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Major depression is associated with the upregulation of aya-adrenoceptors in brain tissue and blood platelets. The homologous
regulation of these receptors by G-protein-coupled receptor kinases (GRKs) might play a relevant role in the pathogenesis and treatment
of depression. This study was designed to assess the status of the complex o, -adrenoceptor/Gai/GRK 2 in the platelets of depressed
patients (n =22) before and after treatment with the antidepressant mirtazapine, an antagonist at a,a-adrenoceptors (30—45 mg/day for
up to 6 months). A second series of depressed suicide attempters (n = 32) were also investigated to further assess the status of platelet
GRK 2 and GRK 6. Platelet a;a-adrenoceptors and Gui protein immunoreactivities were increased in depressed patients (49 and 35%)
compared with matched controls. In contrast, GRK 2 content was decreased in the two series of depressed patients (27 and 28%). GRK
6 (a GRK with different properties) was found unchanged. In drug-free depressed patients, the severity of depression (behavioral ratings
with two different instruments) correlated inversely with the content of platelet GRK 2 (r=—0.46, n=22, p=0.032, and r=—0.55,
n=22, p=0.009). After 4-24 weeks of treatment, mirtazapine induced downregulation of platelet a,-adrenoceptors (up to 34%) and
Gui proteins (up to 28%), and the upregulation of GRK 2 (up to 30%). The results indicate that major depression is associated with
reduced platelet GRK 2, suggesting that a defect of this kinase may contribute to the observed upregulation of a;a-adrenoceptors.
Moreover, treatment with mirtazapine reversed this abnormality and induced downregulation of aya-adrenoceptor/Gai complex. The

INTRODUCTION

The noradrenergic hypothesis of depression postulates a
reduced function of the neurotransmitter norepinephrine at
various adrenoceptors in specific brain regions (Ressler and
Nemeroff, 1999). Recent functional and biochemical
approaches further indicate that major depression is
associated with noradrenergic dysfunction and upregula-
tion of inhibitory o,,,c-adrenoceptors in the brain (Callado
et al, 1998; Garcia-Sevilla et al, 1999; Fu et al, 2001;
Gonzalez-Maeso et al, 2002; Ordway et al, 2003). Chronic

*Correspondence: JA Garcia-Sevilla, Unité de Recherche Clinique,
Département de Psychiatrie, HUG Belle-Idée (Les Voirons), 2 Chemin
du Petit-Bel-Air, Chéne-Bourg/GE CH-1225, Switzerland, Fax: +41-
22-305-57-99, E-mail: jesus.a.garcia-sevilla@hcuge.ch

Received 04 July 2003; revised |8 September 2003; accepted 14
October 2003

Online publication: 20 October 2003 at http://www.acnp.org/citations/
Npp 10200303297/default.pdf

results support a role of supersensitive a,a-adrenoceptors in the pathogenesis and treatment of major depression.
Neuropsychopharmacology (2004) 29, 580-588, advance online publication, 19 November 2003; doi:|0.1038/sj.npp.1300356

Keywords: major depression; mirtazapine; blood platelets; o, a-Adrenoceptors; Gi proteins; GRK 2/6

psychosocial stress in monkeys (a model of depression) has
also been shown to induce persistent increases of a,a-
adrenoceptors in the brain (Fliigge et al, 2003). Moreover,
depressed patients also display upregulation and super-
sensitive o,,-adrenoceptors in blood platelets (Garcia-
Sevilla et al, 1981, 1986, 1987, 1990; Piletz et al, 1991;
Gurguis et al, 1999). These observations suggest that
patients with mood disorders might have an underlying
disturbance of noradrenergic system, perhaps due to
hyperactive a,-adrenoceptor function (Fu et al, 2001).

The regulation of o,,-adrenoceptors is also an important
issue in major depression because most antidepressant
drugs have indirect regulatory effects on these receptors
(Charney, 1998; Esteban et al, 1999). The homologous
regulation of receptors is induced by a family of G-protein-
coupled receptor kinases (named GRK 1-7), some of which
translocate from the cytosol to the plasma membrane (eg
GRK 2 but not GRK 6) to phosphorylate the agonist
(endogenous ligand)-activated receptors (Pitcher et al,



1998). This process eventually results in receptor desensi-
tization and downregulation and/or a change in receptor
signaling (Lefkowitz, 1998). Since the u,s-adrenoceptor is
regulated by GRK 2/3 (Eason et al, 1995), a heuristic
hypothesis in major depression is that a defect in GRK 2/3
function could lead to receptor supersensitivity, which in
turn could predispose to illness. Alternatively, increased
GRK 2/3 activity might help to compensate for excessive
stimulation of o,s-adrenoceptors. Few studies have dealt
with the involvement of brain GRKs in major depression
and in the mechanism of action of antidepressant drugs
(Garcia-Sevilla et al, 1999; Miralles et al, 2002; Grange-
Midroit et al, 2003). In the prefrontal cortex of drug-free
depressed suicides, the content of GRK 2/3, but not of GRK
6, was found increased in parallel with those of ;-
adrenoceptors and Goi coupling proteins, which was
interpreted as a compensation of the abnormal higher
functioning of the o,4-adrenoceptor/Goi complex in depres-
sion (Garcia-Sevilla et al, 1999; Grange-Midroit et al, 2003).

Changes in receptor function in blood platelets have often
been used as an indirect marker of neurotransmitter
receptor alterations in psychiatric disorders (Stahl, 1985;
Camacho and Dimsdale, 2000). Moreover, recent findings
indicate that the platelets can synthesize proteins in
response to external stimuli and that these cells contain
messenger RNA for a wide diversity of proteins (Lindemann
et al, 2001), which allows the investigation of post-
transcriptional receptor regulatory mechanisms. Therefore,
this study was designed to assess the biological status of the
complex o,5-adrenoceptor/Gui/GRK in the platelets of
patients with major depression. The aim was also to
determine whether treatment with the antidepressant
mirtazapine (Holm and Markham, 1999; Millan et al,
2000), an antagonist at o,s-adrenoceptors that enhances
the release of norepinephrine and serotonin, results in the
modulation (eg reversal of baseline abnormalities) of
platelet a,4-adrenoceptors and associated regulatory pro-
teins in depressed patients.

