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The effects of combined treatment with a glucocorticoid receptor (GR) antagonist, Org 34850, and a selective serotonin reuptake

inhibitor (SSRI), fluoxetine, were investigated on pre- and postsynaptic aspects of 5-HT neurotransmission. Rats were treated for 14 days

with Org 34850 (15mg per kg per day subcutaneously), fluoxetine (10mg per kg per day intraperitoneally), or a combination of both

drugs. [3H]-citalopram binding (an index of 5-HT transporter (5-HTT) expression) was only slightly affected by Org 34850 alone:

decreased in cortex and midbrain and increased in hippocampus. In contrast, chronic fluoxetine markedly decreased 5-HTT levels in all

regions. Importantly, this decrease was significantly enhanced by combined Org 34850/fluoxetine treatment. There were no changes in

the expression of 5-HTT mRNA, suggesting these effects were not due to changes in gene transcription. Expression of tryptophan

hydroxylase mRNA and both 5-HT1A autoreceptor mRNA and protein (assessed using [3H]-8-OH-DPAT binding) were unchanged by

any treatment. The expression of postsynaptic 5-HT1A receptor protein in the forebrain was unaltered by fluoxetine, Org 34850 or the

combined Org 34850/fluoxetine treatment. This downregulation of 5-HTT by fluoxetine and its enhancement by Org 34850 can explain

our recent observation that GR antagonists augment the SSRI-induced increase in extracellular 5-HT. In addition, these data suggest that

the augmentation of forebrain 5-HT does not result in downregulation of forebrain 5-HT1A receptor expression. Given the importance

of 5-HT1A receptor-mediated transmission in the forebrain to the antidepressant response, these data indicate that co-administration of

GR antagonists may be effective in augmenting the antidepressant response to SSRI treatment.
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INTRODUCTION

Selective serotonin reuptake inhibitors (SSRIs) are widely
used for the treatment of depression. Although effective in
some patients, SSRI treatment does not always induce
complete remission of depression and many patients have
persistent symptoms despite apparently ‘adequate’ dosing
(Boulenger, 2004). Interestingly, the hypothalamic–pitui-
tary–adrenal (HPA) axis has been shown in several recent
studies to have an influence on patients’ response to
antidepressant treatment. Thus, Young et al (2004) reported
that the therapeutic response to SSRIs was lower in patients
with HPA axis abnormalities than in those with normal
HPA axis function. In a more recent and larger scale study,
Brouwer et al (2006) showed that hyperactivity of the HPA

axis predicted poor treatment response. Conversely, it has
been reported that the clinical efficacy of ‘serotonergic’
antidepressants (including SSRIs) is improved by co-
administration of an inhibitor of glucocorticoid synthesis
(Jahn et al, 2004).
The molecular target of SSRI antidepressants is the 5-HT

transporter (5-HTT), which they block competitively,
preventing the reuptake of released 5-HT. In experimental
animals, chronic administration of SSRIs has been shown to
cause an elevation in extracellular 5-HT in the forebrain
(Bosker et al, 1995; Dawson et al, 2000). It is believed that
the therapeutic efficacy of SSRIs is dependent upon this
elevation of forebrain 5-HT. This contention is supported
by data showing that acute depletion of tryptophan (the
precursor of 5-HT) results in a rapid return of symptoms in
euthymic patients treated for depression with SSRIs
(Delgado et al, 1999). An elevation of forebrain 5-HT levels
would, of course, be predicted to increase the activation of
postsynaptic 5-HT receptors. Although the particular
receptor subtypes involved in the antidepressant response
have not been definitively identified, the 5-HT1A receptor is
thought to be important (Cowen, 2000; Celada et al, 2004).
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As the clinical antidepressant response to SSRIs appears
to be both reliant on forebrain 5-HT and influenced by
corticosteroids, we proposed that glucocorticoids may
modulate the ability of SSRIs to elevate forebrain 5-HT. In
line with this hypothesis, we found that flattening the
diurnal corticosterone rhythm in rats attenuates the ability
of a chronic SSRI to elevate cortical 5-HT (Gartside et al,
2003). Importantly, recently we showed that blockade of
glucocorticoid receptors (GRs) has the opposite effect,
enhancing the ability of an SSRI to elevate forebrain 5-HT
levels (Johnson et al, 2007). The mechanism underlying the
interaction between SSRIs and glucocorticoid signaling
remains unknown. However, it is of note that 5-HT
neurones in the dorsal and median raphe nuclei (DRN
and MRN, respectively) express GRs (Harfstrand et al, 1986;
Gartside et al, 2008), which are intracellular transcription
regulatory proteins. Thus, it is possible that alterations in
glucocorticoid signalling lead to changes in levels of
expression of particular proteins within 5-HT neurones,
which ultimately influence extracellular 5-HT.
In the present study we investigated the molecular basis

of the SSRI�GR antagonist interaction. To this end, we
examined the effects of chronic treatment with an SSRI
(fluoxetine) and/or a GR antagonist (Org 34850) on the
expression of 5-HTT in the raphe and various forebrain
regions considered important in the pathophysiology of
depression. We also examined the expression in the raphe
of mRNAs that code for the 5-HTT, the 5-HT synthesis
enzyme tryptophan hydroxylase (TPH), and the 5-HT1A

autoreceptor, as well as levels of 5-HT1A autoreceptor
protein. Finally, to examine the consequences of the
previously reported changes in 5-HT levels, we determined
expression of postsynaptic 5-HT1A receptors in the fore-
brain.

MATERIALS AND METHODS

Animals

Male Hooded Lister rats (150–180 g) were purchased from
Charles River, UK. They were housed in groups of three in
standard caging under controlled conditions of light (lights
on 0700, lights off 1900 hours) and humidity. Animals were
allowed free access to standard rat chow (SDS, UK) and tap
water, and allowed to acclimatize to the holding facility for
at least 5 days before initiation of treatment. All experi-
ments were carried out under the Animals (Scientific
Procedures) Act 1986 in accordance with the ‘Guide for
the Care and Use of Laboratory Animals’ promulgated by
the National Institutes of Health. Animals were healthy
throughout and treatment groups did not differ in weight at
start or end of treatment.

