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Abstract
Previous work has shown that repeated desipramine treatment causes downregulation of the
norepinephrine transporter (NET) and persistent antidepressant-like effects on behavior, ie effects
observed 2 days after discontinuation of drug treatment when acute effects are minimized. The
present study examined whether this mechanism generalizes to other antidepressants and also is
evident for the serotonin transporter (SERT). Treatment of rats for 14 days with 20 mg/kg per day
protriptyline or 7.5 mg/kg per day sertraline reduced NET and SERT expression, respectively, in
cerebral cortex and hippocampus; these treatments also induced a persistent antidepressant-like
effect on forced-swim behavior. Increased serotonergic neurotransmission likely mediated the
behavioral effect of sertraline, as it was blocked by inhibition of serotonin synthesis with p-
chlorophenylalanine; a parallel effect was observed previously for desipramine and noradrenergic
neurotransmission. Treatment with 20 mg/kg per day reboxetine for 42, but not 14, days reduced
NET expression; antidepressant-like effects on behavior were observed for both treatment
durations. Treatment for 14 days with 70 mg/kg per day venlafaxine, which inhibits both the NET
and SERT, or 10 mg/kg per day phenelzine, a monoamine oxidase inhibitor, produced
antidepressant-like effects on behavior without altering NET or SERT expression. For all drugs
tested, reductions of NET and SERT protein were not accompanied by reduced NET or SERT
mRNA in locus coeruleus or dorsal raphe nucleus, respectively. Overall, the present results
suggest an important, though not universal, role for NET and SERT regulation in the long-term
behavioral effects of antidepressants. Understanding the mechanisms underlying transporter
regulation in vivo may suggest novel targets for the development of antidepressant drugs.
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INTRODUCTION
Antidepressants, in general, enhance noradrenergic and/or serotonergic neurotransmission
following acute administration (Millan, 2006). For many antidepressants, including the
tricyclic antidepressants, serotonin reuptake inhibitors (SRIs), norepinephrine reuptake
inhibitors (NRIs), and serotonin-norepinephrine reuptake inhibitors (SNRIs), this results
from inhibition of the norepinephrine or serotonin transporters (NET, SERT), which clear
the transmitters from the synapse (Beyer et al, 2002; Katz et al, 2004; Morilak and Frazer,
2004; White et al, 2005). Some drugs enhance monoaminergic neurotransmission by other
mechanisms such as inhibition of monoamine oxidase (Laux et al, 1995; López-Muñoz et al,
2007) or antagonism of presynaptic α-2 adrenergic receptors (Charney et al, 1986;
Dickinson, 1990; Millan et al, 2000; Artigas et al, 2001). Although enhanced
monoaminergic neurotransmission appears to be an effect shared by antidepressants from
different chemical and pharmacological classes, its relationship to antidepressant efficacy is
unclear as therapeutic effects develop gradually over time with repeated treatment (Frazer
and Benmansour, 2002; Nelson et al, 2004; Katz et al, 2004).

This delayed clinical activity has raised questions regarding the relevance of the acute
neurochemical effects of antidepressants, including enhancement of monoaminergic
neurotransmission, to their long-term effects on behavior. It is believed that enhanced
monoaminergic neurotransmission is not sufficient to produce an anti-depressant effect, as
this neurochemical effect is manifested early, before development of a clear, clinical effect.
However, enhanced monoaminergic activity appears to be necessary for clinical activity.
This is evident from the finding that inhibition of synthetic enzymes for norepinephrine
(NE) or serotonin results in a rapid return of symptoms in depressed patients who have been
treated successfully with desipramine or fluoxetine (Charney, 1998; Miller et al, 1996b).
Recent work has implicated anti-depressant-induced downregulation of NET and SERT in
the brain as a mechanism that may contribute to the long-term pharmacological effects of
antidepressant drugs (Hirano et al, 2005a; Thakker et al, 2005; Zhao et al, 2008). Reduced
NET or SERT expression would increase monoaminergic neurotransmission, even in the
absence of pharmacological inhibition of the transporters.

In a recent study, it was found that repeated treatment with desipramine, which is relatively
selective for inhibition of the NET relative to the SERT, reduces the expression of the NET
in cerebral cortex and hippocampus in a dose-dependent manner (Zhao et al, 2008). This
was evidenced by reduced binding of 3H-nisoxetine and by SDS–PAGE/immunoblotting
using NET-specific antisera. The reduced expression results in reduced uptake of 3H-
norepinephrine into tissue slices in vitro and increased extracellular NE concentration in the
prefrontal cortex measured in vivo using microdialysis. At all desipramine treatment
conditions when the NET was found to be downregulated, an antidepressant-like effect on
behavior was evident in the forced-swim test. Importantly, NET downregulation and
behavioral effects were observed even when brain and plasma levels of desipramine and its
major, active metabolite desmethyldesipramine were not detectable; ie these effects were
persistent in that they were observed under conditions when behavioral effects due to acute
drug action were minimized (Zhao et al, 2008). Finally, as is observed in the clinical setting
(Lam et al, 2001; Miller et al, 1996b), the persistent antidepressant-like effect of
desipramine in the forced-swim test was lost when tyrosine hydroxylase was inhibited with
α-methyl-p-tyrosine (AMPT; Zhao et al, 2008).
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Other studies have reported that repeated treatment with antidepressant drugs reduces the
expression of the NET in the brain (Benmansour et al, 2004; Wong et al, 2000). Similarly,
some antidepressants, including SRIs, have been reported to reduce the expression of the
SERT (Benmansour et al, 1999, 2002; Gould et al, 2003, 2006; Hirano et al, 2005a, b),
resulting in enhanced serotonergic neurotransmission. Antidepressant-induced
downregulation of the NET and SERT has been observed with cell lines in vitro (Zhu and
Ordway, 1997; Zhu et al, 1998; Horschitz et al, 2001; Zhu et al, 2005; Iceta et al, 2007).
This suggests that the downregulation may result from a direct effect of the drugs on the
transporter and is not secondary to increased extracellular concentrations of the transmitter.
Thus, NET and SERT downregulation may be effects caused by reuptake inhibitors and not
by drugs that increase monoaminergic neurotransmission by other mechanisms, such as
inhibition of monoamine oxidase.

