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Figure 1.2 Schematic representation of the human NET.  Large black circles indicate

potential phosphorylation sites for PKC; large gray circles indicate potential

phosphorylation sites for other kinases (Jayanthi et al., 2006).
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Figure 1.3 Alignment of the amino acid sequence of

human NET and rat SERT.  The putative α-helical

membrane spanning domains (I - XII) are indicated by

bars. Conserved residues are shaded (Pacholczyk et al.,

1991; Blakely et al., 1991; Hoffman et al., 1991).
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1.5 Noradrenergic reuptake inhibitors and selective serotonin reuptake inhibitors

NRIs and SSRIs elevate synaptic NE and 5-HT levels, respectively, by blocking the

NET or SERT.  The first tricyclic antidepressant, imipramine, elicited antidepressant

effects by inhibiting NET and SERT with some unfavorable side effects due to

antihistaminic, antiadrenergic, and anticholinergic effects (Ban, 2001).  Other tricyclic

antidepressants exhibit some selectivity for inhibition NE reuptake, e.g, desipramine,

protriptyline, and nortriptyline, or 5-HT reuptake, e.g., clomipramine; however, the side

effect profiles were still unfavorable.  The introduction of fluoxetine in 1988 provided a

safer treatment alternative to the tricyclic antidepressants since its side effect profile was

significantly improved.  However, some have questioned whether the SSRIs are as

efficacious at treating depression as the tricyclic antidepressants (Song, 1993).  The

thought that actions on both noradrenergic and serotonergic neurotransmission may be

advantageous led to the development of venlafaxine and duloxetine, which inhibit both

the NET and SERT and which have a favorable side-effect profile (Shelton, 2004).  The

development of reboxetine, a potent, selective, and specific NE reuptake inhibitor, shifts

from focusing on the 5-HT system to the NE system.  In vitro, reboxetine is about 120-

fold more potent at blocking NE reuptake than 5-HT reuptake (Wong et al., 2000).

Extensive clinical study indicated that reboxetine is a clinically active, efficacious, and

well tolerated antidepressant (Berzewdski et al., 1997).



18

Table 1.2 Structure of antidepressants and Ki values for inhibition of NET and
SERT

Structure Antidepressant [3H]5-HT uptake
inhibition
Ki (nM)

[3H]NE uptake
inhibition
Ki (nM)

Imipramine 20 ± 2 142 ± 8

Desipramine 163 ± 5 3.5 ± 0.6

Protriptyline 3.4 161

Fluoxetine 20 ± 2 2186 ± 142

Sertraline 3.3 ± 0.4 1716 ± 151

Venlafaxine 102 ± 9 1644 ± 84

*Reboxetine 1070 ± 3 8 ± 4

Data were obtained in HEK and *MDCK cells expressing hSERT and hNET (White et

al., 2005; Wong et al., 2000; Sanchez and Hyttel, 1999; Zhou, 2004)
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1.6 Regulation of NET

The NET is regulated by several intraceullar signaling molecules including cAMP,

PKA, PKC, p38 MAPK, Ca2+, CaM kinase II, protein phosphatases P1/PP2A, and ATP.

cAMP and PKA

cAMP, produced by activation of adenylyl cyclase, is a key component linking

upstream G protein-coupled receptors to downstream signaling cascades, e.g., activation

of PKA.  Research on the regulation by cAMP and PKA of NET activity has yielded

results that are not consistent across cell lines or species.  For example, membrane

permeable cAMP analogue 8 Br-cAMP induces a dose-dependent reduction of NET

activity in bovine adrenal medullary chromaffin cells (Bunn et al., 1992).  However, 8

Br-cAMP doesn’t change the NET activity in SK-N-SH (Apparsundaram et al., 1998b)

and SK-N-SH-SY5Y cells (Bonisch et al., 1998).  Forskolin, a compound that increases

intracellular cAMP by directly activating adenylyl cyclase, shows biphasic effects on

NET activity in chromaffin cells.  At a low concentration, forskolin increases in NET

activity; while at a high concentration it inhibits NET activity (Bunn et al., 1992).  Bryan-

Lluka et al. (2001) found that short-term (15 min) or long-term (24 h) treatment with

forskolin decreases NET activity in PC12 cells.  However, in COS7 cells transiently

transfected with rat NET cDNA, short-term treatment with forskolin does not affect NET

activity, while long-term treatment increases the NET activity (Bryan-Lluka et al., 2001).