Drug Treatments

Treatments were for 14 days using a 2� 2 factorial design.
Animals received Org 34850 (15mg per kg, s.c.) or its
vehicle (30% dimethylsulfoxide: 70% polyethylene glycol)
twice daily at approximately 0700 and 1800 hours.
Concurrently animals also received fluoxetine (10mg per
kg, i.p.) or its vehicle (sterile water) once daily at
approximately 0700 hours. This gave four treatment groups:

vehicle/vehicle, Org/vehicle, vehicle/fluoxetine, and Org/
fluoxetine.

Brain Sections

On the 15th day between 0800 and 0830 hours, animals were
rapidly decapitated. The brain was removed and snap-
frozen on dry ice and stored at �801C. Coronal sections
(12 mm) were cut on a cryostat, thaw-mounted onto
gelatinized slides and stored at �801C. Sections were collected
from the following brain regions (anteroposterior distance
from bregma according to Paxinos and Watson, 1986):
midbrain (�8.0 to �7.6mm), ventral hippocampus (�6.04
to �4.8mm), dorsal hippocampus (�3.8 to �3.14mm) and
prefrontal cortex (PFC) (+2.2 to +3.2mm).

In Situ Hybridization Histochemistry

In situ hybridization histochemistry with oligonucleotide
probes was used to determine levels of expression of
mRNAs encoding 5-HTT, 5-HT1A receptor and TPH in the
DRN and MRN. Briefly, the sections were fixed and
pretreated for in situ hybridization in a single batch using
an established protocol (McQuade et al, 2004). Oligonucleo-
tide probe sequences complimentary to bases 1345–1371 of
rat 5-HTT mRNA (M79450) (50-AGCTTCGTCTCTGGCTTC
GTCATCTTC-30) 1863–1894 of rat TPH2 mRNA (NM
173839.2) (50-CTCACACAATTCCAGCTGCTGAGTCCTTG
ACC-30) and bases 2105–2151 of rat 5 HT1A receptor mRNA
(AF 217200) (50-GGTTAGCGTGGGAGGAAGGGAGACTAG
CTGTCTGAGCGACATACAAG-30) (manufactured by
MWG-Biotech AG) were used. Probes were 30 tail labelled
using [35S] dATP (Perkin Elmer, USA) with terminal
deoxynucleotide transferase (Roche Diagnostics, West
Sussex, UK). The labelled oligonucleotide probe was added
to each section in hybridization buffer (50% formamide,
4� standard saline citrate (SSC), 10% dextran sulfate, 5�
Denhardt’s, 200 mg/ml salmon sperm DNA, 100 mg/ml
polyA, 25mM sodium phosphate, 1mM sodium pyropho-
sphate, and 5% dithiothreitol (Pei et al, 1995). The sections
were incubated overnight (at 381C (5-HTT), 301C (TPH2),
and 271C (5-HT1A)) in sealed boxes containing 50% form-
amide in 4� SSC. Sections were then washed three times
(20min) in 1� SSC at 581C and twice (60min) at room
temperature. After air-drying, the sections, together with
[14C] microscale calibration strips (Amersham), were
exposed to Biomax Hyperfilm (Amersham) for (2–12 weeks)
before automatic development using an Agfa curix compact
plus daylight processor.

Binding Studies

Citalopram binding was adapted from established protocols
(Romero et al, 1998; Hebert et al, 2001). The slides were
preincubated in Tris buffer pH 7.4 (Tris-HCl, 50mM, NaCl
120mM, KCl 5mM) at room temperature for 30min. Slides
were then incubated for 2 h at room temperature in Tris
buffer containing 1.5 nM [3H]-citalopram (Amersham;
specific activity 84 Ci/mmol). To determine nonspecific
binding, two slides from each area were incubated in 1.5 nM
[3H]-citalopram together with 20 mM fluoxetine. Following
incubation the slides underwent two 15min washes in
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ice-cold Tris buffer, briefly washed in distilled H2O, and left
to air-dry.
The method used for determining 5-HT1A binding was

adapted from that used previously in this laboratory and the
concentration of ligand ([3H]-8-OH-DPAT) necessary for
estimation of Bmax was determined from full saturation
curves (C Troakes, personal communication). Slides were
preincubated for 30min at room temperature in Tris buffer
pH 7.5 (Tris-HCl, 170mM, CaCl2 4mM, ascorbic acid
0.01%, and pargyline (10 mM; to prevent metabolism of
5-HT)). Slides were then incubated at room temperature for
90min in fresh Tris buffer containing 2 nM [3H]8-OH-
DPAT (Amersham; specific activity 229 Ci/mmol). Nonspe-
cific binding was determined for two slides per area using
5-HT (1 mM) added to the incubation medium. The slides
were then washed (2� 5min) in ice-cold Tris buffer, dipped
in distilled water, and air-dried.
Slides were secured inside an X-ray cassette and exposed

to Biomax Hyperfilm together with a [3H] microscale
calibration strip (Amersham) and left for 8–12 weeks before
the film was developed using an automatic processor.

Densitometry

The density of [3H]-citalopram and [3H]-8-OH-DPAT
binding and the relative abundance of the mRNAs were
determined by densitometric quantification of quadrupli-
cate sections using NIH Scion image software. For bilateral
structures measurements were taken from both sides and
averaged. Density values were calibrated to the [3H]- or
[14C] microscales, and converted to nCi/g tissue. Nonspe-
cific binding for [3H]-citalopram (defined with fluoxetine)
and for [3H]-8-OH-DPAT (defined with 5-HT) was negli-
gible and was not subtracted before analysis.

Statistics

Binding data were initially analysed by three-way analysis of
variance (ANOVA) with brain region treated as a repeated
measure and treatment 1 (Org 34850 or vehicle) and
treatment 2 (fluoxetine or vehicle) as between-subjects
factors. Subsequently individual two-way ANOVA on each
brain region was used, with treatments 1 and 2 as between-
groups factors. Where significant interactions were found,
post-hoc comparisons between individual treatment groups
were made using t-test. To account for the multiple
comparisons made, Bonferroni correction was applied with
pp0.0045 for the [3H]-citalopram binding and pp0.0038
for the [3H]-8-OHDPAT binding being considered as
statistically significant.
In situ hybridization data were subject to two-way

ANOVA and, where significant interactions were found,
post-hoc t-test.