SUBJECTS AND METHODS
Patient Selection and Treatment

A first series of depressed patients (n=22) were examined
and treated (mirtazapine) in the Affective Disorders Unit of
the Sant Pau Hospital, Autonomous University of Barcelona
(ADU patients), and a second series of depressed suicide
attempters (n=32) were examined in the Emergency
Psychiatric Unit, Department of Psychiatry, University of
Geneva (EPU patients). The study protocols were approved
by the respective institutional review boards.

In the ADU series, 22 consecutive eligible outpatients 18
years or older were recruited, examined, and treated by
three research psychiatrists (VP, DP, and EA), with high
inter-rated reliability and good internal consistency (Alvar-
ez et al, 1997). Each patient was rated by the same clinician
along the study. The inclusion criteria were: (1) a diagnosis
of major depressive disorder according to DSM-IV criteria
(APA, 1994), single episode (diagnostic code 296.2, 14
patients), or recurrent episodes (diagnostic code 296.3,
eight patients); (2) absence of any active antidepressant
treatment during a minimum of 2 months before admission;
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and (3) provision of informed consent after complete
description of the study. All selected depressed patients (20
women, two men, mean age + SD: 42 + 3 years) were free
of other psychiatric disorders (except personality disorder,
n =2, which was assessed by medical history and clinician’s
judgment) or severe organic pathology, and were permitted
their regular habits but were warned not to use psycho-
tropic drugs, except for moderate doses of prescribed
benzodiazepines. The baseline clinical ratings (the 17-item
Hamilton Rating Scale for Depression, HRSD, and the
Montgomery-Asberg Rating Scale for Depression, MARSD)
and blood sampling were performed on the same day and
before the onset of mirtazapine treatment. The mean global
score on the HRSD was 19 + 2 (range, 18-24, n=22) and
on the MARSD was 26 + 4 (range, 20-33, n =22). The mean
duration of the depressive episode was 3.1 + 0.8 months.
Whenever possible, depressed patients were studied again
after treatment with mirtazapine (30-45mg/day for an
initial period of 6 months). Clinical ratings and biochemical
assays were repeated 1 (n=22), 4 (n=21), 12 (n=16), 24
(n=12), and 28 (n = 12) weeks after the onset of treatment.
Plasma concentrations of mirtazapine were monitored by a
HPLC/ultraviolet detection method at 1, 4, 12, and 24 weeks,
and were found in the therapeutic range (Dodd et al, 2000).
At week 24, mirtazapine was substituted by placebo during
4 weeks (study end point: 28 weeks) to assess the clinical
and biochemical effects of drug withdrawal. Safety was
evaluated by the assessment of treatment-emergent adverse
events, routine clinical laboratory tests, and vital signs.
Therapeutic response was defined as a 50% reduction in the
baseline HRSD, and clinical remission as a reduction of the
score to 9 or below. In all, 12 depressed patients completed
the 6-month treatment phase, and showed a good
therapeutic response and remission of the depressive
episode. Mirtazapine withdrawal (4 weeks) did not induce
reappearance of depressive symptoms. Four patients did
not respond to mirtazapine treatment and were excluded
from the study (from week 4 to 12), two patients were
withdrawn for excessive drug side effects (anxiety, weight-
gain), and four patients abandoned the study for personal
reasons. In all, 15 normal volunteers who were matched
with one or two of the selected patients for sex and as
closely as possible for age ( 4 4 years) were also studied.
The healthy controls (13 women, two men, mean age:
43 + 14 years) were recruited among hospital employees
and written informed consent was also obtained. Control
subjects were interviewed by a research psychiatrist to
exclude those with a history of psychiatric disorders,
medical illness, or drug or alcohol abuse. Control subjects
were drug free for a minimum of 2 weeks before the assays,
and only one blood sample was obtained.

In the EPU series, 32 consecutive eligible hospitalized
suicide attempters 18 years or older were recruited and
examined by two research psychiatrists (GR and AA). The
inclusion criteria were: (1) an immediate suicide attempt,
defined as a self-destructive act carried out with at least
some intent to end one’s life, which required hospitalization
for medical treatment of the sequelae of the attempt; (2) a
DSM-IV diagnosis of major depressive disorder (single
episode, 31 patients; recurrent episodes, one patient); (3)
absence of antidepressant treatment during a minimum of 2
weeks before admission; and (4) provision of informed
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consent after description of the study. All selected depressed
suicide attempters (27 women, five men, mean age + SD:
34 + 10 years) were free of other psychiatric disorders
(except personality disorder, n =19, which was assessed by
medical history and clinician’s judgment) or severe organic
pathology. The methods of suicide attempts were drug
overdose (n =28 with positive urine toxicology, including
antidepressant drugs, n=7, and benzodiazepines plus
ethanol, n=18) and venesection (n =4). Suicidal ideation
and the actual risk of suicidal behavior (RSB) at the time of
hospital admission was assessed with an adaptation of the
Suicidal Thinking and Behavior Questionnaire (Chiles et al,
1989), where the scale scores from 0 (low risk, 0-2) to 5
(high risk, 3-5). The mean global score for RSB was
2.8 + 1.6 (range, 0-5, n=32). The mean global score on the
HRSD was 25 + 5 (range, 13-34, n=32). A total of 17
normal volunteers who were matched with one or two of the
selected patients for sex and as closely as possible for age
(+ 5 years) were also studied. The healthy controls (14
women, three men, mean age: 34 £+ 10 years) were recruited
among hospital employees and screened as above.

