  Barde,  Y.  A.  (1991). Neurotrophins: structural relatedness and
receptor interactions. Philosophical Transactions of the Royal Society of London. Series B:
Biological Sciences 331, 255-258.

Rose, C. R., Blum, R., Pichler, B., Lepier, A., Kafitz, K. W., Konnerth, A. (2003). Truncated TrkB-
T1 mediates neurotrophin-evoked calcium signalling in glia cells. Nature 426, 74-78.

Rubio, N. (1997). Mouse astrocytes store and deliver brain-derived neurotrophic factor using the
non-catalytic gp95trkB receptor. The European Journal of Neuroscience 9, 1847-1853.

Rumajogee, P., Madeira, A., Verge, D., Hamon, M., Miquel, M. C. (2002). Up-regulation of the
neuronal serotoninergic phenotype in vitro: BDNF and cAMP share Trk B-dependent mechanisms.
Journal of Neurochemistry 83, 1525-1528.

Rumajogee, P., Verge, D., Hanoun, N., Brisorgueil, M. J., Hen, R., Lesch, K. P., et al (2004).
Adaption of the serotoninergic neuronal phenotype in the absence of 5-HT autoreceptors or the 5-
HT transporter: involvement of BDNF and cAMP. The European Journal of Neuroscience 19, 937-
944.

Russo-Neustadt, A., Beard, R. C., Cotman, C. W. (1999). Exercise, antidepressant medications, and
enhanced brain derived neurotrophic factor expression. Neuropsychopharmacology 21, 679-682.

Russo-Neustadt, A. A., Beard, R. C., Huang, Y. M., Cotman, C. W. (2000). Physical activity and
antidepressant treatment potentiate the expression of specific brain-derived neurotrophic factor
transcripts in the rat hippocampus. Neuroscience 101, 305-312.

Russo-Neustadt, A., Ha, T., Ramirez, R., Kesslak, J. P. (2001). Physical activity-antidepressant
treatment combination: impact on brain-derived neurotrophic factor and behavior in an animal
model. Behavioural Brain Research 120, 87-95.

Saarelainen, T., Lukkarinen, J. A., Koponen, S., Gröhn, O. H., Jolkkonen, J., Koponen, E., et al
(2000a). Transgenic mice overexpressing truncated trkB neurotrophin receptors in neurons show
increased susceptibility to cortical injury after focal cerebral ischemia. Molecular and Cellular
Neurosciences 16, 87-96.

Saarelainen, T., Pussinen, R., Koponen, E., Alhonen, L., Wong, G., Sirviö, J., et al (2000b).
Transgenic mice overexpressing truncated trkB neurotrophin receptors in neurons have impaired
long-term spatial memory but normal hippocampal LTP. Synapse 38, 102-104.

Saarelainen, T., Vaittinen, S., Castrén, E. (2001). trkB-receptor activation contributes to the kainate-
induced increase in BDNF mRNA synthesis. Cellular and Molecular Neurobiology 21, 429-435.

Saarelainen, T., Hendolin, P., Lucas, G., Koponen, E., Sairanen, M., MacDonald, E., et al (2003).
Activation of the TrkB neurotrophin receptor is induced by antidepressant drugs and is required for
antidepressant-induced behavioral effects. The Journal of Neuroscience 23, 349-357.

Sairanen,  M.,  Lucas,  G.,  Ernfors,  P.,  Castrén,  M.,  Castrén,  E.  (2005). Brain-derived neurotrophic
factor and antidepressant drugs have different but coordinated effects on neuronal turnover,
proliferation, and survival in the adult dentate gyrus. The Journal of Neuroscience 25, 1089-1094.

Sala, R., Viegi, A., Rossi, F. M., Pizzorusso, T., Bonanno, G., Raiteri, M., et al (1998). Nerve
growth factor and brain-derived neurotrophic factor increase neurotransmitter release in the rat
visual cortex. The European Journal of Neuroscience 10, 2185-2191.