Although it appears that NET and SERT downregulation with chronic treatment is an effect
shared by a number of antidepressant drugs that inhibit monoamine reuptake, it is not clear
to what extent this action contributes to the long-term behavioral effects of antidepressants
from different pharmacological classes; to date, this relationship has been only investigated
for desipramine. The present study examined the effects of the antidepressants protriptyline,
reboxetine, sertraline, venlafaxine, and phenelzine on the NET and SERT and assessed
whether changes in their expression resulted in antidepressant-like effects on behavior,
similar to what has been observed with desipramine (Zhao et al, 2008). Protriptyline, a
tricyclic antidepressant, produces neurochemical and behavioral effects similar to those of
desipramine (Crissman and O’Donnell, 2002; O’Donnell et al, 2005). Reboxetine is an NRI
that exhibits somewhat greater selectivity for the NET vs the SERT compared to
desipramine and protriptyline (Scates and Doraiswamy, 2000; Wong et al, 2000; Iversen,
2006). Sertraline is an SRI and is active in a number of antidepressant models (Benmansour
et al, 1999, 2002). Venlafaxine, although classified as an SNRI, exhibits markedly greater
potency for inhibition of the SERT than the NET (Iversen, 2006; Frazer, 2001). Phenelzine,
a monoamine oxidase inhibitor, does not interact directly with the NET or SERT, but
increases monoaminergic neurotransmission and has antidepressant activity (Thase et al,
1995). Overall, the present study shows that down-regulation of the NET or SERT is
produced by some antidepressants that interact with the transporters and that this effect
contributes to their behavioral effects; however, persistent antidepressant-like effects on
behavior can, in some cases, be observed even when NET or SERT expression is not altered.

MATERIALS AND METHODS
Animals

Male Sprague–Dawley rats (Harlan, Indianapolis, IN), weighing 300–350 g, were housed
two per cage in a temperature-controlled room (22–23°C) with a 12/12-h light–dark cycle
(lights on at 0600 hours). Food and water were freely provided. Blind observations were
used throughout all behavioral testing, which was carried out from 1300 to 1700 hours in a
quiet room. All procedures were reviewed and approved by the Animal Care and Use
Committee of West Virginia University Health Sciences Center, and are consistent with the
NIH Guidelines for the Care and Use of Laboratory Animals (NIH publication no. 80–23,
revised 1996).

Drugs Administration
Rats were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) and implanted
subcutaneously with osmotic minipumps (model 2ML2 or 2ML4; Alzet Corporation, Palo
Alto, CA) preloaded with either vehicle (50% saline, 40% DMSO, and 10% ethanol),
protriptyline (Sigma-Aldrich, St Louis, MO), reboxetine (provided by Institut de Recherches
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Servier, Croissy/Seine, France), sertraline (To-cris, Ellisville, MO), or venlafaxine (Sigma-
Aldrich) at concentrations that delivered 10 or 20 (protriptyline), 20 (reboxetine), 7.5
(sertraline), or 70 (venlafaxine) mg/kg per day of the free base. Minipumps were removed,
under anesthesia, 14 days later. However, for some rats treated with reboxetine, minipumps
were removed 21 days after implantation and new minipumps were implanted, providing 42
days of drug administration. A dose of 10 mg/kg per day (i.p.) of the irreversible
monoamine oxidase inhibitor phenelzine was administrated for 14 days. Doses of each of
the drugs used were chosen based on previous reports of neuropharmacological activity
(Ordway et al, 1991; Gould et al, 2006).

Rats were tested for antidepressant-like behavior in the forced-swim test and locomotor
activity in the open-field test 2 days after pump removal or the last phenelzine treatment;
this was done to minimize acute drug effects on behavior (Zhao et al, 2008). However, the
behavioral tests for one group of rats treated with 10 mg/kg per day protriptyline were
performed 1 day after the removal of pumps. Following the completion of the behavioral
tests, rats were killed by decapitation, their brains were removed, and cerebral cortex and
hippocampus were dissected for measurement of NET and SERT using 3H-nisoxetine or 3H-
citalopram binding and SDS-PAGE/immunoblotting with specific antisera. Also, locus
coeruleus and raphe nucleus were punched from surrounding tissue for real-time PCR
measurement of NET and SERT mRNA.

Forced-Swim Test
The forced-swim test, originally described by Porsolt et al (1977), was carried out as
described by Zhao et al (2008); testing was carried out 2 days following the discontinuation
of chronic antidepressant treatment (except for one protriptyline group; see above), to
minimize acute drug effects on behavior. Plexiglas cylinders (40 cm high and 18 cm in
diameter) were filled with water (30 cm depth, 22–23°C); at this depth, rats could not touch
the bottom of the cylinder with their tails or hindlimbs. On day 1 (ie 1 day after cessation of
antidepressant treatment), the rats were pretested for 15 min to develop an immobility
posture after initial escape-oriented movements (Cryan et al, 2002). On day 2 (2 days after
cessation of chronic antidepressant treatment), rats were subjected to the 5-min forced-swim
test and immobility time was recorded; immobility was defined as floating on the surface of
the water with the only movement being that required to keep the head above water. Some
rats treated with 10 mg/kg per day protriptyline were subjected to 5-min forced-swim testing
1 day after the end of the antidepressant treatment regimen, with the 15-min pretest on the
last day of drug treatment. Finally, in some tests, rats were administered the tryptophan
hydroxylase inhibitor p-chlorophenylalanine (PCPA, 300 mg/kg, i.p; Sigma-Aldrich) twice
daily for 3 consecutive days, with the last dose given 18 h before 5-min forced-swim test.
This was done to determine whether reduced serotonergic neurotransmission blocked the
antidepressant-like effect observed in the forced-swim test following downregulation of the
SERT; this paralleled previous experiments examining the effects of reduced noradrenergic
neurotransmission on persistent antidepressant-like behavior observed following
desipramine-induced downregulation of the NET (Zhao et al, 2008).