Platelet Samples And Membrane Preparation

Venous blood (35ml) was obtained by venipuncture
(fasting subjects, 0830-1000) and the platelets were
immediately isolated by centrifugation on a specific cell
separation medium as described previously (Garcia-Sevilla
et al, 1997) The pellets of the platelets were stored at —80°C
until assays. Crude platelet membranes (and protein
content) were prepared for the immunodetection of the
target proteins as reported in detail previously (Garcia-
Sevilla et al, 1997, 1999)

Immunoblot Assays And Quantitation Of Target Protein
Contents

The relative densities of platelet o,,-adrenoceptors and
associated regulatory proteins were assessed by quantitative
immunoblotting by using specific polyclonal antibodies and
in-gel standard curves as described previously (Garcia-
Sevilla et al, 1997). In brief, solubilized target membrane
proteins were separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (6 x 8-cm minigels, 15 wells,
Mini 2-D cell, Bio-Rad Laboratories, Hercules, CA, USA),
transferred to nitrocellulose membranes (Western blotting),

Platelet GRK 2

labeled with the specific primary antibody (overnight at
4°C), and subsequently incubated for 2h at room tempera-
ture in a blocking solution containing the secondary
antibody, horseradish peroxidase-linked donkey anti-rabbit
IgG antiserum (1:5000 dilution). The following primary
antibody were used: anti-o,,-adrenoceptor, 1:500 dilution
(produced and characterized in this laboratory (Ozaita et al,
1999; Garcia-Sevilla et al, 1999); anti-Gail/2, 1:7000
dilution (AS/7, Du Pont-NEN Research Products, Boston,
MA, USA), anti-GRK 2, 1:5000 dilution (C-15, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-GRK 6, 1:1000
dilution (C-20, Santa Cruz Biotechnology), and anti-PP-2A
catalytic subunit, 1:20000 dilution (clone 46, Transduction
Laboratories, Lexington, KY, USA). Bound antibody (im-
munoreactivity) was detected using the enhanced chemilu-
minescence Western blot detection system (Amersham
International, Little Chalfont, Buckinghamshire, UK) and
visualized by the exposure to autoradiographic film
(Amersham ECL Hyperfilm) for 1-15min (autoradio-
grams). The autoradiograms were quantitated by densito-
metric scanning (GS-700 Imaging Densitometer, resolution:
42 um, Bio-Rad Laboratories) by measuring the integrated
optical density (IOD) of the immunoreactive bands. In
previous studies, the antibodies used had been tested and
characterized in human platelets and/or human and rat
brain tissue, and labeled bands with molecular masses of
70kDa (mature o,5-adrenoceptor), 40kDa (Goi2 subunit),
80kDa (GRK 2), 66kDa (GRK 6), and 36kDa (PP-2A)
(Garcia-Sevilla et al, 1997, 1999; Ozaita et al, 1999; Grange-
Midroit et al, 2002, 2003).

The procedure for the quantitation of target proteins in
human platelet and brain membranes by immunoblotting
has been described in detail previously (Garcia-Sevilla et al,
1997; Grange-Midroit et al, 2003). Briefly, two platelet
samples of different protein content, in duplicate or
triplicate, from one or two depressed patient (eg drug free
and after mirtazapine treatment) were evaluated using
standard curves (ie total protein loaded vs IODs), which
consisted of five points of different protein content
(resulting in a linear relationship) of a control subject
matched for sex and age, all loaded on the same gel (see
Figure 1 for quantitation of GRK 2). Given a known amount
of protein from a problem sample loaded in the gel well (PR,
the real amount), the percentage change with respect to
control samples was calculated as the ratio between the
amount of protein corresponding to the IOD value of the
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Autoradiograph of a Westem blot depicting labeling of immunodetectable GRK 2 in platelet membranes of a patient with major depressive

disorder (46-year-old woman) and a matched-control subject (45-year-old woman). The standard curve (right), constructed with samples from the control
subject (1560 ug protein), was used to quantitate the content of GRK 2 (25 and 50 pg protein in triplicates) in the depressed patient (mean value for GRK
2: 46% of matched control). The molecular mass of GRK 2 (80 kDa) was determined by calibrating the blot with prestained molecular weight markers as
shown on the left-hand side.
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problem sample interpolated in the control standard curve
(PT, the theoretical amount) and PR. Thus, the percentage
change is (PT/PR) x 100, where this value is 100 for a
control sample used as the standard. Initially, the target
proteins in depressed patients (ADU series) were quanti-
tated in the same gel at baseline (drug free) and 1 and 4
weeks after mirtazapine treatment. Then the proteins were
quantitated 12, 24, and/or 28 weeks after treatment in
different gels, which always included baseline samples from
the corresponding depressed patient. For representative
immunoblots (Figure 3), new experiments were performed
that included all samples from the chosen patient. In a
selected group of depressed patients (drug free or treated
with mirtazapine), the density of o-tubulin, used a negative
control, was not changed compared with the content in
matched controls (data not shown) (Garcia-Sevilla et al,
1997).

Data Analysis

All series of data were analyzed with the program GraphPad
Prism™, version 3.0, and all of them followed Gaussian
distributions (Kolmogorov-Smirnov normality test). Re-
sults are expressed as mean values + SD (text) or SEM
(figures). The one-sample ¢-test (identical in its implemen-
tation to the paired t-test), direct paired t-test, or analysis of
variance (ANOVA) with repeated measures was used for the
statistical evaluations. In the 12 patients who completed the
treatment, ANOVA with repeated measures (before, during,
and after mirtazapine) allowed an assessment of drug effects
(basal vs protein change in immunoreactivity) and time
(changes with the duration of treatment). Significant
interactions revealed by ANOVA were further examined
with Bonferroni’s multiple comparison test to determine
when significant effects occurred and the magnitude of the
changes. Changes in behavioral rating (score on the HRSD)
were assessed by the y° test. Pearson’s correlation
coefficients were calculated to test for possible association
among variables (eg relation between platelet GRK 2 and
behavioral rating). The level of significance was chosen at
p<0.05. All tests were two-tailed.

Drugs and Materials

Mirtazapine (Rexer") and placebo were prepared by the
manufacturer (Akzo Nobel, Organon Espaiola, S.A., Barce-
lona, Spain). Acrylamide (Protogel) was from BDH
Brunschwig (Dorset, UK). Nitrocellulose membranes were
from Schleicher & Schuell GmbH (Dassel, Germany).
Secondary antibody, chemiluminescence reagents, and film
for autoradiography were from Amersham International.
Other chemicals were from Sigma Chemie (Buchs, Switzer-
land).