Taken together, these data suggests that cAMP regulation is not a general mechanism in

NET regulation but is cell line- and species-dependent.
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PKC

The NET is the target for PKC; phosphorylation sites for this kinase have been shown

for this transporter.  β-PMA, a PKC activator, reduces NET activity and surface

expression in HEK-293 and LLC-PK1 cells stably transfected with hNET

(Apparsundaram et al., 1998a) as well as rat placental trophoblasts (Jayanthi et al., 2004).

The decreased NET activity is characterized by a decrease in maximum transport velocity

(Vmax) and a slight decrease in substrate affinity (Km).  This reduction is primarily due to

the internalization of surface NET protein (Jayanthi et al., 2004).  Site-directed

mutagenesis reveals that threonine-258 and serine-259 on the hNET are phosphorylated

by PKC and that this results in transporter internalization (Jayanthi et al., 2006).  NET

activity also is reduced by the protein phosphatase 1/protein phosphatase 2A (PP1/2A)

inhibitors okadaic acid and calyculin A; these compounds prevent dephosphorylation

(Bauman et al., 2000).

P38 MAPK

A trafficking-independent mode of NET and SERT regulation that is sensitive to p38

MAPK has been identified in RBL-2H3, RN46A, and CHO cells transfected with either

NET or SERT (Zhu et al., 2004; Zhu et al., 2005).  NET activity measured by NE uptake

assay is stimulated by anisomycin, a p38 MAPK activator.  Also, SB203580, a p38

MAPK inhibitor, blocks anisomycin-induced activation of NET.  In comparison with

trafficking-depedent, PKC-dependent regulation in which the surface transporter density

changes with unchanged catalytic activation, anisomycin treatment does not change

maximal transport capacity (Vmax) but significantly reduces the affinity (Km), indicating a
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trafficking-independent regulation mode.  Moreover, a reduced displacement of

[125I]RTI-55, a competitive antagonist of 5-HT, from the SERT was observed, suggesting

a reduced affinity of SERT for 5-HT.  The observation that inhibiton of PP2A by okadaic

acid and calyculin A reverses anisomycin-induced activation of the transporters indicates

that PP2A is downstream of the p38 MAPK signaling pathway.  At high concentrations,

PP2A inhibitors reduce transporter activity, which might be due to the actions of PKC

and subsequent sequestration of surface transporters.

Ca2+ and CaM kinase II

Extraceullar Ca2+ plays an important role in NET activity.  NET activity in PC12 cells

shows a robust increase after incubation with 0.3-10 mM Ca22+ (Uchida et al., 1998).

Intraceullar Ca2+ released from endoplastic reticulum also is important in regulating NET

activity.  IP3 receptors located on the membrane of the endoplasmic reticulum regulate

release of Ca2+ stores.  2-APB, an IP3 receptor inhibitors, reduces NET activity by

inhibiting the Ca2+ release from endoplasmic reticulum in SH-SY5Y cells (Amano et al.,

2006) and rat cerebral cortex slices (unpublished data).  Ca2+/calmodulin dependent

kinase II (CaMKII) is able to directly phosphorylate the trasnporter and increase NET

activity by translocation of NET from the cytoplasm to the membrane.  Myosin light

chain kinase (MLC kinase) also enhances NET activity by phosphorylation of specific

amino acid residues on the transporter.  CaMKII and MLC kinase inhibitors robustly

inhibit Ca2+-dependent increases in NET activity.  External Ca2+ regulates transporter

activity by increasing NE uptake through CaM kinase II and MLC kinase rather than

decreasing NE uptake via the PKC signaling pathway, suggesting that NET activity is
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regulated by both an external Ca2+ activation-induced pathway and an internal pathway

regulating release of Ca2+ stores.

ATP

ATP is an important molecule in biological systems, providing the energy for a

variety of cellular functions.  ATP is present in the vesicles that store neurotransmitters,

which raises the possibility that ATP might be a co-transmitter.  Geffen and Livett (1971)

found that ATP is released with NE during depolarization.  Further study shows that the

high-affinity uptake of NE in PC12 cells is increased in the presence of Ca2+ and 0.1µM

ATP or ATP-gamma-S, an analog of ATP (Hardwick et al., 1989).  This ATP-induced

increase of NE uptake is reduced by App(NH)p, a competitive antagonist of ATP

(Hendley et al., 1988).  NE uptake is inhibited when the Ca2+ and Mg2+ are both absent

from the incubation medium, suggesting that divalent cations are required for ATP to

have its effect on NE uptake.