To ensure that any changes in immobility in the forced-swim test were not secondary to
increased locomotor activity, rats were observed in the open-field test (Zhang et al, 2008).
The floor of the open-field apparatus was divided into nine identical squares. Rats were
placed individually in the center and allowed to explore for 5 min; the number of line
crossings (with all four paws crossing a line) and rears were recorded. None of the
treatments increased locomotor activity, so these data are not shown.
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SDS–PAGE/Immunoblotting of SERT and NET Protein in the Rat Brain
Cerebral cortex and hippocampus were homogenized in TEVP buffer (10 mM Tris base, 5
mM NaF, 1 mM Na3VO4, 1 mM EDTA, 1 mM EGTA, 320 mM sucrose; pH 7.4) with a
glass homogenizer and centrifuged at 1000g for 20 min at 4°C. The supernatant was
centrifuged at 20 000g for 30 min to obtain a crude synaptosomal fraction (Lin et al, 1998;
Wyszynski et al, 1998; Dunah and Standaert, 2001). The pellets were resuspended and
solubilized with RIPA buffer (50 mM Tris, 150 mM NaCl, 2% IGEPAL CA-630, 0.5%
sodium deoxycholate, 0.1% SDS, and 0.1% Triton X-100; pH 8.0) containing protease
inhibitors (Roche, Indianapolis, IN). Protein content of membrane lysate was measured
using the bicinchoninic acid assay (Smith et al, 1985; Pierce, Rockford, IL). Equal amounts
of protein from both control and treated rats weremixed with 2 × Laemmli sample buffer
(Bio-Rad, Hercules, CA) and boiled at 100°C for 3 min. Samples were loaded onto 8%
polyacrylamide gels for electrophoresis and, after separation, transferred to nitrocellulose
membranes. The membranes were blocked in TBST buffer containing 5% non-fat milk for 2
h at room temperature, washed with TBST buffer, and incubated overnight at 4°C with a
specific, rabbit polyclonal antibody generated against a unique 22 amino-acid peptide
sequence mapping to the first extracellular domain of the NET (Chemicon, Temecula, CA;
Zhao et al, 2008) or a peptide fragment of the C terminus of the SERT (Santa Cruz, Santa
Cruz, CA; Xie et al, 2006). After washing with TBST, membranes were incubated for 1 h at
room temperature with horseradish peroxidase-conjugated goat anti-rabbit immuno-globulin
G (Pierce). The labeled protein bands were detected by chemiluminescence imaging (Bio-
Rad) and quantified by densitometry using an NIH image analysis program, and normalized
to actin. Comparisons of treatment effects were carried out within single gels/immunoblots.

3H-Nisoxetine Binding Assay
3H-Nisoxetine binding to the NET was carried out as described previously (Tejani-Butt et
al, 1990; Bryan-Lluka et al, 2001). One-half of the cerebral cortex or hippocampus was
homogenized in 5 ml of ice-cold binding buffer (50 mM Tris base, 120 mM NaCl, 5 mM
KCl; pH 7.4) using a Polytron (Brinkman Instruments, Westbury, NY) and then centrifuged
at 36 000g for 10 min at 4°C. The supernatant was discarded, the pellet resuspended in ice-
cold binding buffer, centrifuged at 36 000g for 10 min at 4°C, and the pellet resuspended in
binding buffer to obtain a protein concentration of 1 mg/ml as assayed using the
bicinchoninic acid method (Smith et al, 1985; Pierce). Triplicate tubes containing 100 µl
incubation buffer (total binding) or 100 µl desipramine (final concentration 50 µM;
nonspecific binding), 100 µl tissue sample, and 50 µl 3H-nisoxetine (final concentration 5
nM; 72 Ci/mmol, PerkinElmer, Boston, MA) were incubated in a shaking ice bath for 4 h.
Nonspecific binding (ie in the presence of 50 µM desipramine) was approximately 10% of
total binding. Bound 3H-nisoxetine was captured by rapid filtration through glass fiber filters
(GF/B; Brandel, Gaithersburg, MD) that were presoaked in 5% polyethyleneimine under
vacuum with a cell harvester (Brandel). Filters were washed twice with ice-cold binding
buffer and radioactivity was determined by liquid scintillation counting.

3H-Citalopram Binding Assay
3H-Citalopram binding to the SERT was performed as described previously (D’Amato et al,
1987; Gould et al, 2006). One-half of the cerebral cortex or hippocampus was homogenized
in 5 ml of ice-cold binding buffer (50 mM Tris base, 120 mM NaCl, 5 mM KCl; pH 7.4)
using a Polytron (Brinkman Instruments) and then centrifuged at 36 000g for 10 min at 4°C.
The supernatant was discarded, the pellet was resuspended in ice-cold binding buffer,
centrifuged at 36 000g for 10 min at 4°C, to obtain a protein concentration of 1 mg/ml as
assayed using the bicinchoninic acid method (Smith et al, 1985; Pierce). Triplicate tubes
containing 100 µl incubation buffer (total binding) or 100 µl fluoxetine (final concentration
50 µM; nonspecific binding), 100 µl tissue sample, and 50 µl 3H-citalopram (final
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concentration 5 nM; 79 Ci/mmol; PerkinElmer) were incubated for 1 h with shaking at room
temperature. Nonspecific binding (ie in the presence of 50 µM fluoxetine) was
approximately 10% of total binding. Bound 3H-citalopram was captured by rapid filtration
through glass fiber filters (GF/B; Brandel) that were presoaked in 5% polyethyleneimine
under vacuum with a cell harvester (Brandel). Filters were washed twice with ice-cold
binding buffer and radioactivity was determined by liquid scintillation counting.