RESULTS

aya-Adrenoceptors and Associated Regulatory Proteins
in Patients with Major Depressive Disorder

In platelet membranes of drug-free depressed patients
(ADU series), the immunodensities of ¢,,-adrenoceptors
and Gui2 coupling proteins were increased (mean + SD:
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49 + 37%, n=22, t=5.86, p<0.001, and 35 + 28%, n =22,
t=15.68, p<0.001, respectively) compared with those of age-
and sex-matched controls. In contrast, the content of
regulatory receptor kinase GRK 2 was decreased
(mean + SD: 27 + 28%, n=22, t=4.30, p<0.001) com-
pared with the controls (Figures 2 and 3; for GRK 2 see also
individual values in Figure 4). Platelet GRK 2 was not
altered in the two depressed men studied (decreases of
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Figure 2 Immunodensities of aya-adrenoceptors (oa-AR), guanine
nucleotide-binding proteins (Gui2) and GRK 2 in platelet membranes of
patients with major depressive disorder before (B, basal drug-free values,
n=122), during mirtazapine treatment (1-24 weeks, n=22—12), and after
drug withdrawal (W, n=12). Data are expressed as means + SEMs (bars)
percentages of the contents in matched controls. * At least p <0.05 when
compared with the corresponding protein density in matched controls
(one-sample t-test). In the 12 patients who completed the antidepressant
treatment (24 weeks) and the period of drug withdrawal (4 weeks),
ANOVA with repeated measures detected significant drug effects on a;a-
AR (F=4.35,p=0.002), Gai2 (F =5.85, p =0.0002), and GRK 2 (F =4.98,
p=0.0006). 1 At least p<0.05 when compared with basal (B) values
(ANOVA followed by Bonferroni’'s multiple comparison test).
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Figure 3 Representative immunoblots of o,a-adrenoceptors, guanine
nucleotide-binding proteins (Gxi2) and GRK 2 in platelet membranes of a
patient (32-year-old woman) with major depressive disorder before (P,
basal drug-free values), during mirtazapine treatment (1-24 weeks) and
after drug withdrawal (W). Matched-control subject (C, 3I-year-old
woman). The molecular masses of aya-adrenoceptors (70kDa), Gai2
(40kDa), and GRK 2 (80kDa) were determined by calibrating the blots
with prestained molecular weight markers as shown on the left-hand side.
Note that in the depressed patient the basal immunodensities (P vs C) of
ana-adrenoceptors and Gai2 proteins were increased (31 and 229%,
respectively) and that of GRK 2 was markedly decreased (54%).
Mirtazapine treatment progressively reversed these changes toward basal
values (weeks 12-24). Substitution of mirtazapine by placebo (W, 4 weeks)
did not alter the immunodensities of the target proteins.

9 and 3%). The changes in immunoreactive proteins were
significant both in patients with a single depressive episode
(n=14) and in those with the recurrent type of depression
(n=28) (data not shown). Moreover, protein changes were
similar in depressed patients with low suicidal ideation
(n=16) and in those with moderate suicidal behavior
(n=26) (item 3 of the HRSD) (data not shown).

For the 22 patients, the severity of depression on the
HRSD (total score) correlated inversely with the immuno-
density of platelet GRK 2 (r=-0.46, n=22, F=5.28,
p=0.032) (Figure 4). A similar negative correlation between
clinical behavioral ratings and platelet GRK 2 was also
obtained when the severity of depression (total score) was
measured with the Montgomery-Asberg rating instrument
(r=-0.55, n=22, F=5.70 p=0.009) (not shown). In
contrast, no statistically significant correlation was ob-
served between the density of o,4-adrenoceptors (r=0.08,
n=22, p>0.05) or Gui2 proteins (r=-0.11, n=22,
p>0.05) and the severity of depression (HRSD). Platelet
oya-adrenoceptors correlated weakly with Gui2 proteins
(r=0.38, n=22, p=0.08) or GRK 2 (r=022, n= 22,
p=0.33) in the same samples of depressed patients. A
multiple regression analysis between GRK 2 enzyme
(dependent variable) and ,,-adrenoceptors and Goi2
proteins (independent variables) also resulted in a weak
positive relationship (r=0.41, n=22, p=0.18).

A second series of depressed patients who had attempted
suicide (EPU series) was studied to assess the relevance of
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Figure 4 Scatterplot depicting a significant inverse correlation between
the immunodensity of GRK 2 (as percentages of matched controls) in
platelet membranes of patients with major depressive disorder and the
severity of depression (HRSD, total score on the Hamilton rating scale for
depression). Each circle represents a different depressed patient and the
solid line (y=21.2-0.027x) is the best fit of the correlation (r=—0.46,
F=528 n=22, p=0032). The dotted curves indicate the 95%
confidence interval for the regression line.

the unexpected observed decrease in the content of platelet
GRK 2 in major depression. In this group of depressed
suicide attempters, the immunodensity of platelet GRK 2
was also found decreased (mean + SD: 28 4+ 37%, n =32,
t=4.37, p=0.0001) when compared with that of age- and
sex-matched controls (Figure 5). Two patients exhibited a
very high (176%) or a very low (13%) density of platelet
GRK 2 corresponding to 2.8 SD above and 1.6 SD below the
mean of the depressed group (Figure 5). After removal of
these two patients, the decrease of platelet GRK 2 was
similar: 30 + 31% (n =30, t =5.33, p<0.0001). However, no
experimental factors were identified that would justify
excluding these observations (the patients were tested twice
with similar results using different matched controls). The
decrease of platelet GRK 2 in depressed suicide attempters
was more pronounced in women (30 + 36%, n=27,
t=4.39, p=0.0002) than in men (18 +43%, n=>5,
t=0.91, p=0.41), although no significant difference was
found between sexes (t=10.70, df =30, p =0.49). Moreover,
the decreases of platelet GRK 2 were similar in high-risk
(32 £ 37%, n=18, t=3.72, p=0.002) and in low-risk
(23 £+ 37%, n=14, t=2.34, p=0.036) suicide attempters.
The downregulation of platelet GRK 2 was also similar in
depressed suicide attempters with (35 +31%, n=19,
t=4.94, p<0.0001) or without (25 + 40%, n=13, t=2.24,
p=0.04) a concomitant diagnosis of personality disorder
(t=0.77, df =30, p =0.45). For the 32 patients, the severity
of depression on the HRSD (total score) also correlated
inversely, but weakly, with the immunodensity of platelet
GRK 2 (r=-0.27, n=32, p=0.13) (not shown). Suicidal
ideation (score on the RSB) did not correlate with platelet
GRK 2 (r=0.08, n=32, p=0.65).