100

Santarelli, L., Saxe, M., Gross, C., Surget, A., Battaglia, F., Dulawa, S., et al (2003). Requirement
of hippocampal neurogenesis for the behavioral effects of antidepressants. Science 301, 805-809.

Scharfman, H., Goodman, J., Macleod, A., Phani, S., Antonelli, C., Croll, S. (2005). Increased
neurogenesis and the ectopic granule cells after intrahippocampal BDNF infusion in adult rats.
Experimental Neurology 192, 348-356.

Schechter, L. E., Ring, R. H., Beyer, C. E., Hughes, Z. A., Khawaja, X., Malberg, J. E.,
Rosenzweig-Lipson, S. (2005). Innovative approaches for the development of antidepressant drugs:
Current and future strategies. NeuroRx 2, 590-611.

Schildkraut,  J.  J.  (1965). The catecholamine hypothesis of affective disorders: a review of
supporting evidence. The American Journal of Psychiatry 122, 509-522.

Schou, M. (2001). Lithium treatment at 52. Journal of Affective Disorders 67, 21-32.

Segal, R. A., Bhattacharyya, A., Rua, L. A., Alberta, J. A., Stephens, R. M., Kaplan, D. R., et al
(1996). Differential utilization of Trk autophosphorylation sites. Journal of Biological Chemistry
271, 20175-20181.

Seidah, N. G., Benjannet, S., Pareek, S., Chretien, M., Murphy, R. A. (1996a). Cellular processing
of the neurotrophin precursors of NT3 and BDNF by the mammalian proprotein convertases. FEBS
Letters 379, 247-250.

Seidah, N. G., Benjannet, S., Pareek, S., Savaria, D., Hamelin, J., Goulet, B., et al (1996b). Cellular
processing of the nerve growth factor precursor by the mammalian pro-protein convertases. The
Biochemical Journal 314 ( Pt 3), 951-960.

Semenov,  A.,  Goldsteins,  G.,  Castrén,  E.  (2006). Phosphoproteomic Analysis of Neurotrophin
Receptor TrkB Signaling Pathways in Mouse Brain. Cellular and Molecular Neurobiology 26, 163-
75.

Shaldubina, A., Agam, G., Belmaker, R. H. (2001). The mechanism of lithium action: state of the
art, ten years later. Progress in Neuropsychopharmacology & Biological psychiatry 25, 855-866.

Shaywitz, A. J., Greenberg, M. E. (1999). CREB: a stimulus-induced transcription factor activated
by a diverse array of extracellular signals. Annual Review of Biochemistry 68, 821-861.

Sheline, Y. I., Wang, P. W., Gado, M. H., Csernansky, J. G., Vannier, M. W. (1996). Hippocampal
atrophy in recurrent major depression. Proceedings of the National Academy of Sciences of the USA
93, 3908-3913.

Sheline, Y. I., Sanghavi, M., Mintun, M. A., Gado, M. H. (1999). Depression duration but not age
predicts hippocampal volume loss in medically healthy women with recurrent major depression.
The Journal of Neuroscience 19, 5034-5043.

Sheline, Y. I., Gado, M. H., Kraemer, H. C. (2003). Untreated depression and hippocampal volume
loss. The American Journal of Psychiatry 160, 1516-1518.

Shelton, D. L., Sutherland, J., Gripp, J., Camerato, T., Armanini, M. P., Phillips, H. S., et al (1995).
Human trks: molecular cloning, tissue distribution, and expression of extracellular domain
immunoadhesins. The Journal of Neuroscience 15, 477-491.

Shimizu, E., Hashimoto, K., Okamura, N., Koike, K., Komatsu, N., Kumakiri, C., et al (2003).
Alterations of serum levels of brain-derived neurotrophic factor (BDNF) in depressed patients with
or without antidepressants. Biological Psychiatry 54, 70-75.

Shirayama, Y., Chen, A. C., Nakagawa, S., Russell, D. S., Duman, R. S. (2002). Brain-derived
neurotrophic factor produces antidepressant effects in behavioral models of depression. The Journal
of Neuroscience 22, 3251-3261.