Measurement of NET and SERT mRNA by Quantitative Real-Time PCR
Locus coeruleus (for NET mRNA) and dorsal and median raphe nucleus (for SERT mRNA)
were punched from the rat brain (Chamas et al, 1999, 2004; Paxinos and Watson, 1998; Zhu
et al, 2002). Total RNA was extracted using the Trizol reagent (Invitrogen, Carlsbad, CA)
and was kept in RNAlater buffer (Ambion, Austin, TX) and stored at −80°C. Total RNA
concentration was determined by spectrophotometry and adjusted to 0.5 µg/µl. The quality
of the RNA was verified using 1% denaturing agarose gel electrophoresis. Contaminating
genomic DNA was eliminated by incubating with DNase mixture (Qiagen, Valencia, CA) at
room temperature for 20 min. RNA was reverse transcribed to cDNA with high-capacity
cDNA archive kit (Applied Biosystems, Foster City, CA). The cDNA was subjected to real-
time PCR using TaqMan universal PCR Master Mix and ABI 7300 real-time PCR system
(Applied Biosystems). Specific primers and probes were purchased from predesigned,
preoptimized TaqMan Gene Expression Assays (Applied Biosystems). Quantities of NET
and SERT mRNA were normalized to the 18 s rRNA. Analyses were performed using ABI
7300 system SDS software.

Statistical Analysis
The data were analyzed by one-way analyses of variance followed by Tukey’s or
Bonferroni’s post hoc tests. When simple, paired comparisons between two groups were
conducted, two-tailed Student’s t-tests were used. Data are presented as means ± SEM and
differences are considered statistically significant when p-values are less than 0.05.

RESULTS
The neurochemical and behavioral effects of repeated antidepressant treatment were
assessed 2 days after the end of the treatment period (ie osmotic minipump removal or
discontinuation of phenelzine injections), except for some tests with protriptyline (see
below). This permitted assessment of persistent effects under conditions when brain and
plasma concentrations of drugs would be minimized (Zhao et al, 2008). None of the
treatments increased locomotor activity, which could confound inter-pretation of results in
the forced-swim tests; however, 1 day following treatment with protriptyline, locomotor
activity was reduced (ie line crosses in the open-field test, to 65% of control; data not
shown).

Effects of Protriptyline
The relationship between the effect of chronic protriptyline treatment on NET expression
and its effect on behavior in the forced-swim test was examined. Overall, treatment of rats
with protriptyline for 14 days reduced NET expression, as indicated by a reduction of the
binding of 3H-nisoxetine to the NET in preparations of cerebral cortex (F(4, 21) = 5.75, p <
0.01; Figure 1a) and hippocampus (F(4, 21) = 7.43, p < 0.001). Post hoc comparisons showed
that 2 days following discontinuation of treatment with 20 mg/kg protriptyline, a significant
reduction was observed only in cerebral cortex. Downregulation of the NET also was
demonstrated using SDS–PAGE/immunoblotting of preparations of cerebral cortex (F(2, 12)
= 12.19, p < 0.001; Figure 1b) and hippocampus (F(2, 12) = 13.81, p < 0.001; Figure 1b).
Downregulation of NET expression was not observed 2 days following the end of treatment
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with 10 mg/kg per day protriptyline for 14 days, but was seen 1 day following this treatment
(Figure 1a).

A persistent antidepressant-like effect in the forced-swim test was evident 2 days after
discontinuation of 14-day treatment with 20 mg/kg per day protriptyline or 1 day after
discontinuation of 14-day treatment with 10 mg/kg per day protriptyline (F(4, 25) = 10.00, p
< 0.001; Figure 1c); this paralleled the protriptyline-induced downregulation of the NET. No
antidepressant-like effect on behavior was observed 2 days after chronic protriptyline
treatment at a dose of 10 mg/kg per day (Figure 1c), consistent with the lack of NET
downregulation at this treatment condition.

To determine whether the downregulation of the NET resulted from a change in gene
transcription, NET mRNA expression in the locus coeruleus was measured by quantitative
RT-PCR. The normalized, relative NET mRNA expression was not changed 2 days
following the end of chronic treatment with 20 mg/kg per day protriptyline or 1 day
following the end of chronic treatment with 10 mg/kg per day protriptyline (F(2, 27) = 2.14, p
> 0.05; Table 1). Similarly, repeated treatment with 15 mg/kg per day desipramine, which
reduces NET protein expression (Zhao et al, 2008), also did not reduce NET mRNA in locus
coeruleus (p > 0.05; Table 1).

Effects of Reboxetine
The relationship between the effect of chronic reboxetine treatment on NET expression and
its effect on behavior in the forced-swim test was examined. Treatment of rats with 20 mg/
kg per day reboxetine for 6 weeks, with a 2-day washout, reduced NET expression, as
indicated by a reduction of the specific binding of 3H-nisoxetine to the NET in preparations
of cerebral cortex (F(2, 12) = 23.00, p < 0.0001; Figure 2a) and hippocampus (F(2, 12) = 3.78,
p < 0.05; Figure 2a); however, treatment for 2 weeks did not alter NET expression
significantly. By contrast, SERT expression (ie 3H-citalopram binding) was not altered by
reboxetine treatment, either in preparations of cerebral cortex (F(2, 14) = 1.67, p > 0.05;
Figure 2b) or hippocampus (F(2, 16) = 0.68, p > 0.05; Figure 2b).

Downregulation of the NET by 6-week chronic reboxetine treatment also was demonstrated
using SDS-PAGE/immuno-blotting of preparations of cerebral cortex (F(2, 13) = 5.99, p <
0.05; Figure 2c) and hippocampus (F(2, 16) = 2.94, p < 0.05; Figure 2c). By contrast, this
treatment did not alter SERT expression, measured by immunoblotting, in either cerebral
cortex or hippocampus (Figure 2d). Interestingly, repeated treatment with 15 mg/kg
desipramine for 14 days reduced SERT expression in cerebral cortex and hippocampus as
evidenced using 3H-citalopram binding (40–50% reduction; data not shown).

In parallel with the downregulation of the NET, chronic treatment with reboxetine for 6
weeks also produced a reduction in the duration of immobility in the forced-swim test,
indicative of an antidepressant-like effect (F(2, 15) = 34.01, p < 0.001; Figure 2e). Although
the 2-week reboxetine treatment did not reduce NET expression in cerebral cortex or
hippocampus, an antidepressant-like effect still was observed in the forced-swim test
following this treatment (Figure 2e).