In depressed suicide attempters, the immunodensity of
platelet GRK 6 (a receptor kinase that belongs to a different
subgroup of the GRK family) was not significantly different
from that in age- and sex-matched controls (7 + 24%
decrease, n =32, t=1.68, p =0.10) (Figure 5). Similarly, the
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Figure 5 |Immunodensities of GRK 2 and GRK 6 in the same platelet
membranes of depressed suicide attempters. Each circle represents a
different depressed patient. The lines represent the mean values of the
groups (GRK 2: 72 + 37%, n=32,t=4.37, p=0.0001; GRK 6: 93 + 24%,
n=32,t= 168, p=0.10 when compared with matched controls by one-
sample t-test).

abundance of phosphatase type PP-2A in the platelets did
not differ from that in the controls (7 + 28% decrease,
n=29, t=1.37, p=0.18). In these patients, however, there
were positive and significant correlations between the
contents of GRKs and PP-2A in the same platelet samples
(for GRK 2: r=0.45, n=29, F=6.72, p=0.015; for GRK 6:
r=0.38, n=29, F=4.57, p=0.042). In depressed suicide
attempters, clinical behavioral ratings (HRSD and RSB) did
not correlate significantly with platelet GRK 6.

a,a-Adrenoceptors and Associated Regulatory Proteins
During and After Mirtazapine Treatment

Treatment of depressed patients with mirtazapine (30-
45mg/day for 1-24 weeks) induced a time-dependent
regulation of the initially abnormal immunodensities
of target proteins in the platelets toward basal values
(Figures 2 and 3). Thus, mirtazapine treatment for 4 and 24
weeks was associated with the downregulation of ;-
adrenoceptors (percentage change + SD: —29 + 41%,
n=21, t=322, p<0.005, and —34+ 42%, n=12,
t=2.74, p<0.02 by paired t-test) and Goi2 proteins
(—20 + 23%, n=21, t=4.25, p<0.001, and —28 + 24%,
n=12, t=3.92, p<0.005), and with the upregulation of
GRK 2 (27 + 27%, n=21, t=4.17, p<0.001, and 30 + 24%,
n=12, t=4.01, p<0.005) (Figure 2). During the treatment
(1-24 weeks), the plasma concentrations of mirtazapine
were found in the therapeutic range (22.4 +7.2-
35.7 £+ 13.6 ng/ml). In most patients, mirtazapine treatment
was also associated with good clinical response
(HRSD + SD, basal: 19 + 2%, n=22; 4-week treatment:
11 + 4%, n=21, p<0.001; 24-week treatment: 6 + 6%,
n=12, p<0.05). Substitution of mirtazapine by placebo (4
weeks) in remitted patients with major depression (n=12)
was not associated with the reappearance of depressive
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symptoms (HRSD at week 28: 4 + 1%, n=12), or any other
serious withdrawal reaction or with alterations in the
immunodensities of target proteins in the platelets
(Figure 2).

DISCUSSION

The results of the first part of the study indicate the
existence of an increased density of the o,,-adrenoceptor/
Goi protein complex in blood platelets of drug-free
depressed patients, which is in agreement with previous
reports in postmortem brains (Callado et al, 1998; Garcia-
Sevilla et al, 1999; Ordway et al, 2003) and platelets (Garcia-
Sevilla et al, 1981, 1986, 1987, 1990; Piletz et al, 1991;
Gurguis et al, 1999) from depressed subjects. Therefore,
these results further support the existence of supersensitive
oya-adrenoceptors in major depression (Fu et al, 2001;
Gonzalez-Maeso et al, 2002; see also Fliigge et al, 2003).
Unexpectedly and in marked contrast to previous observa-
tions in the brains of drug-free depressed suicides (Garcia-
Sevilla et al, 1999; Grange-Midroit et al, 2003), the content
of platelet GRK 2 was found reduced in drug-free depressed
patients. In fact, the combined results of the two series of
patients investigated (ADU and EPU) clearly indicate that
the abundance of platelet GRK 2 is decreased (28 + 34%,
n=>54, p<0.0001) in major depression. The similar results
obtained in the ADU (drug-free patients; at least 2 months)
and EPU (suicide attempters mainly by drug overdose)
series of depressed patients indicate that possible acute
drug effects (EPU series, for example, cyclic antidepressant
drugs) were not involved in the decrease of GRK 2 (see
Miralles et al, 2002). Moreover, the reduced platelet GRK 2
was not related to suicidal behavior, but it showed a clear
tendency to correlate inversely with the severity of
depression (total score on the HRSD or MARSD). In this
context, GRK 6 (a GRK with different properties) and
protein phosphatase PP-2A (involved in receptor resensiti-
zation) (Pitcher et al, 1998) were found unchanged in the
platelets of depressed patients (current results) and in the
brains of depressed suicides (Grange-Midroit et al, 2003),
suggesting some specificity for GRK 2 in major depression.