Silva, A. J., Kogan, J. H., Frankland, P. W., Kida, S. (1998). CREB and memory. Annual Review of
Neuroscience 21, 127-148.

Siuciak, J. A., Boylan, C., Fritsche, M., Altar, C. A., Lindsay, R. M. (1996). BDNF increases
monoaminergic activity in rat brain following intracerebroventricular or intraparenchymal
administration. Brain Research 710, 11-20.



101

Siuciak,  J.  A.,  Lewis,  D.  R.,  Wiegand,  S.  J.,  Lindsay,  R.  M.  (1997). Antidepressant-like effect of
brain-derived neurotrophic factor (BDNF). Pharmacology, Biochemistry, and Behavior 56, 131-
137.

Siuciak, J. A., Clark, M. S., Rind, H. B., Whittemore, S. R., Russo, A. F. (1998). BDNF induction
of tryptophan hydroxylase mRNA levels in the rat brain. Journal of Neuroscience Research 52,
149-158.

Sklar, P., Gabriel, S. B., McInnis, M. G., Bennett, P., Lim, Y. M., Tsan, G., et al (2002). Family-
based association study of 76 candidate genes in bipolar disorder: BDNF is a potential risk locus.
Brain-derived neutrophic factor. Molecular Psychiatry 7, 579-593.

Slattery, D. A., Hudson, A. L., Nutt, D. J. (2004). Invited review: the evolution of antidepressant
mechanisms. Fundamental & Clinical pharmacology 18, 1-21.

Smith, M. A., Makino, S., Kim, S. Y., Kvetnansky, R. (1995a). Stress increases brain-derived
neurotropic factor messenger ribonucleic acid in the hypothalamus and pituitary. Endocrinology
136, 3743-3750.

Smith,  M. A.,  Makino,  S.,  Kvetnansky,  R.,  Post,  R.  M. (1995b). Stress and glucocorticoids affect
the expression of brain-derived neurotrophic factor and neurotrophin-3 mRNAs in the
hippocampus. The Journal of Neuroscience 15, 1768-1777.

Snider, W. D. (1994). Functions of the neurotrophins during nervous system development: what the
knockouts are teaching us. Cell 77, 627-638.

Soppet, D., Escandon, E., Maragos, J., Middlemas, D. S., Reid, S. W., Blair, J., et al (1991). The
neurotrophic factors brain-derived neurotrophic factor and neurotrophin-3 are ligands for the trkB
tyrosine kinase receptor. Cell 65, 895-903.

Squinto, S. P., Stitt, T. N., Aldrich, T. H., Davis, S., Bianco, S. M., Radziejewski, C., et al (1991).
trkB encodes a functional receptor for brain-derived neurotrophic factor and neurotrophin-3 but not
nerve growth factor. Cell 65, 885-893.

Steckler, T., Rammes, G., Sauvage, M., van Gaalen, M. M., Weis, C., Zieglgansberger, W., et al
(2001). Effects of the monoamine oxidase A inhibitor moclobemide on hippocampal plasticity in
GR-impaired transgenic mice. Journal of Psychiatric Research 35, 29-42.

Steffens, D. C., Byrum, C. E., McQuoid, D. R., Greenberg, D. L., Payne, M. E., Blitchington, T. F.,
et al (2000). Hippocampal volume in geriatric depression. Biological Psychiatry 48, 301-309.

Stephens, R. M., Loeb, D. M., Copeland, T. D., Pawson, T., Greene, L. A., Kaplan, D. R. (1994).
Trk receptors use redundant signal transduction pathways involving SHC and PLC-gamma 1 to
mediate NGF responses. Neuron 12, 691-705.

Stoilov, P., Castrén, E., Stamm, S. (2002). Analysis of the human TrkB gene genomic organization
reveals novel TrkB isoforms, unusual gene length, and splicing mechanism. Biochemical and
Biophysical Research Communications 290, 1054-1065.