To determine whether the downregulation of NET resulted from a change in NET gene
transcription, NET mRNA expression in the locus coeruleus and SERT mRNA expression in
the dorsal and medial raphe nucleus were measured using quantitative RT-PCR. The
normalized, relative NET mRNA expression in the locus coeruleus was elevated, about
threefold, 2 days after discontinuation of chronic reboxetine treatment (p < 0.001; Table 1).
The normalized, relative SERT mRNA expression in the dorsal and medial raphe nucleus
was increased about 2.5-fold (p < 0.01; Table 1).
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Effects of Sertraline
Given the apparent relationship between the downregulation of the NET by chronic
treatment with NRIs and persistent antidepressant-like effects in the forced-swim test, it was
of interest to also examine the relationship between changes in SRI-induced SERT
expression and behavior. Rats were treated chronically with 7.5 mg/kg per day sertraline for
14 days and subjected to the forced-swim test 2 days after the end of sertraline treatment (ie
removal of the osmotic pumps), and SERT expression was determined in several brain
regions using 3H-citalopram binding and western blotting. Further, to determine whether
enhanced serotonergic neurotransmission was necessary for the persistent antidepressant
effect in the forced-swim test, a serotonin depletion approach was utilized, similar to that
used to assess the role of serotonergic neurotransmission in the clinical actions of sertraline
(Miller et al, 1996a). Rats were treated with PCPA, an inhibitor of tryptophan hydroxylase,
the rate-limiting enzyme for serotonin biosynthesis. PCPA (300 mg/kg, i.p.) was
administrated twice daily for 3 consecutive days with the last dose given 18 h before
behavioral test (O’Leary et al, 2007) to rats that had been treated chronically with vehicle or
sertraline.

A significant reduction of SERT binding sites, measured using 3H-citalopram, was evident 2
days after the discontinuation of chronic sertraline treatment in the cerebral cortex (F(3, 18) =
8.17, p < 0.01; Figure 3a) and hippocampus (F(3, 18) = 10.06, p < 0.001; Figure 3a). By
contrast, NET expression (ie 3H-nisoxetine binding) was not altered by sertraline treatment,
either in preparations of cerebral cortex or hippocampus (Figure 3b).

The downregulation of the SERT also was demonstrated using SDS-PAGE/immunoblotting
of preparations of cerebral cortex (F(3, 16) = 6.94, p < 0.01; Figure 3c) and hippocampus
(F(3, 16) = 14.37, p < 0.001; Figure 3c). By contrast, this treatment did not alter NET
expression, measured by immunoblotting, in either cerebral cortex or hippocampus (Figure
3d).

In parallel with the downregulation of the SERT, chronic sertraline treatment also produced
an antidepressant-like effect in the forced-swim test, demonstrated by a reduction of
immobility time (F(3, 19) = 19.57, p < 0.001; Figure 3e). Three-day, twice daily treatment
with 300 mg/kg per day PCPA, to reduce serotonin neurotransmission, reversed the
behavioral actions of chronic sertraline treatment, demonstrated by the increased immobility
time (Figure 3e); PCPA, when administered alone, did not affect behavior in the forced-
swim test (Figure 3e), nor did it alter SERT expression (Figure 3c).

Overall, there was a significant effect of sertraline/PCPA administration on normalized,
relative SERT mRNA expression in the dorsal and median raphe nucleus (F(3, 18) = 28.5, p <
0.001; Table 1). Post hoc tests revealed that although chronic sertraline treatment did not
change the SERT mRNA expression, a significant decrease in SERT mRNA expression was
found in the groups treated with PCPA alone or in combination with chronic sertraline
(Table 1).

Effects of Venlafaxine
Given that venlafaxine inhibits both the NET and SERT, ie it is an SNRI, it was of interest
to explore the relationship between venlafaxine-induced changes in NET and SERT
expression and behavior. Rats were treated chronically with 70 mg/kg per day venlafaxine
for 14 days and subjected to the forced-swim test 2 days after the end of venlafaxine
treatment. NET and SERT binding sites were determined in several brain regions using 3H-
nisoxetine and 3Hcitalopram binding. NET and SERT protein expression was determined by
western blotting. Treatment of 70 mg/kg per day venlafaxine did not alter NET (Figure 4a)
or SERT binding sites (Figure 4b) in cerebral cortex and hippocampus. Consistently, NET
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and SERT protein expression in cerebral cortex and hippocampus was not changed after
chronic venlafaxine treatment (Figure 4c and d). However, in spite of the lack of any change
in NET or SERT expression, an antidepressant-like effect in the forced-swim test was
observed 2 days after the end of the chronic venlafaxine treatment period (p < 0.001; Figure
4e).

Effects of Phenelzine
To determine whether enhanced monoaminergic neurotransmission, independent of NET or
SERT inhibition, was sufficient to alter expression of the transporters, the effects of the
monoamine oxidase inhibitor phenelzine were determined. Rats were treated with 10 mg/kg
per day phenelzine (i.p.) for 14 days and subjected to the forced-swim test 2 days after the
end of the treatment period. NET and SERT expression was then assessed in cerebral cortex
and hippocampus.

Phenelzine treatment did not alter NET or SERT expression in cerebral cortex or
hippocampus, measured by 3H-nisoxetine and 3H-citalopram binding (Figure 5a and b) and
SDS-PAGE/immunoblotting (Figure 5c and d). However, a significant decrease in
immobility time in the forced-swim test was observed 2 days following the end of chronic
phenelzine treatment (p < 0.001; Figure 5e).

DISCUSSION
In a previous study, a relationship between desipramine-induced downregulation of the NET
and antidepressant effects on behavior was observed (Zhao et al, 2008). The downregulation
of the NET is associated with antidepressant effects on behavior, even when there is no
detectable drug present to inhibit NE reuptake. Desipramine-induced downregulation of the
NET and the development of persistent antidepressant-like effects on behavior develop
gradually with repeated treatment, consistent with the development of the clinical response
to antidepressants (Frazer and Benmansour, 2002; Katz et al, 1996, 2004; Gelenberg and
Chesen, 2000). This suggests that neural adaptation resulting in enhanced monoaminergic
neurotransmission may be a key mechanism mediating anti-depressant actions. Consistent
with this, it was found that inhibition of catecholamine synthesis with AMPT reverses the
persistent antidepressant-like effect of desipramine in the forced-swim test (Zhao et al,
2008); similar effects have been observed in depressed patients treated with desipramine
(Charney, 1998; Miller et al, 1996b). The results of the present study demonstrated that NET
downregulation appears to be important for the actions of protriptyline and reboxetine, two
other antidepressants that interact with the NET. Further, SERT downregulation contributes
to the long-term behavioral effects of the SRI sertraline.