Regulation of the NET by neurotransmitters

The following neurotransmitters are found to be involved in the regulation of NET

activity: acetylcholine, insulin, GABA, angiotensin, nerve growth factor, natriuretic

peptides,  and nitric oxide.  Some are to be discussed below.

Acetylcholine

The muscarinic acetylcholine receptor agonist methacholine significantly reduces

NET maximum transport velocity with no change in Km value in SK-N-SH cells
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(Apparsundaram et al., 1999).  Methacholine treatment decreases NET binding sites

measured by 3H-nisoxetine in intact cells but not in total membrane factions. These

studies provide evidence in support of G-protein coupled receptor-mediated regulation of

the NET.

Insulin

Insulin is a hormone involved in regulating glucose homeostasis.  The effect of

insulin on NET activity has been studied in SK-N-SH and PC12 cells.  Acute insulin

treatments increases NE uptake in a time- and dose-dependent manner with enhancement

of NE transport capacity (Vmax) without an alteration in the Km for NE (Apparsundaram

et al., 2001).  Acute insulin treatment decreases NE uptake in PC12 cells (Figlweicz et

al., 1993a) and this decrease may be due to the effect of insulin on the transporter gene

transcription, as insulin is found to decrease NET mRNA expression in LC of the rat

(Figlewicz et al., 1993b).  The insulin receptor is a tyrosine kinase that phosphorylates

substrate proteins, including the insulin receptor substrate (IRS) family. Once

phosphorylated, the IRS binds to and activates its downstream proteins including

phosphatidylinositol 3-OH kinase (PI3K).  Tyrosine kinase and PI3K inhibitors produce

time- and concentration-dependent reduction of NE uptake, indicating that constitutive

tyrosine kinase and PI3K activity is necessary for NET activity (Apparsundaram et al.,

2001).  Effects of tyrosine kinase and PI3K inhibitors on basal NET uptake might

contribute to a loss of cell surface NET protein expression (Apparsundaram et al., 2001).
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Nitric oxide

Nitric oxide is a signaling molecule in the cardiovascular system and central nervous

system.  After exposure to the NO donor S-nitroso-N-acetylpenicillamine (SNAP), NET

activity is reduced through a cyclic GMP-independent manner in CHO cells (Kaye et al.,

2000), indicating a potential regulatory role for nitric oxide in modulating NET activity.

However, in SK-N-SH cells, SNAP treatment shows an elevation of uptake activity

(Apparsundaram et al., 1998a). More research is needed to explore the molecular

mechanism of nitric oxide.
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CHAPTER TWO

Norepinephrine transporter regulation mediates long-
term behavioral effects of antidepressant desipramine

This chapter is identical to a manuscript, which has been published in
Neuropsychopharmacology, 2008 Apr 16. [Epub ahead of print]
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2.1 Abstract

The relationship between the ability of repeated desipramine treatment to cause down-

regulation of the norepinephrine transporter (NET) and produce antidepressant-like

effects on behavior was determined.  Treatment of rats with 15 mg/kg/day desipramine

reduced NET expression, measured by 3H-nisoxetine binding and SDS-

PAGE/immunoblotting, in cerebral cortex and hippocampus and reduced the time of

immobility in the forced-swim test.  The antidepressant-like effect on forced-swim

behavior was evident two days following discontinuation of desipramine treatment when

plasma and brain levels of desipramine and its major metabolite desmethyl-desipramine

were not detectable.  Reduced NET expression resulted in reduced norepinephrine

uptake, measured in vitro, and increased noradrenergic neurotransmission, measured in

vivo using microdialysis.  Overall, the dose-response and time-of-recovery relationships

for altered NET expression matched those for production of antidepressant-like effects on

behavior.  The importance of increased noradrenergic neurotransmission in the persistent

antidepressant-like effect on behavior was confirmed by demonstrating that it was

blocked by inhibition of catecholamine synthesis with alpha-methyl-p-tyrosine.  The

present results suggest an important role for NET regulation in the long-term behavioral

effects of desipramine and are consistent with clinical data suggesting that enhanced

noradrenergic neurotransmission is necessary, but not sufficient, for its antidepressant

actions.  Understanding the mechanisms underlying NET regulation in vivo may suggest

novel targets for therapeutic intervention in the treatment of depression.