Sun, P., Enslen, H., Myung, P. S., Maurer, R. A. (1994). Differential activation of CREB by
Ca2+/calmodulin-dependent protein kinases type II and type IV involves phosphorylation of a site
that negatively regulates activity. Genes & Development 8, 2527-2539.

Szapacs, M. E., Mathews, T. A., Tessarollo, L., Ernest Lyons, W., Mamounas, L. A., Andrews, A.
M.  (2004). Exploring the relationship between serotonin and brain-derived neurotrophic factor:
analysis of BDNF protein and extraneuronal 5-HT in mice with reduced serotonin transporter or
BDNF expression. Journal of Neuroscience Methods 140, 81-92.

Takebayashi, M., Hayashi, T., Su, T. P. (2004). A perspective on the new mechanism of
antidepressants: neuritogenesis through sigma-1 receptors. Pharmacopsychiatry 37 Suppl 3, S208-
13.

Takei, N., Sasaoka, K., Inoue, K., Takahashi, M., Endo, Y., Hatanaka, H. (1997). Brain-derived
neurotrophic factor increases the stimulation-evoked release of glutamate and the levels of
exocytosis-associated proteins in cultured cortical neurons from embryonic rats. Journal of
Neurochemistry 68, 370-375.



102

Tanaka, T., Saito, H., Matsuki, N. (1997). Inhibition of GABAA synaptic responses by brain-
derived neurotrophic factor (BDNF) in rat hippocampus. The Journal of Neuroscience 17, 2959-
2966.

Tanapat,  P.,  Galea,  L.  A.,  Gould,  E.  (1998).  Stress  inhibits  the  proliferation  of  granule  cell
precursors in the developing dentate gyrus. International Journal of Developmental Neuroscience
16, 235-239.

Tao, X., Finkbeiner, S., Arnold, D. B., Shaywitz, A. J., Greenberg, M. E. (1998). Ca2+ influx
regulates BDNF transcription by a CREB family transcription factor-dependent mechanism. Neuron
20, 709-726.

Thoenen, H. (1995). Neurotrophins and neuronal plasticity. Science 270, 593-598.

Thome, J., Sakai, N., Shin, K., Steffen, C., Zhang, Y. J., Impey, S., et al (2000). cAMP response
element-mediated gene transcription is upregulated by chronic antidepressant treatment. The
Journal of Neuroscience 20, 4030-4036.

Timmer, R. T., Sands, J. M. (1999). Lithium intoxication. Journal of the American Society of
Nephrology 10, 666-674.

Timmusk, T., Palm, K., Metsis, M., Reintam, T., Paalme, V., Saarma, M., et al (1993). Multiple
promoters direct tissue-specific expression of the rat BDNF gene. Neuron 10, 475-489.

Tiraboschi, E., Tardito, D., Kasahara, J., Moraschi, S., Pruneri, P., Gennarelli, M., et al (2004).
Selective phosphorylation of nuclear CREB by fluoxetine is linked to activation of CaM kinase IV
and MAP kinase cascades. Neuropsychopharmacology 29, 1831-1840.

Tolbert, L. M., Russell, D. S., Duman, R. S. (2003). Norepinephrine activates extracellular-
regulated kinase in cortical neurons. Biological Psychiatry 54, 983-993.

Tongiorgi, E., Righi, M., Cattaneo, A. (1997). Activity-dependent dendritic targeting of BDNF and
TrkB mRNAs in hippocampal neurons. The Journal of Neuroscience 17, 9492-9505.

Tongiorgi, E., Armellin, M., Giulianini, P. G., Bregola, G., Zucchini, S., Paradiso, B., et al (2004).
Brain-derived neurotrophic factor mRNA and protein are targeted to discrete dendritic laminas by
events that trigger epileptogenesis. The Journal of Neuroscience 24, 6842-6852.