RESULTS

Expression of 5-HTT in the Forebrain and Midbrain

Analysis of [3H]-citalopram binding data by three-way
ANOVA revealed significant main effects of ‘brain region’
(F10,230¼ 333; po0.001) and significant brain region�
‘treatment 1’ (F10,230¼ 4.7; po0.001) and brain region�

‘treatment 2’ (F10,230¼ 109; po0.001) interactions. There
were also significant main effects of treatment 1 (F1,23¼ 14;
p¼ 0.001) and treatment 2 (F1,23¼ 671; po0.001) and a
significant treatment 1� treatment 2 interaction (F1,23¼ 8.2;
p¼ 0.009). Further two-way ANOVAs on the individual
brain regions are reported below.

Prefrontal cortex. [3H]-citalopram binding was evident in a
laminar distribution in the PFC, including in the cingulate,
prelimbic, and infralimbic regions of the medial PFC
(mPFC) (Figure 1a). In all regions of the mPFC, treatment
with Org 34850 caused a small decrease (o15%), whereas
fluoxetine treatment caused a marked reduction (approxi-
mately 60%) in [3H]-citalopram binding. When fluoxetine
and Org 34850 treatments were combined, [3H]-citalopram
binding was even further reduced and in some animals was
close to the limit of detection (Figure 2). Two-way ANOVA
showed a significant effect of fluoxetine and a significant
effect of Org 34850, but there was no significant interaction
between the treatments (Table 1; Figure 3).

Dorsal hippocampus. In the dorsal hippocampus [3H]-
citalopram binding was dense in Ammon’s horn with the
highest density in stratum oriens of CA2 at the apex of the
horn. Much lower binding was seen in the dentate gyrus,
which could not be anatomically discriminated (Figure 1b).
In Ammon’s horn treatment with Org 34850 alone caused a
very small increase in [3H]-citalopram binding. In all
subregions, treatment with chronic fluoxetine alone mark-
edly reduced [3H]-citalopram binding. However, in animals
treated with the combination of fluoxetine and Org 34850,
[3H]-citalopram binding was reduced much more than in
animals treated with fluoxetine alone (Figure 2). Two-way
ANOVAs in each subregion revealed significant main effect
of fluoxetine in all subregions, and a significant Org
34850� fluoxetine interaction in CA2 and CA3 (Table 1;
Figure 3). Post-hoc t-test revealed that [3H]-citalopram
binding in the Org 34850/fluoxetine group was significantly
lower than in the fluoxetine-alone group.

Ventral hippocampus. In the ventral hippocampus [3H]-
citalopram binding could clearly be seen in Ammon’s
horn with much lower expression in dentate gyrus (not
measured) (Figure 1c). In the group treated with Org
34850 alone, [3H]-citalopram binding was slightly increased
relative to the vehicle/vehicle group. Treatment with
fluoxetine alone decreased [3H]-citalopram binding in
Ammon’s horn. However, in the animals treated with the
combination of Org 34850 and fluoxetine, [3H]-citalopram
binding was reduced below the level seen after fluoxetine
alone (Figure 2). Two-way ANOVA revealed a significant
main effect of fluoxetine and a significant Org 34850�
fluoxetine interaction in all subregions (Table 1; Figure 3).
Post-hoc t-test revealed that in all subregions [3H]-
citalopram binding in the Org 34850/fluoxetine group was
significantly lower than in the fluoxetine-alone group.

Midbrain. In the midbrain [3H]-citalopram binding was
densely expressed in the raphe nuclei (Figure 1d). In both
the DRN and MRN, chronic Org 34850 treatment slightly
reduced [3H]-citalopram binding. Chronic fluoxetine
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treatment caused a marked reduction in [3H]-citalopram
binding in both nuclei (Figure 2). In the group treated with
fluoxetine and Org 34850 combined, [3H]-citalopram
binding was even more reduced. Two-way ANOVA in the
DRN and the MRN showed significant main effects of Org
34850 and fluoxetine but no significant interaction between
treatments (Table 1; Figure 3).

Expression of mRNAs Coding for 5-HTT, TPH and
5-HT1A Autoreceptor in the DRN

The mRNAs coding for 5-HTT, TPH and the 5-HT1A

autoreceptor were highly and selectively expressed in the
raphe nuclei. Within the midbrain sections examined signal
was restricted to the DRN and adjacent ventral MRN. There
were no significant effects of Org 34850 or fluoxetine or the
fluoxetine/Org 34850 combination on the levels of expres-
sion of mRNAs coding for 5-HTT, TPH, or the 5-HT1A

autoreceptor in the DRN (Table 1; Figure 4). Thus, two-way
ANOVA showed no significant main effects and no
significant interactions.

Effects of Org 34850 and Fluoxetine on 5-HT1A Receptor
Protein

Analysis of [3H]-8-OHDPAT binding data by three-way
ANOVA revealed a significant main effect of brain region
(F12,288¼ 972; po0.001), and a significant brain region�
treatment 2 interaction (F12,288¼ 2.2; p¼ 0.011). However,
there was no significant effect of treatment 1 (F1,24¼ 0; n.s.)
or treatment 2 (F1,24¼ 0; n.s.) and no significant treatment
1� treatment 2 interaction (F1,24¼ 1.4; n.s.). Further two-
way ANOVAs on the individual brain regions are reported
below.

Prefrontal cortex. In sections containing the PFC, [3H]-8-OH-
DPAT binding was present in the cortex but not the corpus

callosum or anterior commissure (Figure 5a). Within the
cortex, the distribution was laminar being lowest in super-
ficial layers and highest in layers V and VI. In the mPFC
binding was particularly dense in layer VI adjacent to the
corpus callosum. There were no significant effects of Org
34850 or fluoxetine treatment on [3H]-8-OH-DPAT binding
in any parts of the PFC and no interaction between treatments
(Table 1; Figure 6).