NET expression, measured by 3H-nisoxetine binding and SDS–PAGE/immunoblotting, was
reduced after 14 days of treatment with protriptyline or 42 days of treatment of reboxetine,
similar to the effect observed after repeated treatment with desipramine (Zhao et al, 2008).
β-1 adrenergic receptor density also is reduced after chronic desipramine, protriptyline, or
reboxetine treatment (Ordway et al, 1991; Gould et al, 2003). This suggests that NET
downregulation results in increased noradrenergic neurotransmission; this has been verified
experimentally for desipramine and reboxetine treatment using in vivo microdialysis (Page
and Lucki, 2002; Lapiz et al, 2007; Zhao et al, 2008).

NET downregulation in response to NRI treatment, in addition to being observed in vivo
(Zhu et al, 2002; Weinshenker et al, 2002; Zhao et al, 2008), also has been shown in vitro in
cell lines expressing the NET. NET expression in SK-N-BE(2)M17 cells is decreased
following 3–14 days of exposure to desipramine (Zhu et al, 1998). Chronic desipramine-
induced NET downregulation also is observed with PC12 and human neuroblastoma cells
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(Zhu and Ordway, 1997; Zhu et al, 2005), as well as HEK-293 cells transfected with the
NET (Zhu et al, 1998). Because these cells lack synaptic innervation, these findings suggest
that desipramine-induced NET regulation is, at least in part, a direct effect of occupation of
the NET, and not secondary to an increase in the extracellular concentration of NE.
Consistent with this interpretation, it was found that chronic treatment with the monoamine
oxidase inhibitor phenelzine, which increases noradrenergic neurotransmission, does not
downregulate the NET. However, it did produce antidepressant-like effects in the forced-
swim test.

In the present study, it was found that repeated treatment with the SRI sertraline reduced
SERT expression, measured using 3H-citalopram binding and SDS–PAGE/immuno-
blotting. Previously, it has been found that SERT density in the CA3 region of the
hippocampus, assessed by quantitative autoradiography with 3H-cyanoimipramine, is
decreased by 80–90% by chronic sertraline or paroxetine treatment (Benmansour et al,
1999). After 15 days of sertraline treatment, SERT binding sites are reduced by 80%,
accompanied by a marked reduction of serotonin clearance (Benmansour et al, 2002). SERT
density in the dentate gyrus, lateral nucleus of the amygdala, and dorsal raphe, measured
by 3H-cyanoimipramine binding, is significantly reduced after chronic paroxetine treatment
(Gould et al, 2003). Similarly, using 3H-citalopram homogenate binding, SERT binding
sites in the rat prefrontal cortex are reduced after chronic paroxetine or sertraline treatment
(Gould et al, 2006). SERT expression in mouse brain regions is reduced after chronic
paroxetine treatment; this effect persists for 120 h after 21 days of treatment (Hirano et al,
2005b). In humans, it has been reported that treatment with 40 mg/day citalopram for 8 days
reduces SERT binding sites in the diencephalon and brainstem (Kugaya et al, 2003). To
date, it had not been determined whether persistent downregulation of the SERT resulted in
the antidepressant effects on behavior. In the present study, it was found that 2 days
following discontinuation of sertraline treatment, when SERT expression was reduced in
cerebral cortex and hippocampus, a persistent antidepressant-like effect in the forced-swim
test was observed.

In HEK cells expressing the SERT, its binding sites are reduced after a 3-day incubation
with 500 nM citalopram; this is accompanied by decreased maximal transporter activity
(Vmax) and an unchanged Km value (Horschitz et al, 2001). In vitro, downregulation of
SERT is associated with protein kinase C (PKC) activation-induced phosphorylation of
specific amino-acid residues, which triggers translocation of SERT from membrane to
cytoplasm (Jayanthi et al, 2004; Sung et al, 2005; Sung and Blakely, 2007; Amano et al,
2006). Qian et al (1997) and Lau et al (2008) also have shown that stimulation of PKC
causes internalization of cell-surface SERT protein. Given the present data that
antidepressant-induced reductions in SERT and NET expression are not due to reduced
transcription, it is possible that these mechanisms involving transporter internalization may
be important in vivo.

Although treatment with the NRI reboxetine reduced NET expression without altering the
SERT, consistent with its reported selectivity (Wong et al, 2000; Millan et al, 2001;
Versiani et al, 1999), desipramine treatment reduced expression of both the NET and the
SERT. This may result from a lack of selectivity for desipramine for the NET at the dose
tested (Iversen, 2006) or may be due to the effects of desipramine’s primary, active
metabolite desmethyldesipramine, which reaches concentrations similar to the parent
compound (Kozisek et al, 2007). In preparations of rat brain, desmethyldesipramine exhibits
12-fold greater affinity for the SERT compared with the NET; desmethyldesipramine’s
affinity for the SERT is similar to desipramine’s for the NET (Deupree et al, 2007). Thus,
immediately after desipramine administration, when the desipramine concentration is much
higher than that of desmethyldesipramine, the pharmacological effect of desipramine might
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be associated primarily with the NET, while later as the concentration of the longer-lived
metabolite desmethyldesipramine increases, both SERT and NET may be involved.