Torregrossa, M. M., Isgor, C., Folk, J. E., Rice, K. C., Watson, S. J., Woods, J. H. (2004). The
delta-opioid receptor agonist (+)BW373U86 regulates BDNF mRNA expression in rats.
Neuropsychopharmacology 29, 649-659.

Tsankova, N. M., Kumar, A., Nestler, E. J. (2004). Histone modifications at gene promoter regions
in rat hippocampus after acute and chronic electroconvulsive seizures. The Journal of Neuroscience
24, 5603-5610.

Tsankova, N. M., Berton, O., Renthal, W., Kumar, A., Neve, R. L., Nestler, E. J. (2006). Sustained
hippocampal chromatin regulation in a mouse model of depression and antidepressant action.
Nature Neuroscience 9, 519-525.

Ueyama,  T.,  Kawai,  Y.,  Nemoto,  K.,  Sekimoto,  M.,  Tone,  S.,  Senba,  E.  (1997). Immobilization
stress reduced the expression of neurotrophins and their receptors in the rat brain. Neuroscience
Research 28, 103-110.

Urano, T., Malyszko, J., Takada, Y., Takada, A. (1995). Close relationships between serotonergic
and fibrinolytic systems revealed by a monoamine oxidase inhibitor treatment in rats. Haemostasis
25, 277-282.

Vaidya, V. A., Marek, G. J., Aghajanian, G. K., Duman, R. S. (1997). 5-HT2A receptor-mediated
regulation of brain-derived neurotrophic factor mRNA in the hippocampus and the neocortex. The
Journal of Neuroscience 17, 2785-2795.

Vaidya, V. A., Siuciak, J. A., Du, F., Duman, R. S. (1999a). Hippocampal mossy fiber sprouting
induced by chronic electroconvulsive seizures. Neuroscience 89, 157-166.



103

Vaidya, V. A., Terwilliger, R. M., Duman, R. S. (1999b). Role of 5-HT2A receptors in the stress-
induced down-regulation of brain-derived neurotrophic factor expression in rat hippocampus.
Neuroscience Letters 262, 1-4.

van der Hart, M. G., Czeh, B., de Biurrun, G., Michaelis, T., Watanabe, T., Natt, O., et al (2002).
Substance P receptor antagonist and clomipramine prevent stress-induced alterations in cerebral
metabolites, cytogenesis in the dentate gyrus and hippocampal volume. Molecular Psychiatry 7,
933-941.

Vermetten, E., Vythilingam, M., Southwick, S. M., Charney, D. S., Bremner, J. D. (2003). Long-
term treatment with paroxetine increases verbal declarative memory and hippocampal volume in
posttraumatic stress disorder. Biological Psychiatry 54, 693-702.

Vetter, M. L., Martin-Zanca, D., Parada, L. F., Bishop, J. M., Kaplan, D. R. (1991). Nerve growth
factor rapidly stimulates tyrosine phosphorylation of phospholipase C-gamma 1 by a kinase activity
associated with the product of the trk protooncogene. Proceedings of the National Academy of
Sciences of the USA 88, 5650-5654.

von Bartheld, C. S., Byers, M. R., Williams, R., Bothwell, M. (1996). Anterograde transport of
neurotrophins and axodendritic transfer in the developing visual system. Nature 379, 830-833.

Vythilingam, M., Heim, C., Newport, J., Miller, A. H., Anderson, E., Bronen, R., et al (2002).
Childhood trauma associated with smaller hippocampal volume in women with major depression.
The American Journal of Psychiatry 159, 2072-2080.

Watanabe, Y., Gould, E., McEwen, B. S. (1992). Stress induces atrophy of apical dendrites of
hippocampal CA3 pyramidal neurons. Brain Research 588, 341-345.

Watson, F. L., Porcionatto, M. A., Bhattacharyya, A., Stiles, C. D., Segal, R. A. (1999). TrkA
glycosylation regulates receptor localization and activity. Journal of Neurobiology 39, 323-336.

Wong, M. L., Licinio, J. (2001). Research and treatment approaches to depression. Nature Reviews
Neuroscience 2, 343-351.