Dorsal hippocampus. In the dorsal hippocampus [3H]-8-OH-
DPAT binding was dense in stratum oriens and stratum
radiatum dendritic layers of Ammon’s horn, but was
much lower in the pyramidal cell layer (Figure 5b). Binding
in CA2 was markedly lower than in the adjacent CA1 and
binding in CA3 was higher than in CA1. In the dentate
gyrus, [3H]-8-OH-DPAT binding was high in the mole-
cular layer (which contains the dendrites of granule cells)
but was low in the granule cell layer. Neither Org 34850
nor fluoxetine treatment had any effect on [3H]-8-OH-
DPAT binding in any area and there was no interaction
between Org 34850 and fluoxetine treatments (Table 1;
Figure 6).

Ventral hippocampus. The distribution of [3H]-8-OH-
DPAT binding in the ventral (caudal) hippocampus was
similar to that in the dorsal (rostral) hippocampus being
lowest in CA2 and highest in CA3 and the molecular layer of
the dentate gyrus. A further dense area of binding was seen
in the most ventral part of CA1 (Figure 5c). In all subregions
of the ventral hippocampus [3H]-8-OH-DPAT binding was
unaffected by Org 34850 or fluoxetine treatment, as well as
by the combined Org 34850/fluoxetine treatment (Table 1;
Figure 6).

Midbrain raphe. In midbrain sections containing the
anterior raphe nuclei, [3H]-8-OH-DPAT binding was
present in the DRN and MRN (Figure 5d). There were no

Figure 1 Autoradiograms showing [3H] citalopram binding in prefrontal cortex (a), dorsal hippocampus (b), ventral hippocampus (c) and midbrain raphe
nuclei (d) of vehicle/vehicle-treated animals. Regions analysed by densitometry are labeled: Cg, cingulate cortex; PrL, prelimbic cortex; IL, infralimbic cortex;
CA1-CA3, Cornus Ammon 1–3; DG, dentate gyrus; DRN, dorsal raphe nucleus; MRN, median raphe nucleus.
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significant effects of Org 34850 or fluoxetine treatment on
[3H]-8-OH-DPAT binding in the DRN or MRN and no
interaction between the treatments (Table 1; Figure 6).

DISCUSSION

Here we investigated the effects of chronic fluoxetine and
Org 34850 treatment, alone and in combination, on the
expression of mRNAs and proteins associated with pre- and
postsynaptic aspects of 5-HT neurotransmission. Chronic
fluoxetine treatment caused a striking decrease in [3H]-
citalopram binding (a measure of 5-HTT expression) in
cortex and hippocampus, as well as in the raphe nuclei.
Importantly, concurrent Org 34850 and fluoxetine treat-
ment markedly enhanced this decrease in 5-HTT levels,
whereas Org 34850 treatment alone caused only small (and
in some cases opposing) effects on 5-HTT. There were no
changes in the expression of mRNAs coding 5-HTT, TPH,
or the 5-HT1A receptor, suggesting these effects were not
mediated through changes in gene transcription. Further-
more, there were no significant effects of any of the
treatments on either 5-HT1A autoreceptor or postsynaptic

5-HT1A receptor levels (measured by [3H]-8-OH-DPAT
binding). Org 34850 is a steroid molecule (for structure
see Bachmann et al, 2003), which has highest affinity for the
GR (pEC50¼ 8.0) with 3-fold selectivity over progesterone
receptors and more than 300-fold selectivity over MR
(Organon Laboratories in-house data). Our results indicate
that the ability of GR antagonists (including Org 34850) to
augment the effect of an SSRI on forebrain 5-HT (Johnson
et al, 2007) results from a widespread enhancement of the
fluoxetine-induced downregulation of 5-HTT. This aug-
mentation of extracellular 5-HT appears not to cause any
marked change in forebrain 5-HT1A receptor expression.
Given the proposed importance of 5-HT1A receptor-
mediated transmission to the antidepressant response,
these data indicate that co-administration of GR antagonists
may effectively augment the antidepressant response to
SSRI treatment.

Downregulation of the 5-HTT

Chronic fluoxetine treatment induced a marked reduction
in 5-HTT expression. Several studies have reported that
chronic administration of other SSRIs decreases the Bmax

Figure 2 Autoradiograms showing [3H]-citalopram binding in prefrontal cortex (PFC), dorsal hippocampus (DH), ventral hippocampus (VH) and
midbrain in animals treated with vehicle/vehicle (Veh/Veh), Org 34850/vehicle (Org/Veh), vehicle/fluoxetine (Veh/Fluox) and Org 34850/fluoxetine
(Org/Fluox). The final row shows nonspecific binding (NSB) in each region. Autoradiograms shown are from individual animals displaying [3H]-citalopram
binding densities typical of each treatment group.
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Table 1 Statistical Analysis