Recent functional genomic approaches (ie changes in
gene expression after methamphetamine treatment in rats
using oligonucleotide GeneChip microarrays) have identi-
fied several novel candidate genes that may be involved in
mood disorders or schizophrenia (Niculescu et al, 2000).
Interestingly, one of these induced genes coded for GRK 3
and the immunodensity of this kinase (a close homolog of
GRK 2) was shown to be decreased in lymphocytes from a
small group of subjects (n=4) with bipolar disorder
(Niculescu et al, 2000). In this context, the observed
reduction in the content of platelet GRK 2 in depressed
patients could suggest that a defect in the transcriptional
regulation of GRK 2 may contribute to the upregulation of
op-adrenoceptors and/or to the pathogenesis of major
depression (ie inability of GRK to desensitize the receptor
and hence a greater inhibitory response of norepinephrine).
As mentioned, however, an increased expression of GRK 2/3
was observed in the prefrontal cortex of drug-free depressed
suicides (Garcia-Sevilla et al, 1999; Grange-Midroit et al,
2003), and most probably this is an adaptive mechanism to
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compensate the abnormal higher functioning of some
receptors in the brain (eg homologous regulation of the
op-adrenoceptor/Goi complex) (Garcia-Sevilla et al, 1999).
In the current study, the decrease of platelet GRK 2 in
depressed patients was more pronounced in women than in
men, suggesting that hormonal factors could also play a
role. Thus, treatment of female rats with estradiol reduced
protein content, enzyme activity, and messenger RNA of
GRK 2 in the hypothalamus (Ansonoff and Etgen, 2001). On
the other hand, the platelet aggregation (induced by
epinephrine) and reactivity are increased in depressed
patients (Garcia-Sevilla et al, 1986, 1990; Musselman et al,
1996, 2000), and activated platelets produce reactive oxygen
species, such as hydrogen peroxide (Maresca et al, 1992)
that can modulate the expression of GRKs. Thus, the
exposure of lymphocytes to hydrogen peroxide resulted in
marked decreases in GRK 2 expression and in agonist-
induced desensitization of f,-adrenoceptors (Lombardi
et al, 2002). This latter mechanism could also explain the
observed decrease of GRK 2 and upregulation of o;,-
adrenoceptors in the platelets of depressed patients. Clearly,
further studies are still needed to clarify the molecular
mechanisms of the reduced platelet GRK 2 in major
depression.

The results of the second part of the study indicate that
the treatment of depressed patients with mirtazapine (1-24
weeks) was associated with good clinical response and with
a time-dependent downregulation of the complex o;,-
adrenoceptor/Goi proteins and with the upregulation of
GRK 2 in the platelets. The antidepressant mirtazapine
(Holm and Markham, 1999; Delgado et al, 2002) is a potent
oya-adrenoceptor antagonist that enhances the release of
norepinephrine (acting at o, ,-autoreceptors) and serotonin
(acting at o,-heteroreceptors) in nerve terminals (Millan
et al, 2000; Haddjeri et al, 1997). Therefore, the observed
clinical efficacy and downregulation of o,4-adrenoceptors
induced by mirtazepine also support a relevant role of
supersensitive o,,-adrenoceptors in the pathogenesis of
major depression (Fu et al, 2001; Gonzalez-Maeso et al,
2002). Chronic antidepressant treatments have been repeat-
edly shown to induce downregulation and desensitization of
op-adrenoceptors and/or Goi proteins in the platelets of
depressed patients (Garcia-Sevilla et al, 1986, 1987, 1990,
1997; Piletz et al, 1991; Gurguis et al, 1999), and in the rat
(Smith et al, 1981; Barturen and Garcia-Sevilla, 1992;
Kovachich et al, 1993; Mongeau et al, 1994; Esteban et al,
1999; Mateo et al, 2001) and human (De Paermentier et al,
1997; Garcia-Sevilla et al, 1999) brains. Similar to other
antidepressant drugs, mirtazapine could also induce the
downregulation of platelet o,-adrenoceptors, indirectly,
through the rise in plasma norepinephrine induced by the
drug. In healthy subjects and in depressed patients, the
oy-adrenoceptor antagonists yohimbine and idazoxan
have been shown to increase the plasma concentrations of
norepinephrine (Osman et al, 1989; Andrews et al, 1999)
and of its main neuronal metabolite, dihydroxyphenylglycol
(Andrews et al, 1999), indicating significant blockade at
presynaptic o,a/c-adrenoceptors in peripheral adrenergic
nerves. Concomitantly, yohimbine reduced the orthostatic
(upright posture) increase in the platelet aggregation
response induced by the increased norepinephrine, also
indicating blockade of o,s-adrenoceptors in the platelets
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(Andrews et al, 1999). Similar results should be expected
after the systemic administration of mirtazapine, a more
selective and potent o,x-adrenoceptor antagonist (Millan
et al, 2000).

Mirtazapine treatment in depressed patients (1-24 weeks)
was also associated with a rapid and sustained upregulation
of platelet GRK 2, which closely paralleled the down-
regulation of o,,-adrenoceptors, suggesting that the ex-
pression of these proteins are regulated in a concert manner
by the antidepressant. Thus, mirtazapine treatment would
reverse, through direct or indirect mechanisms (see above),
the basal deficit of platelet GRK 2 to finally allow the
homologous regulation of the «,,-adrenoceptor. However,
during receptor desensitization and downregulation, GRKs
are in turn subjected to complex regulatory mechanisms (eg
increased activity of GRK 2 by its phosphorylation by other
kinases) (Kohout and Lefkowitz, 2003), which also could be
involved in the observed upregulation of GRK 2 induced by
mirtazapine. Future studies should clarify whether other
antidepressant drugs (eg cyclic antidepressants) are also
able to reverse, and by which mechanism, the reduced
expression of GRK 2 in the platelets of depressed patients.

In conclusion, the results of this study demonstrate that
major depression is associated with increased o,,-adreno-
ceptor/Gai complex and decreased receptor kinase GRK 2 in
blood platelets. This suggests that a defect in the regulation
of platelet GRK 2 may contribute to the upregulation of
oya-adrenoceptors. In drug-free depressed patients, the
severity of depression correlated inversely with the expres-
sion of platelet GRK 2. Treatment with the o,-adrenoceptor
antagonist mirtazapine was associated with good clinical
response and downregulation of a,,-adrenoceptor/Goi
complex and upregulation of GRK 2 in the platelets.
Together, the results support a role of supersensitive
oya-adrenoceptors in the pathogenesis and treatment of
major depression.

ACKNOWLEDGEMENTS

This study was supported by Grants BFI2000-0306 from
MCT (Madrid, Spain) and 32-57066.99 from FNSRS (Bern,
Switzerland) to JAG-S, and also in part by a research grant
from Organon Espafiola, S.A. (Barcelona, Spain) to JAG-S
and EA. PV was supported by a postdoctoral fellowship
from the Fundaci6 Sant Pau (Barcelona, Spain). JAG-S is a
member of the Institut d’Estudis Catalans (Barcelona,
Spain).