Among the adaptive changes that may underlie the long-term effects of antidepressant
treatment, NET and SERT regulation fit with the clinical data to a considerable degree.
From a functional perspective, the direction of the long-term change in transporter
expression following antidepressant treatment is the same as that seen with acute treatment
with an antidepressant. In both cases, there is a reduction in transporter function and
enhanced monoaminergic neurotransmission. By contrast, changes in monoaminergic
receptor expression often are homeostatic, ie in opposition to the effect of acute
antidepressant treatment (Ordway et al, 1991). Preclinically, AMPT partially prevents the
acute desipramine response, whereas a combination of AMPT and reserpine completely
prevents the behavioral effects of acute desipramine (O’Leary et al, 2007); this suggests that
disruption of both catecholamine synthesis and vesicular storage and release are required to
completely block desipramine’s effects. PCPA, a tryptophan hydroxylase inhibitor (Koe and
Weissman, 1966), completely reverses the antidepressant-like effect produced by acute
treatment with the SRIs fluoxetine and citalopram (Page et al, 1999; O’Leary et al, 2007). In
normal, euthymic subjects, it has been shown that reducing catecholaminergic activity with
AMPT or serotonergic activity with tryptophan depletion does not induce symptoms of
depression, indicating that monoamine deficiency itself is insufficient to cause depression
(Miller et al, 1996a). However, catecholamine depletion by AMPT results in the return of
symptoms of depression in depressed patients treated chronically with NRIs such as
desipramine, but not SRIs (Miller et al, 1996a, b; Bremner et al, 2003). By contrast,
inhibition of serotonin synthesis with PCPA or a tryptophan-free amino-acid drink reverses
symptom remission caused by SRIs, but not NRIs (Miller et al, 1996a; Salomon et al, 1993).

Consistent with these clinical data, it has been found in an earlier study that inhibition of
catecholamine synthesis with AMPT reverses the persistent antidepressant-like effect of
desipramine in the forced-swim test (Zhao et al, 2008); changes in both noradrenergic and
dopaminergic neurotransmission may contribute to this effect of AMPT (O’Donnell and
Seiden, 1984). A role for noradrenergic neurotransmission is suggested by the finding that
NE-deficient mice fail to respond to the behavioral effects of the NRI desipramine.
Restoration of noradrenergic function by l-threo−3,4-dihydroxyphenylserine reinstates the
behavioral effects of desipramine in these mice (Cryan et al, 2004). In the present study, it
was found that inhibition of serotonin synthesis with PCPA reversed the persistent
antidepressant-like effect of sertraline in the forced-swim test. Overall, the preclinical and
clinical data suggest that enhanced monoaminergic neurotransmission is necessary, but not
sufficient, for producing antidepressant effects, at least for those drugs that act through
inhibition of reuptake.

Whether the downregulation of the NET or SERT is mediated by altered gene transcription
has been a point of investigation. Previous studies using HEK-293 and SK-N-BE(2)M17
cells have shown that desipramine-induced reduction of NET expression primarily is
because of translocation or increased degradation of the NET, but have not ruled out altered
transcription (Zhu et al, 1998, 2002). However, in vivo, it is found that NET mRNA
expression in the locus coeruleus is elevated after chronic desipramine treatment (Szot et al,
1993). Further, it is found that the SERT mRNA expression in the raphe nucleus is
unchanged following chronic treatment with SRIs (Benmansour et al, 1999; Abumaria et al,
2007). Lopez et al (1994) found that the SERT mRNA level is increased after chronic
antidepressant treatment, whereas Lesch et al (1993) reported a decreased SERT mRNA
level. In vitro, the expression of NET mRNA in human enterocyte-like cell line Caco-2
(Iceta et al, 2007) and SERT-expressing HEK293 cells (Lau et al, 2008) is unaltered after
chronic SRIs treatment. In the present study, it was found that NET mRNA expression in the
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rat locus coeruleus was unchanged after chronic desipramine or protriptyline treatment,
whereas it was elevated threefold after the 6-week reboxetine treatment regimen. Given that
the change in NET protein expression produced by these drugs is reduced, ie in the opposite
direction, it is unlikely that chronic anti-depressant-induced downregulation of the NET is
regulated at the transcriptional level. In fact, exposure to reboxetine for 6 weeks might
trigger a compensatory increase in transcription. Changes in SERT mRNA also do not
appear to account for sertraline-induced changes in SERT protein expression. However,
although sertraline treatment alone did not alter SERT mRNA, PCPA alone or in
combination with sertraline reduced it. Interestingly, SERT mRNA expression in the raphe
nucleus was increased after the 6-week reboxetine treatment; the mechanisms mediating this
effect and its functional significance are unclear.

It seems that downregulation of NET or SERT is not the only mechanism mediating
persistent antidepressant-like behavioral effects. Treatment of rats with 20 mg/kg per day
reboxetine for 2 weeks did not reduce the NET expression but did produce an
antidepressant-like effect in the forced-swim test 2 days after the end of the treatment
period. Further, 2-week treatment with 70 mg/kg per day venlafaxine treatment failed to
decrease the NET or SERT expression but still produced a persistent antidepressant-like
effect in the forced-swim test. It also was reported that NET and SERT binding sites,
measured using quantitative autoradiography with 3H-citalopram, are not reduced in the
CA3 region of hippocampus after treatment for 21 days with 15 or 70 mg/kg per day
venlafaxine (Gould et al, 2006). Similarly, chronic treatment with amitriptyline, a tricyclic
antidepressant that inhibits both the NET and SERT, also fails to reduce SERT and NET
binding sites (Owens et al, 1997). The inability of venlafaxine to downregulate the NET or
SERT following chronic treatment is not because of a lack of efficacy, as treatment with 70
mg/kg per day causes a downregulation of β-1 adrenergic receptors in the same rats in which
no downregulation of the transporters is observed (Gould et al, 2006). Also, chronic
venlafaxine produces a dose-dependent attenuation of the hypothermic response of rats to
acute treatment with 8-OH-DPAT, a serotonin-1A receptor agonist, similar to the effects
produced by sertraline and citalopram (Hensler, 2003; Rossi et al, 2005). The reason why
chronic reboxetine and venlafaxine failed to downregulate NET or SERT but still showed
antidepressant-like behavioral effects is not known. It is possible that differential stimulation
of heteroreceptors (Chiang and Aston-Jones, 1993; Mongeau et al, 1993), distinct
interactions with P450 isoenzymes (Cadieux, 1999; Tanaka, 1998), different binding
affinities for the transporters (Lenox and Frazer, 2002), and details regarding the nature and
location of binding to the NET or SERT (Larsen et al, 2004; Schmid et al, 2001) may
account for the observed differences among the effects of the antidepressants tested.