Org 34850 Fluoxetine Interaction

[3H]-Citalopram binding d.f. F p F p F p

Prefrontal cortex

Cingulate 1,28 14.3 0.001 464.8 o0.0001 0.5 0.509

Prelimbic 1,28 12.4 0.002 234.3 o0.0001 0.0 0.840

Infralimbic 1,28 12.2 0.002 362.9 o0.0001 0.5 0.471

Dorsal hippocampus

CA1 1,26 2.7 0.111 216.7 o0.0001 4.8 0.038

CA2 1,26 7.1 0.013 378.2 o0.0001 8.6 0.007

CA3 1,26 6.4 0.018 362.6 o0.0001 10.9 0.003

Ventral hippocampus

CA1 1,26 0.7 0.398 119.8 o0.0001 10.1 0.004

CA2 1,27 2.9 0.103 329.4 o0.0001 11.8 0.002

CA3 1,27 0.9 0.340 208.3 o0.0001 10.5 0.003

Midbrain

DRN 1,26 19.8 o0.0001 416.0 o0.0001 0.7 0.420

MRN 1,28 21.0 0.0001 346.1 o0.0001 0.8 0.391

5-HTT mRNA

DRN 1,27 1.2 0.282 0.5 0.469 1.7 0.202

TPH2 mRNA

DRN 1,25 0.4 0.539 0.0 0.979 1.4 0.243

5-HT1A mRNA

DRN 1,26 0.2 0.643 0.5 0.469 0.0 0.899

[3H]-8-OH-DPAT binding

Prefrontal cortex

Cingulate 1,27 0.7 0.404 2.3 0.142 0.3 0.570

Prelimbic 1,27 4.1 0.052 0.0 0.975 3.4 0.078

Infralimbic 1,28 1.3 0.258 0.0 0.864 2.6 0.117

Dorsal hippocampus

CA1 1,27 1.6 0.221 2.5 0.122 0.5 0.493

CA2 1,27 0.0 0.891 1.4 0.256 3.8 0.063

CA3 1,27 2.6 0.119 6.4 0.017 0.9 0.345

DG 1,27 0.5 0.471 8.7 0.007 3.5 0.071

Ventral hippocampus

CA1 1,27 0.3 0.625 2.9 0.099 2.5 0.127

CA2 1,26 0.2 0.784 0.3 0.592 4.1 0.053

CA3 1,26 1.2 0.287 0.0 0.957 3.6 0.068

DG 1,26 0.5 0.483 0.2 0.706 1.5 0.227

Midbrain

DRN 1,28 0.7 0.417 2.4 0.135 0.2 0.655

MRN 1,28 0.5 0.829 2.6 0.120 0.3 0.580

Abbreviations: DRN, dorsal raphe nuclei; MRN, median raphe nuclei; 5-HTT, 5-HT transporter; TPH, tryptophan hydroxylase; DG, dentate gyrus.
Results of two-way ANOVA with fluoxetine and Org 34850 as factors. ‘Org 34850’ refers to the main effect of Org 34850 administration, ‘Fluoxetine’ refers to the
main effect of fluoxetine administration and ‘interaction’ refers to the Org 34850� fluoxetine interaction. Degrees of freedom (d.f.), F ratio and the raw p-value for
each analysis are given. Figures in bold type are statistically significant (po0.0045) following Bonferroni correction for multiple comparisons.
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of 5-HTT binding (Pineyro et al, 1994; Benmansour et al,
1999, 2002; Gould et al, 2006). Moreover, in complete
accord with the present findings, Durand et al (1999)
demonstrated a marked decrease in [3H]-citalopram bind-
ing following chronic treatment with fluoxetine. Although
other reports suggest that chronic fluoxetine fails to
decrease 5-HTT levels (Dewar et al, 1993; Gobbi et al,
1997; Hebert et al, 2001), the low doses of fluoxetine and/or
lengthy washout periods used may account for these
discrepancies. In the present study we measured 5-HTT
binding in brains taken around 24 h after the last of 14 daily
injections of fluoxetine (at the same point as we had made
our measures of 5-HT levels (Johnson et al, 2007)), and our
binding protocol included a room temperature wash step to
remove any residual drug.
The principal finding of this study is Org 34850 treatment

enhanced the downregulation of the 5-HTT induced by
fluoxetine. In the PFC and raphe nuclei, Org 34850 had an
additive effect with fluoxetine reducing 5-HTT more than
either treatment alone. However, in the hippocampus Org
34850 alone had no effect or tended to increase 5-HTT but,
when combined with fluoxetine, displayed a marked synergy
reducing 5-HTT to very low levels. Downregulation of
5-HTT may have a very important role in the delayed
emergence of the neurochemical and antidepressant effects

of SSRIs. Thus, Benmansour and colleagues showed that the
SSRI-induced decrease in 5-HTT has a much more marked
effect on extracellular 5-HT than does the presence of the
reuptake inhibitor itself (Benmansour et al, 2002). Perhaps
because during acute blockade, the dynamic competition
between the reuptake inhibitor and the increasing levels of
extracellular 5-HT limits the consequences whereas, follow-
ing downregulation of the 5-HTT (ie a loss of 5-HTT protein
from the membrane) no such competition can take place.
Org 34850 in combination with fluoxetine leads to a greater
downregulation of 5-HTT, and so might be expected to lead
to a greater enhancement of extracellular 5-HT levels, than
fluoxetine alone. Thus, the biochemical data presented here
are consistent with in vivo microdialysis findings in which
we observed that concurrent treatment with Org 34850
enhanced the effect of fluoxetine on extracellular 5-HT in the
PFC (Johnson et al, 2007). However, it is worth noting that
although the present data showed Org 34850 alone caused a
small reduction in 5-HTT in the PFC, this treatment failed to
affect extracellular 5-HT levels. One explanation for this is
that there is spare transporter capacity and so the modest
reduction in 5-HTT induced by Org 34850 alone is of
insufficient magnitude to elevate 5-HT levels.
In addition to providing a mechanistic explanation for

our previous findings (Johnson et al, 2007), the present data

Figure 3 Density of [3H]-citalopram binding in subregions of the medial prefrontal cortex (mPFC) (a), dorsal hippocampus (b), ventral hippocampus (c)
and midbrain raphe (d) in animals treated with vehicle/vehicle, Org 34850/vehicle, vehicle/fluoxetine and Org 34850/fluoxetine. Cg, cingulate cortex; PrL,
prelimbic cortex; IL, infralimbic cortex; dCA1-3, dorsal Cornus Ammon 1–3; vCA1-3, ventral Cornus Ammon 1–3. Data are mean±SEM. N¼ 7 or 8 per
group; o denotes significant effect of Org 34850, f significant main effect of fluoxetine, and i significant interaction. See text and Table 1 for full details of
statistical analysis.
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suggest that the augmentation of the effect of an SSRI on 5-
HT would not be confined to the PFC (where our
microdialysis was performed) but would occur widely
through the brain. Indeed, in both dorsal and ventral
hippocampus we found evidence for a true synergy between
fluoxetine and Org 34850, which would predict a synergistic
interaction in respect of extracellular 5-HT levels.
The fact that GRs are transcription regulatory proteins

raises the possibility that the effect of the GR antagonist
might be mediated by changes in mRNA expression. GRs
have been shown to be expressed in 5-HT neurones in both
the DRN and MRN (Harfstrand et al, 1986), thereby having
the potential to regulate protein synthesis within 5-HT
neurones. However, none of the treatments affected
expression of 5-HTT mRNA in the raphe nuclei. Although
the effect of GR antagonists on 5-HTT mRNA has not been
previously studied, the lack of effect of fluoxetine is
consistent with previous data showing that chronic treat-
ment with the same dose of fluoxetine did not alter 5-HTT
mRNA measured at 21 days (Neumaier et al, 1996; Le Poul
et al, 2000).