REFERENCES

Alvarez E, Pérez-Sola V, Pérez-Blanco J, Queraltd JM, Torrubia R,
Noguera R (1997). Predicting outcome of lithium added
to antidepressants in resistant depression. | Affect Disord 42:
179-186.

American Psychiatric Association Diagnostic and Statistical
Manual of Mental Disorders, 4th edn APA: Washington, DC;
1994.

Andrews NP, Goldstein DS, Quyyumi AA (1999). Effect of systemic
alpha-2 adrenergic blockade on the morning increase in platelet
aggregation in normal subjects. Am J Cardiol 84: 316-320.



Ansonoff MA, Etgen AM (2001). Receptor phosphorylation
mediates estradiol reduction of o,-adrenoceptor coupling to
G protein in the hypothalamus of female rats. Endocrine 14:
165-174.

Barturen F, Garcia-Sevilla JA (1992). Long-term treatment with
desipramine increases the turnover of o,-adrenoceptors in the
rat brain. Mol. Pharmacol 42: 846-855.

Callado LF, Meana JJ, Grijalba B, Pazos A, Sastre M, Garcia-Sevilla
JA (1998). Selective increase of o,,-adrenoceptor agonist binding
sites in brains of depressed suicide victims. J Neurochem 70:
1114-1123.

Camacho A, Dimsdale JE (2000). Platelets and psychiatry:
lessons learned from old and new studies. Psychosom Med 62:
326-336.

Charney DS (1998). Monoamine dysfunction and the patho-
physiology and treatment of depression. J Clin Psychiatry 59:
11-14.

Chiles JA, Strosahl KD, Ping ZY, Michael MC, Hall K, Jemelka R
et al (1989). Depression, hopelessness, and suicidal behavior in
Chinese and American psychiatric patients. Am ] Psychiatry 146:
339-344.

Delgado PL, Moreno FA, Onate L, Gelenberg AJ (2002). Sequential
catecholamine and serotonin depletion in mirtazapine-treated
depressed patients. Int ] Neuropsychopharmacol 5: 63-66.

De Paermentier FD, Mauger JM, Lowther S, Crompton MR, Katona
CLE, Horton RW (1997). Brain a-adrenoceptors in depressed
suicides. Brain Res 757: 60-68.

Dodd GD, Burrows TR, Norman J (2000). Chiral determination of
mirtazapine in human blood plasma by high-performance liquid
chromatography. J Chromatogr B 748: 439-443.

Eason MG, Moreira SP, Liggett SB (1995). Four consecutive serines
in the third intracellular loop are the sites for f-adrenergic
receptor kinase-mediated phosphorylation and desensitization
of the a,5-adrenergic receptor. J Biol Chem 270: 4681-4688.

Esteban S, Llado J, Sastre-Coll A, Garcia-Sevilla JA (1999).
Activation and desensitization by cyclic antidepressant drugs
of o,-autoreceptors, o,-heteroreceptors and 5-HT,s-autorecep-
tors regulating monoamine synthesis in rat brain in vivo.
Naunyn-Schmiedeberg’s Arch Pharmacol 360: 135-143.

Fliigge G, van Kampen M, Meyer H, Fuchs E (2003). a4 and o,c-
adrenoceptor regulation in the brain: o, changes persist after
chronic stress. Eur J Neurosci 17: 917-928.

Fu CHY, Reed L], Meyer JH, Kennedy S, Houle S, Eisfeld BS et al
(2001). Noradrenergic dysfunction in the prefrontal cortex in
depression: an ['°0] H,0 PET study of the neuromodulatory
effects of clonidine. Biol Psychiatry 49: 317-325.

Garcia-Sevilla JA, Escriba PV, Ozaita A, La Harpe R, Walzer C,
Eytan A et al (1999). Up-regulation of immunolabeled o;4-
adrenoceptors, Gi coupling proteins, and regulatory receptor
kinases in the prefrontal cortex of depressed suicides.
J Neurochem 72: 282-291.

Garcia-Sevilla JA, Guimoén ], Garcia-Vallejo P, Fuster M] (1986).
Biochemical and functional evidence of supersensitive platelet
oy-adrenoceptors in major affective disorder. Arch Gen Psychia-
try 43: 51-57.

Garcia-Sevilla JA, Padré D, Giralt MT, Guimon J, Areso P (1990).
oy-adrenoceptor-mediated inhibition of platelet adenylate cy-
clase and induction of aggregation in major depression. Arch
Gen Psychiatry 47: 125-132.

Garcia-Sevilla JA, Udina C, Fuster M]J, Alvarez E, Casas M (1987).
Enhanced binding of [*H](-) adrenaline to platelets of
depressed patients with melancholia: Effect of long-term
clomipramine treatment. Acta Psychitr Scand 75: 150-157.

Garcia-Sevilla JA, Walzer C, Busquets X, Escriba PV, Balant L,
Guimén ] (1997). Density of guanine nucleotide-binding
proteins in platelets of patients with major depression: increased
abundance of the Guj, subunit and down-regulation by
antidepressant drug treatment. Biol Psychiatry 42: 704-712.

Mirtazapine and regulation of a;5-adrenoceptors
JA Garcia-Sevilla et al

Garcia-Sevilla JA, Zis AP, Hollingsworth PJ, Greden JF, Smith CB
(1981). Platelet o,-adrenergic receptors in major depressive
disorder: binding of tritiated clonidine before and after tri-
cyclic antidepressant drug treatment. Arch Gen Psychiatry 38:
1327-1333.

Gonzalez-Maeso ], Rodriguez-Puertas R, Meana JJ, Garcia-Sevilla
JA, Guimén ] (2002). Neurotransmitter receptor-mediated
activation of G-proteins in brains of suicide victims with mood
disorders: selective supersensitivity of o,,-adrenoceptors. Mol
Psychiatry 7: 755-767.

Grange-Midroit M, Garcia-Sevilla JA, Ferrer-Alcon M, La Harpe R,
Huguelet P, Guimén ] (2003). Regulation of GRK 2 and 6, f-
arrestin-2 and associated proteins in the prefrontal cortex of
drug-free and antidepressant drug-treated subjects with major
depression. Mol Brain Res 111: 31-41.