Overall, the present results demonstrate that reduced NET and SERT expression contributes
to the development of antidepressant-like effects on behavior; this is evident for
desipramine, protriptyline, and sertraline. However, this does not appear to be the only
mechanism contributing to such effects, as some antidepressants, notably venlafaxine,
produce persistent antidepressant-like effects on behavior without altering NET or SERT
expression. Also, consistent with clinical data, it was found that the antidepressant-like
effect that resulted from SERT downregulation depended on the enhanced serotonergic
neurotransmission, as it was lost when serotonin synthesis was inhibited. A similar
dependence of desipramine-induced NET downregulation on enhanced noradrenergic
neurotransmission was demon-strated previously (Zhao et al, 2008). The present data
provide support for the idea that the downregulation of NET and SERT may contribute to
the long-term therapeutic effects of antidepressant drugs. The mechanism of NET and SERT
regulation appears to be due more to altered internalization and degradation than altered
transcription. Understanding the molecular mechanisms mediating NET and SERT
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regulation in vivo might suggest novel targets for therapeutic intervention in the treatment of
depression.
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Figure 1.
Chronic treatment with protriptyline (10, 20 mg/kg) for 2 weeks reduced norepinephrine
transporter (NET) expression, determined by 3H-nisoxetine binding (a) and SDS–PAGE/
immunoblotting (b), and reduced immobility time in the forced-swim test (c). All measures
were determined 2 days after the end of the chronic treatment period, except one group (10
mg/kg per day with 1 day washout). Data shown are means ± SEM of 5–8 rats per group. *p
< 0.05, ***p < 0.001 vs control.
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Figure 2.
Chronic treatment with reboxetine (20 mg/kg per day) for 6 weeks, but not 2 weeks, reduced
norepinephrine transporter (NET) binding sites in both cerebral cortex and hippocampus, but
not serotonin transporter (SERT) binding sites (a, b). The NET protein expression in the
cerebral cortex and hippocampus determined by SDS–PAGE/immunoblotting with antisera
against the NET was significantly reduced after 6-week treatment, but not after 2-week
treatment (c). Persistent antidepressant-like effects in the forced-swim test were evident 2
days after the end of both the 2- and 6-week chronic treatment regimens (d). Data shown are
means ± SEM of 5–6 rats per group. *p < 0.05, **p < 0.01 vs control.
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Figure 3.
Chronic treatment with sertraline (7.5 mg/kg per day) for 2 weeks reduced serotonin
transporter (SERT) expression in the cerebral cortex and hippocampus, measured by 3H-
citalopram binding (a) and SDS–PAGE/immunoblotting (c), but did not affect
norepinephrine transporter (NET) expression in the cerebral cortex and hippocampus,
determined by 3H-nisoxetine binding (b) and SDS–PAGE/immunoblotting (d). Sertraline
treatment also produced a persistent antidepressant-like effect on forced-swim behavior (e).
To examine whether enhanced serotonergic neurotransmission was necessary for the
persistent antidepressant-like effect in the forced-swim test, p-chlorophenylalanine (PCPA),
an inhibitor of tryptophan hydroxylase, was administered (300 mg/kg, i.p.) twice daily for 3
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consecutive days with the last dose given 18 h before the forced-swim test. PCPA reversed
the sertraline-induced antidepressant-like effect in the forced-swim test, but did not affect
behavior on its own (e); it did not alter the effect of sertraline on SERT expression (a, c).
Data shown are means ± SEM of 5–8 rats per group. *p < 0.05, **p < 0.01, ***p < 0.001 vs
control, ###p < 0.001 vs sertraline alone.
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Figure 4.
Chronic treatment with venlafaxine (70 mg/kg per day) for 2 weeks did not affect
norepinephrine transporter (NET) or serotonin transporter (SERT) expression in cerebral
cortex or hippocampus, determined by radioligand binding (a, b) and SDS–PAGE/
immunoblotting binding (c, d). However, a persistent antidepressant-like effect on forced-
swim behavior was evident 2 days after the end of the chronic treatment period (e). Data
shown are means ± SEM of 5–6 rats per group. ***p < 0.001 vs control.
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Figure 5.
Chronic treatment with phenelzine (10 mg/kg per day) for 2 weeks did not affect
norepinephrine transporter (NET) or serotonin transporter (SERT) expression in cerebral
cortex or hippocampus, determined by radioligand binding (a, b) and SDS–PAGE/
immunoblotting binding (c, d). However, a persistent antidepressant-like effect on forced-
swim behavior was evident 2 days after the end of the chronic treatment period (e). Data
shown are means ± SEM of 5–6 rats per group. ***p < 0.001 vs control.
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Table 1

Effects of Chronic Antidepressant Treatment on NET mRNA Expression in the Locus Coeruleus and SERT
mRNA Expression in the Raphe Nucleus

Antidepressant
(mg/kg per day)

Normalized NET
mRNA level in locus

coeruleus

Normalized SERT
mRNA level in raphe

nuclei

Protriptyline

   Control 1.4 ± 0.3 ND

   20 1.8 ± 0.3 ND

   10 1.7 ± 0.2 ND

Desipramine

   Control 1.6 ± 0.5 ND

   15 2.4 ± 0.4 ND

Reboxetine

   Control 1.1 ± 0.1 1.0 ± 0.1

   20 3.1 ± 0.7*** 2.6 ± 0.7**

Sertraline

   Control ND 1.2 ± 0.3

   PCPA ND 0.2 ± 0.1***

   7.5 ND 1.5 ± 0.3

   PCPA+7.5 ND 0.4 ± 0.2***

Abbreviations: NET, norepinephrine transporter; ND, not determined; PCPA,treatment with p-chlorophenylalanine to inhibit serotonergic
neurotransmission during the 3 days before the forced-swim test; SERT, serotonin transporter. Rats were treated chronically for 2 weeks with
antidepressants through osmotic pumps. NET and SERT mRNA were determined by real-time PCR 2 days after discontinuation of chronic
treatment (1 day post-treatment for 10 mg/kg protriptyline). Values shown are ratios relative to 18S rRNA (mean ± SEM; n = 5/group).

**
p < 0.01

***
p < 0.001.
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