TPH2 mRNA expression was also unaltered by any of the
treatments, suggesting that the alterations in extracellular 5-
HT following fluoxetine and its enhancement by GR
antagonists (Johnson et al, 2007) does not arise from a
transcriptional changes in the TPH2 gene.

5-HT1A Autoreceptors

None of the treatments altered the mRNA coding the 5-
HT1A autoreceptor in the DRN or the 5-HT1A protein in
either DRN or MRN. We have previously found functional
desensitization of the somatodendritic 5-HT1A autoreceptor
following chronic fluoxetine (Gartside et al, 2003; Johnson
et al, 2007). The present data indicate that this desensitiza-
tion is not the result of a decrease in 5-HT1A receptor gene
transcription or protein levels. This concurs with previous
studies reporting fluoxetine-induced desensitization in 5-
HT1A autoreceptor function without concomitant changes
in receptor binding (Le Poul et al, 1995; Hanoun et al,
2004).

Figure 5 Autoradiograms showing distribution and relative densities of [3H]-8-OH-DPAT binding in prefrontal cortex (a), dorsal hippocampus (b), ventral
hippocampus (c) and midbrain raphe nuclei (d). All autoradiograms are from animals treated with vehicle/vehicle and are typical of the group.

Figure 4 Density of expression of mRNAs for 5-HT transporter (5-HTT) (a), tryptophan hydroxylase (TPH) (b) and 5-HT1A receptor (c) in the dorsal
raphe nuclei (DRN) in animals treated with vehicle/vehicle, Org 34850/vehicle, vehicle/fluoxetine and Org 34850/fluoxetine. Data are mean±SEM. N¼ 7/8
per group. See text and Table 1 for full details of statistical analysis.
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Postsynaptic 5-HT1A Receptors

Postsynaptic 5-HT1A receptors, in both hippocampus and
PFC, have been hypothesized to be important in the
antidepressant response (Cowen, 2000; Celada et al, 2004).
For this reason we examined the effect of chronic SSRI and
Org 34850 treatment on the expression of this receptor.
Neither Org 34850 nor fluoxetine significantly altered 8-OH-
DPAT binding across all forebrain regions measured. The
lack of effect of fluoxetine is in line with previous reports
that chronic administration of SSRIs fails to alter 5-HT1A

receptor binding in forebrain (Li et al, 1993; Le Poul et al,
2000; Hensler, 2002). Consistent with this, in depressed
patients, postsynaptic 5-HT1A receptor binding measured
by positron emission tomography was recently reported to
be unchanged by chronic SSRI treatment (Moses-Kolko
et al, 2007). The effects of chronic GR antagonist treatment
on 5-HT1A binding have not been examined previously,
however, 5-HT1A binding is reportedly unchanged in GR
deficient mice compared to wild types (Meijer et al, 1997).
Crucially, in the present study we found that the combina-
tion of fluoxetine and Org 34850 also failed to alter 5-HT1A

receptor binding. This suggests that the marked increase in
extracellular 5-HT that arises from combined SSRI and GR

antagonist treatment (Johnson et al, 2007) does not lead to
changes in the number of postsynaptic 5-HT1A receptors.
Although 5-HT1A receptor number was not decreased the

treatments, it cannot be assumed that 5-HT1A receptor
function is unaltered. That said, much evidence suggests
that chronic SSRI treatment does not affect postsynaptic 5-
HT1A receptor sensitivity (Dong et al, 1999; Le Poul et al,
2000; Li et al, 1997; Hensler, 2002). Indeed, as chronic
administration of direct 5-HT1A receptor agonists has been
shown not to alter 5-HT1A receptor sensitivity in CA3 (Dong
et al, 1997; Haddjeri et al, 1999), one can conclude that
these receptors are unresponsive to agonist-induced down-
regulation or desensitization. Thus, although the combined
treatment with fluoxetine and Org 34850 causes a marked
increase in extracellular 5-HT (Johnson et al, 2007), we
would predict that this would not alter 5-HT1A receptor
sensitivity.

Conclusion

In our previous study we found that co-treatment with GR
antagonists enhanced the SSRI-induced increase in extra-
cellular 5-HT in the PFC (Johnson et al, 2007). Here we
show that the mechanism underlying this interaction is an

Figure 6 Density of [3H]-8-OH-DPAT binding in subregions of the prefrontal cortex (PFC) (a), the dorsal hippocampus (b), the ventral hippocampus (c),
and the dorsal and median raphe nuclei (DRN/MRN) (d) in animals treated with vehicle/vehicle, Org 34850/vehicle, vehicle/fluoxetine and Org 34850/
fluoxetine. Cg, cingulate cortex; PrL, prelimbic cortex; IL, infralimbic cortex; dCA1-3, dorsal Cornus Ammon 1–3; dDG, dorsal dentate gyrus; vCA1-3, ventral
Cornus Ammon 1–3; vDG, ventral dentate gyrus. Data are mean±SEM. N¼ 7 or 8 per group; o denotes significant effect of Org 34850, f significant main
effect of fluoxetine, and i significant interaction. See text and Table 1 for full details of statistical analysis.
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augmentation by the GR antagonist of the fluoxetine-
induced downregulation of 5-HTT. Moreover, this
enhancement of transporter downregulation is widespread,
suggesting that GR antagonists have the potential to
enhance SSRI effects on extracellular 5-HT in many brain
areas. We have also shown that combined GR antagonist/
SSRI treatment does not result in a decrease in 5-HT1A

receptor protein and have presented evidence that argues
against there being a downstream functional desensitization
of these receptors. Thus, we predict that the overall effect of
co-administration of a GR antagonist and an SSRI will be a
marked enhancement of forebrain 5-HT1A receptor-
mediated neurotransmission. It has been hypothesized that
an antidepressant response arises from increased postsy-
naptic 5-HT1A receptor-mediated transmission in the
forebrain (Cowen, 2000; Celada et al, 2004). Hence, our
data indicate that co-administration of GR antagonists may
effectively augment the antidepressant response to SSRI
treatment.