Grange-Midroit M, Garcia-Sevilla JA, Ferrer-Alcén M, La Harpe R,
Walzer C, Guimon J (2002). G protein-coupled receptor kinases,
p-arrestin-2 and associated regulatory proteins in the human
brain: postmortem changes, effect of age and subcellular
distribution. Mol Brain Res 101: 39-51.

Gurguis GNM, Vo SP, Griffith JM, Rush AJ (1999). Platelet alpha,,-
adrenoceptor function in major depression: Gi coupling, effects
of imipramine and relationship to treatment outcome. Psychia-
try Res 89: 73-95.

Haddjeri N, Blier P, De Montigny C (1997). Effects of long-term
treatment with the «,-adrenoceptor antagonist mirtazapine on 5-
HT neurotransmission. Naunyn-Schmiedeberg’s Arch Pharmacol
355: 20-29.

Holm KJ, Markham A (1999). Mirtazapine: a review of its use in
major depression. Drugs 57: 607-631.

Kohout TA, Lefkowitz RJ (2003). Regulation of G protein-coupled
receptor kinases and arrestins during receptor desensitization.
Mol Pharmacol 63: 9-18.

Kovachich GB, Frazer A, Aronson CE (1993). Effect of chronic
administration of antidepressants on o,-adrenoceptors in the
locus coeruleus and its projection fields in rat brain determined
by quantitative autoradiography. Neuropsychopharmacology 8:
57-65.

Lefkowitz RJ (1998). G protein-coupled receptors. New roles for
receptor kinases and f-arrestins in receptor signaling and
desensitization. J Biol Chem 273: 18677-18680.

Lindemann S, Tolley ND, Dixon DA, McIntyre TM, Prescott SM,
Zimmerman GA et al (2001). Activated platelets mediate
inflammatory signaling by regulated interleukin 1 synthesis.
J Cell Biol 154: 485-490.

Lombardi MS, Kavelaars A, Penela P, Scholtens EJ, Roccio M,
Schmidt RE et al (2002). Oxidative stress decreases G protein-
coupled receptor kinase 2 in lymphocytes via a calpain-
dependent mechanism. Mol Pharmacol 62: 379-388.

Maresca M, Colao C, Leoncini G (1992). Generation of hydrogen
peroxide in resting and activated platelets. Cell Biochem Funct
10: 79-85.

Mateo Y, Fernandez-Pastor B, Meana JJ (2001). Acute and
chronic effects of desipramine and clorgyline on o,-adreno-
ceptors regulating noradrenergic transmission in the rat brain:

a dual-probe microdialysis study. Br ] Pharmacol 133:
1362-1370.

Millan M]J, Gobert A, Rivet JM, Adhumeau-Auclair A, Cussac D,
Newman-Tancredi A et al (2000). Mirtazapine enhances
frontocortical dopaminergic and cortiolimbic adrenergic, but
not serotonergic, transmission by blockade of o,-adrenergic
and serotonin,¢ receptors: a comparison with citalopram. Eur J
Neurosci 12: 1079-1095.

Miralles A, Asensio V], Garcia-Sevilla JA (2002). Acute treat-
ment with the cyclic antidepressant desipramine, but not
fluoxetine, increases membrane-associated G protein-coupled
receptor kinases 2/3 in rat brain. Neuropharmacology 43:
1249-1257.

Neuropsychopharmacology

587



Mirtazapine and regulation of a;-adrenoceptors
JA Garcia-Sevilla et al

588

Mongeau R, De Montigny C, Blier P (1994). Electrophysio-
logic evidence for desensitization of o,-adrenoceptors on sero-
tonergic terminals following long-term treatment with drugs
increasing norepinephrine synaptic concentration. Neuropsycho-
pharmacology 10: 41-51.

Musselman DL, Marzec UM, Manatunga A, Penna S, Reemsnyder
A, Knight BT et al (2000). Platelet reactivity in depressed
patients treated with paroxetine. Arch Gen Psychiatry 57:
875-882.

Musselman DL, Tomer A, Manatunga AK, Knight BT, Porter MR,
Kasey S et al (1996). Exaggerated platelet reactivity in major
depression. Am ] Psychiatry 153: 1313-1317.

Niculescu AB, Segal DS, Kuczenski R, Barrett T, Hauger RL, Kelsoe
JR (2000). Identifying a series of candidate genes for mania and
psychosis: a convergent functional genomics approach. Physiol
Genom 4: 83-91.

Ordway GA, Schenk ], Stockmeier CA, May W, Klimek V
(2003). Elevated agonist binding to o,-adrenoceptors in
the locus coeruleus in major depression. Biol Psychiatry 53:
315-323.

Neuropsychopharmacology

Osman OT, Rudorfer MV, Potter WZ (1989). Idazoxan: a selective
oy-antagonist and effective sustained antidepressant in two
bipolar depressed patients. Arch Gen Psychiatry 46: 958-959.

Ozaita A, Escriba PV, Garcia-Sevilla JA (1999). The alkylation
agent EEDQ facilitates protease-mediated degradation of the
human brain o,,-adrenoceptor as revealed by a sequence-
specific antibody. Neurosci Lett 263: 105-108.

Piletz JE, Halaris A, Saran A, Marler M (1991). Desipramine lowers
tritiated paraaminoclonidine binding in platelets of depressed
patients. Arch Gen Psychiatry 48: 813-820.

Pitcher JA, Freedman NJ, Lefkowitz R] (1998). G protein-coupled
receptor kinases. Ann Rev Biochem 6: 65-692.

Ressler KJ, Nemeroff CB (1999). Role of norepinephrine in the
pathophysiology and treatment of mood disorders. Biol Psy-
chiatry 46: 1219-1233.

Smith CB, Garcia-Sevilla JA, Hollingsworth PJ (1981). o,-Adreno-
ceptors in rat brain are decreased after long-term tricyclic
antidepressant drug treatment. Brain Res 210: 413-418.

Stahl SM (1985). Peripheral models for the study of neurotrans-
mitter receptors in man. Psychopharmacol Bull 21: 663-671.