Woo, N. H., Teng, H. K., Siao, C. J., Chiaruttini, C., Pang, P. T., Milner, T. A., et al (2005).
Activation of p75NTR by proBDNF facilitates hippocampal long-term depression. Nature
Neuroscience 8, 1069-1077.

Wood, G. E., Young, L. T., Reagan, L. P., Chen, B., McEwen, B. S. (2004). Stress-induced
structural remodeling in hippocampus: prevention by lithium treatment. Proceedings of the National
Academy of Sciences of the USA 101, 3973-3978.

Wyneken, U., Sandoval, M., Sandoval, S., Jorquera, F., Gonzalez, I., Vargas, F., et al (2006).
Clinically Relevant Doses of Fluoxetine and Reboxetine Induce Changes in the TrkB Content of
Central Excitatory Synapses. Neuropsychopharmacology (in press).

Xu, H., Steven Richardson, J., Li, X. M. (2003). Dose-related effects of chronic antidepressants on
neuroprotective proteins BDNF, Bcl-2 and Cu/Zn-SOD in rat hippocampus.
Neuropsychopharmacology 28, 53-62.

Xu, H., Luo, C., Richardson, J. S., Li, X. M. (2004). Recovery of hippocampal cell proliferation and
BDNF levels, both of which are reduced by repeated restraint stress, is accelerated by chronic
venlafaxine. Pharmacogenomics J. 4, 322-331.

Yacoubian, T. A., Lo, D. C. (2000). Truncated and full-length TrkB receptors regulate distinct
modes of dendritic growth. Nature Neuroscience 3, 342-349.

Yagasaki,  Y.,  Numakawa,  T.,  Kumamaru,  E.,  Hayashi,  T.,  Su,  T.  P.,  Kunugi,  H.  (2006). Chronic
antidepressants potentiate via sigma-1 receptors the brain-derived neurotrophic factor-induced
signaling for glutamate release. Journal of Biological Chemistry 281, 12941-9.

Yamada, M. K., Nakanishi, K., Ohba, S., Nakamura, T., Ikegaya, Y., Nishiyama, N., et al (2002).
Brain-derived neurotrophic factor promotes the maturation of GABAergic mechanisms in cultured
hippocampal neurons. The Journal of Neuroscience 22, 7580-7585.



104

Yamada, S., Yamamoto, M., Ozawa, H., Riederer, P., Saito, T. (2003). Reduced phosphorylation of
cyclic AMP-responsive element binding protein in the postmortem orbitofrontal cortex of patients
with major depressive disorder. Journal of Neural Transmission 110, 671-680.

Zafra,  F.,  Hengerer,  B.,  Leibrock,  J.,  Thoenen,  H.,  Lindholm,  D.  (1990). Activity dependent
regulation of BDNF and NGF mRNAs in the rat hippocampus is mediated by non-NMDA
glutamate receptors. The EMBO Journal 9, 3545-3550.

Zafra, F., Castrén, E., Thoenen, H., Lindholm, D. (1991). Interplay between glutamate and gamma-
aminobutyric acid transmitter systems in the physiological regulation of brain-derived neurotrophic
factor and nerve growth factor synthesis in hippocampal neurons. Proceedings of the National
Academy of Sciences of the USA 88, 10037-10041.

Zetterström, T. S., Pei, Q., Madhav, T. R., Coppell, A. L., Lewis, L., Grahame-Smith, D. G. (1999).
Manipulations of brain 5-HT levels affect gene expression for BDNF in rat brain.
Neuropharmacology 38, 1063-1073.

Zhou, X. F., Rush, R. A. (1994). Localization of neurotrophin-3-like immunoreactivity in the rat
central nervous system. Brain Research 643, 162-172.

Öngur, D., Drevets, W. C., Price, J. L. (1998). Glial reduction in the subgenual prefrontal cortex in
mood disorders. Proceedings of the National Academy of Sciences of the USA 95, 13290-13295.