ACKNOWLEDGEMENTS

We thank Leanne Westgate for excellent technical assistance
and Dr Nick Andrews, Dr Cliona MacSweeney, Dr Hugh
Marston, Dr Ard Peeters and Dr Ge Ruigt for valuable
discussion. We also thank Dr T Chadwick, Newcastle
University for statistical advice.

DISCLOSURE/CONFLICT OF INTEREST

This study was supported by Organon Laboratories under
an investigator-initiated grant award to Newcastle Uni-
versity. Dr Emma Grant and Dr Mark Craighead are
employees of Organon Laboratories. Professor Colin
Ingram and Dr Sarah Gartside are co-applicants on patent
applications relating to therapeutic uses of GR antagonists.

REFERENCES

Bachmann CG, Linthorst AC, Holsboer F, Reul JM (2003). Effect of
chronic administration of selective glucocorticoid receptor
antagonists on the rat hypothalamic–pituitary–adrenocortical
axis. Neuropsychopharmacology 28: 1056–1067.

Benmansour S, Cecchi M, Morilak DA, Gerhardt GA, Javors MA,
Gould GG et al (1999). Effects of chronic antidepressant
treatments on serotonin transporter function, density, and
mRNA level. J Neurosci 19: 10494–10501.

Benmansour S, Owens WA, Cecchi M, Morilak DA, Frazer A
(2002). Serotonin clearance in vivo is altered to a greater extent
by antidepressant-induced downregulation of the serotonin
transporter than by acute blockade of this transporter. J Neurosci
22: 6766–6772.

Bosker FJ, Klompmakers AA, Westenberg HG (1995). Effects of
single and repeated oral administration of fluvoxamine on
extracellular serotonin in the median raphe nucleus and dorsal
hippocampus of the rat. Neuropharmacology 34: 501–508.

Boulenger JP (2004). Residual symptoms of depression: clinical
and theoretical implications. Eur Psychiatry 19: 209–213.

Brouwer JP, Appelhof BC, van Rossum EF, Koper JW, Fliers E,
Huyser J et al (2006). Prediction of treatment response by HPA-
axis and glucocorticoid receptor polymorphisms in major
depression. Psychoneuroendocrinology 31: 1154–1163.

Celada P, Puig M, Amargos-Bosch M, Adell A, Artigas F (2004).
The therapeutic role of 5-HT1A and 5-HT2A receptors in
depression. J Psychiatry Neurosci 29: 252–265.

Cowen PJ (2000). Psychopharmacology of 5-HT1A receptors. Nucl
Med Biol 27: 437–439.

Dawson LA, Nguyen HQ, Smith DI, Schechter LE (2000). Effects of
chronic fluoxetine treatment in the presence and absence of
(±)pindolol: a microdialysis study. Br J Pharmacol 130: 797–804.

Delgado PL, Miller HL, Salomon RM, Licinio J, Krystal JH,
Moreno FA et al (1999). Tryptophan-depletion challenge in
depressed patients treated with desipramine or fluoxetine:
implications for the role of serotonin in the mechanism of
antidepressant action. Biol Psychiatry 46: 212–220.

Dewar KM, Grondin L, Nenonene EK, Ohayon M, Reader TA
(1993). [3H]paroxetine binding and serotonin content of rat
brain: absence of changes following antidepressant treatments.
Eur J Pharmacol 235: 137–142.

Dong J, de Montigny C, Blier P (1997). Effect of acute and repeated
versus sustained administration of the 5-HT1A receptor agonist
ipsapirone: electrophysiological studies in the rat hippocampus
and dorsal raphe. Naunyn Schmiedebergs Arch Pharmacol 356:
303–311.

Dong J, De Montigny C, Blier P (1999). Assessment of the
serotonin reuptake blocking property of YM992: electrophysio-
logical studies in the rat hippocampus and dorsal raphe. Synapse
34: 277–289.

Durand M, Berton O, Aguerre S, Edno L, Combourieu I, Mormede P
et al (1999). Effects of repeated fluoxetine on anxiety-related
behaviours, central serotonergic systems, and the corticotropic
axis axis in SHR and WKY rats. Neuropharmacology 38: 893–907.

Gartside SE, Hannant AP, Leitch MM (2008). Serotonergic
neurones of the dorsal and median raphe nuclei express
gluocorticoid and mineralocorticoid receptors under review.

Gartside SE, Leitch MM, Young AH (2003). Altered glucocorticoid
rhythm attenuates the ability of a chronic SSRI to elevate
forebrain 5-HT: implications for the treatment of depression.
Neuropsychopharmacology 28: 1572–1578.

Gobbi M, Crespi D, Foddi MC, Fracasso C, Mancini L, Parotti L
et al (1997). Effects of chronic treatment with fluoxetine and
citalopram on 5-HT uptake, 5-HT1B autoreceptors, 5-HT3 and
5-HT4 receptors in rats. Naunyn Schmiedebergs Arch Pharmacol
356: 22–28.

Gould GG, Altamirano AV, Javors MA, Frazer A (2006). A
comparison of the chronic treatment effects of venlafaxine and
other antidepressants on serotonin and norepinephrine trans-
porters. Biol Psychiatry 59: 408–414.

Haddjeri N, Ortemann C, de Montigny C, Blier P (1999). Effect of
sustained administration of the 5-HT1A receptor agonist
flesinoxan on rat 5-HT neurotransmission. Eur Neuropsycho-
pharmacol 9: 427–440.