27

2.2 Introduction

The therapeutic actions of antidepressant drugs develop gradually over time with

repeated treatment (Frazer and Benmansour, 2002; Nelson et al., 2004; Wong and

Licinio, 2001).  This is sometimes referred to as the “therapeutic lag” and appears to be a

graded response that is somewhat symptom-dependent, rather than a lack of any

therapeutic effect followed by its emergence (Katz et al., 2004; Frazer, 2000).  This

delayed activity has raised questions regarding the relevance of the acute neurochemical

effects of antidepressants, such as enhancement of monoaminergic neurotransmission, to

their long-term effects on behavior.  It has been argued that since the acute

neurochemical effects manifest early, they cannot, in and of themselves mediate the

slower developing therapeutic effects.  However, while enhancement of monoaminergic

activity may not be sufficient to produce antidepressant effects, it does appear to be

necessary.  This is evident from the finding that inhibition of synthetic enzymes for

norepinephrine (NE) or 5-HT results in a rapid return of symptoms in depressed patients

treated successfully with desipramine or fluoxetine, respectively (Charney, 1998; Miller

et al., 1996a).  Further, inhibition of catecholamine synthesis with alpha-methyl-p-

tyrosine (AMPT) increases depressive symptoms in patients with seasonal affective

disorder (Lam et al., 2001).  Similarly, reduction of 5-HT synthesis with para-

chlorophenylalanine or a tryptophan-free amino acid drink reverses symptom remission

induced by serotonin reuptake inhibitors (SRIs) (Salomon et al., 1993).

Both pharmacokinetic and pharmacodynamic mechanisms may underlie the

progressively developing effects of antidepressants.  Drugs such as desipramine have

relatively long half-lives and their metabolites often have even longer half-lives (Ziegler
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et al., 1978).  Thus, accumulation of both parent drug and active metabolites can occur

with repeated treatment (Ordway et al., 2005).  Further, it appears that the lipophilic

nature of many antidepressants, including desipramine, contributes to their accumulation

in membranes, where they have the potential to interact with the NE transporter (NET) to

an extent greater than would be predicted from plasma concentrations (Zhu et al., 2004;

Mandela and Ordway, 2006).

At early stages of desipramine treatment, noradrenergic neurotransmission is

enhanced as a direct consequence of transporter blockade (See et al., 1992).

Subsequently, dynamic, adaptive neuronal changes occur, such as down-regulation of β-

adrenergic receptors (Frazer and Conway, 1984; Ordway et al., 1988; Duncan et al.,

1993), desensitization of presynaptic α-2 adrenergic receptors (Sacchetti et al., 2001),

and down-regulation of the NET (Weinshenker et al., 2002).  In many cases of neuronal

adaptation, e.g., down-regulation of β-adrenergic receptors, the antidepressant-induced

adaptation is homeostatic, i.e., in opposition to the acute drug effect.  This contrasts with

the progressive, unidirectional development of antidepressant effects in the clinical

setting (Katz et al., 2004).  Further, studies to date indicate that α -2 adrenergic

autoreceptors remain largely functional after chronic desipramine treatment (Garcia et al.,

2004; Lapiz et al., 2007b) and likely cannot account for time-dependent changes resulting

from such treatment.  However, antidepressant-induced NET regulation appears to be

consistent with the clinical data.  It shows a time-course consistent with the delayed

therapeutic effects and parallels the gradual onset of antidepressant-induced effects on

depressive symptoms (Benmansour, et al., 2002; Katz et al., 2004).  Repeated, but not

acute, treatment with desipramine reduces NET expression in brain, determined by 3H-
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nisoxetine binding and Western blotting (Benmansour et al., 2004; Zhu et al., 2002).

This may be a direct effect of desipramine, rather than being secondary to increased

synaptic concentrations of NE, since it also occurs in vitro with PC12 and human

neuroblastoma cells (Zhu and Ordway, 1997; Zhu et al., 2005), as well as HEK-293 cells

transfected with the NET (Zhu et al., 1998).

 The goal of the present study was to determine the relationship between effects of

repeated desipramine treatment on NET expression and function in the brain and its

antidepressant-like effects on behavior.  This was determined by assessing the effects of

repeated desipramine treatment on NET expression and function in cerebral cortex and

hippocampus, noradrenergic neurotransmission using in vivo microdialysis, and effects

on behavior using the forced-swim test.  The results indicate that repeated treatment with

desipramine down-regulates the NET in the cerebral cortex and hippocampus, reducing

NE uptake, which results in increased noradrenergic neurotransmission and

antidepressant-like effects on behavior.