Hanoun N, Mocaer E, Boyer PA, Hamon M, Lanfumey L (2004).
Differential effects of the novel antidepressant agomelatine
(S 20098) versus fluoxetine on 5-HT1A receptors in the rat
brain. Neuropharmacology 47: 515–526.

Harfstrand A, Fuxe K, Cintra A, Agnati LF, Zini I, Wikstrom AC
et al (1986). Glucocorticoid receptor immunoreactivity in
monoaminergic neurons of rat brain. Proc Natl Acad Sci USA
83: 9779–9783.

Hebert C, Habimana A, Elie R, Reader TA (2001). Effects of chronic
antidepressant treatments on 5-HT and NA transporters in rat
brain: an autoradiographic study. Neurochem Int 38: 63–74.

Hensler JG (2002). Differential regulation of 5-HT1A receptor-G
protein interactions in brain following chronic antidepressant
administration. Neuropsychopharmacology 26: 565–573.

Jahn H, Schick M, Kiefer F, Kellner M, Yassouridis A, Wiedemann
K (2004). Metyrapone as additive treatment in major depression:
a double-blind and placebo-controlled trial. Arch Gen Psychiatry
61: 1235–1244.

GR blockade and SSRI-induced 5-HTT downregulation
DA Johnson et al

408

Neuropsychopharmacology



Johnson DA, Grant EJ, Ingram CD, Gartside SE (2007). Gluco-
corticoid receptor antagonists hasten and augment neurochem-
ical responses to a selective serotonin reuptake inhibitor
antidepressant. Biol Psychiatry 62: 1228–1235.

Le Poul E, Boni C, Hanoun N, Laporte AM, Laaris N, Chauveau J
et al (2000). Differential adaptation of brain 5-HT1A and 5-HT1B

receptors and 5-HT transporter in rats treated chronically with
fluoxetine. Neuropharmacology 39: 110–122.

Le Poul E, Laaris N, Doucet E, Laporte AM, Hamon M, Lanfumey L
(1995). Early desensitization of somato-dendritic 5-HT1A auto-
receptors in rats treated with fluoxetine or paroxetine. Naunyn
Schmiedebergs Arch Pharmacol 352: 141–148.

Li Q, Battaglia G, Van de Kar LD (1997). Autoradiographic
evidence for differential G-protein coupling of 5-HT1A receptors
in rat brain: lack of effect of repeated injections of fluoxetine.
Brain Res 769: 141–151.

Li Q, Levy AD, Cabrera TM, Brownfield MS, Battaglia G, Van de
Kar LD (1993). Long-term fluoxetine, but not desipramine,
inhibits the ACTH and oxytocin responses to the 5-HT1A

agonist, 8-OH-DPAT, in male rats. Brain Res 630: 148–156.
McQuade R, Leitch MM, Gartside SE, Young AH (2004). Effect
of chronic lithium treatment on glucocorticoid and
5-HT1A receptor messenger RNA in hippocampal and dorsal
raphe nucleus regions of the rat brain. J Psychopharmacol 18:
496–501.

Meijer OC, Cole TJ, Schmid W, Schutz G, Joels M, De Kloet ER
(1997). Regulation of hippocampal 5-HT1A receptor mRNA and

binding in transgenic mice with a targeted disruption of the
glucocorticoid receptor. Brain Res Mol Brain Res 46: 290–296.

Moses-Kolko EL, Price JC, Thase ME, Meltzer CC, Kupfer DJ,
Mathis CA et al (2007). Measurement of 5-HT1A receptor
binding in depressed adults before and after antidepressant drug
treatment using positron emission tomography and [11C]WAY-
100635. Synapse 61: 523–530.

Neumaier JF, Root DC, Hamblin MW (1996). Chronic fluoxetine
reduces serotonin transporter mRNA and 5-HT1B mRNA in a
sequential manner in the rat dorsal raphe nucleus. Neuro-
psychopharmacology 15: 515–522.

Paxinos G, Watson C (1986). The Rat Brain in Stereotaxic
Co-ordinates. Academic Press: Sydney.

Pei Q, Leslie RA, Grahame-Smith DG, Zetterstrom TS (1995). 5-HT
efflux from rat hippocampus in vivo produced by 4-amino-
pyridine is increased by chronic lithium administration. Neuro-
report 6: 716–720.

Pineyro G, Blier P, Dennis T, de Montigny C (1994). Desensitiza-
tion of the neuronal 5-HT carrier following its long-term
blockade. J Neurosci 14: 3036–3047.

Romero L, Jernej B, Bel N, Cicin-Sain L, Cortes R, Artigas F (1998).
Basal and stimulated extracellular serotonin concentration in the
brain of rats with altered serotonin uptake. Synapse 28: 313–321.

Young EA, Altemus M, Lopez JF, Kocsis JH, Schatzberg AF,
DeBattista C et al (2004). HPA axis activation in major
depression and response to fluoxetine: a pilot study. Psycho-
neuroendocrinology 29: 1198–1204.

GR blockade and SSRI-induced 5-HTT downregulation
DA Johnson et al

409

Neuropsychopharmacology


	Glucocorticoid Receptor Antagonism Augments Fluoxetine-Induced Downregulation of the 5-HT Transporter
	INTRODUCTION
	MATERIALS AND METHODS
	Animals
	Drug Treatments
	Brain Sections
	In Situ Hybridization Histochemistry
	Binding Studies
	Densitometry
	Statistics

	RESULTS
	Expression of 5-HTT in the Forebrain and Midbrain
	Prefrontal cortex
	Dorsal hippocampus
	Ventral hippocampus
	Midbrain

	Expression of mRNAs Coding for 5-HTT, TPH and 5-HT1A Autoreceptor in the DRN
	Effects of Org 34850 and Fluoxetine on 5-HT1A Receptor Protein
	Prefrontal cortex
	Dorsal hippocampus
	Ventral hippocampus
	Midbrain raphe


	DISCUSSION
	Downregulation of the 5-HTT
	5-HT1A Autoreceptors
	Postsynaptic 5-HT1A Receptors
	Conclusion

	Acknowledgements
	Note
	References


