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Abstract

Ž .Abnormal b -adrenoceptor density and b -adrenoceptor-mediated cyclic adenosine monophosphate cAMP responses were inconsis-2 2

tently reported in major depressive disorder. Tricyclic antidepressants downregulate b-adrenoceptor density and decrease coupling to Gs

protein. Abnormal b-adrenoceptor coupling may exist in major depressive disorder and may relate to treatment response. We investigated
b -adrenoceptor coupling to G protein in 25 controls, 23 major depressive disorder drug-free patients and 16 major depressive disorder2 s

patients after chronic imipramine treatment using agonist displacement experiments. Pretreatment b -adrenoceptor coupling and density2

were normal in patients as a whole. Chronic imipramine induced b -adrenoceptor uncoupling. This effect was observed in treatment2

responders who had increased b -adrenoceptor density in the high-conformational state and supercoupling prior to treatment. b -adrenoc-2 2

eptor density decreased after imipramine treatment. Treatment non-responders had seemingly normal pretreatment b -adrenoceptor2

function, which was not changed by imipramine. Differences in b -adrenoceptor regulation in major depressive disorder may underlie2

treatment response. The results indirectly implicate abnormal agonist-mediated b -adrenoceptor gene expression, protein kinase A, and2

protein kinase C in major depressive disorder. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Lymphocyte or neutrophil b-adrenoceptors are of the
b subtype. They have been used as a peripheral model to2

investigate b-adrenoceptor function in major depressive
disorder. b -adrenoceptor binding studies in major depres-2

sive disorder have been inconsistent. Decreased lympho-
cyte or leukocyte b -adrenoceptor density has been re-2

Žported in some Extein et al., 1979; Wood et al., 1986;
Carstens et al., 1987; Pandey et al., 1990; Jeanningros et

.al., 1991 but not other studies which found normal lym-
Žphocyte b -adrenoceptor density Ebstein et al., 1988;2

Mann et al., 1990; Mazzola et al., 1991; Werstiuk et al.,
.1996 . Similarly, brain b-adrenoceptor binding studies have

been inconsistent. High b-adrenoceptor density in frontal
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cortex of suicide victims andror depressed subjects
Ž .Arango et al., 1992 was not replicated by other investiga-

Žtors who reported normal b-adrenoceptor density Meyer-
son et al., 1982; Stockmeier and Meltzer, 1991; Gurguis et

.al., 1999b , while still others found region-specific de-
Žcreases in b-adrenoceptor density De Paermentier et al.,

.1992; Little et al., 1993 . In contrast to this inconsistency,
the majority of studies reported decreased isoproterenol- or
b -adrenoceptor-mediated cyclic adenosine monophos-2

Ž . Žphate cAMP in major depressive disorder Pandey et al.,
1979; Ebstein et al., 1988; Halper et al., 1988; Mann et al.,

.1990, 1997 . Consistent with the decreased b -adrenocep-2

tor-mediated cAMP responses, heart rate response to iso-
Žproterenol infusion reflecting cardiac b -adrenoceptor2

.function was also decreased in major depressive disorder
Ž .patients Bertschy et al., 1989 . Finally, agonist-induced

Ž Ž . .Guanylyl-imidotriphosphate Gpp NH p binding was de-
creased in major depressive disorder and normalized after

Ž .treatment Avissar et al., 1998 . Collectively, decreased
b-adrenoceptor-mediated cAMP response despite normal

Ž .b-adrenoceptor density and decreased Gpp NH p binding
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suggest uncoupling of b-adrenoceptors from G protein,s

decreased formation of high-conformational state, andror
decreased agonist affinity in major depressive disorder.
These measures have not been investigated in major de-
pressive disorder.

Changes in lymphocyte b -adrenoceptor density andror2

function were also observed after various antidepressants.
Increases in leukocyte b -adrenoceptor density and poten-2

tiation of b -adrenoceptor-mediated cAMP responses were2

found following chronic iprindol, desipramine or electro-
convulsive therapy and were correlated with improvement

Ž .of depression Pandey et al., 1990; Werstiuk et al., 1996 .
Normalization of blunted lymphocyte b -adrenoceptor-2

mediated cAMP response was also found after electrocon-
vulsive therapy, although it was not related to treatment

Ž .response Mann et al., 1990 . However, others reported
decreases in b -adrenoceptor density after chronic treat-2

ment with the antidepressant amineptine, which was also
Ž .correlated with clinical improvement Mazzola et al., 1991 .

Similarly, high pretreatment b -adrenoceptor density de-2

creased after chronic trazodone or amitriptyline treatment
in treatment responders, but similar changes in b -adren-2

oceptors were not observed in treatment non-responders
Ž .Healy et al., 1985 . Thus, changes in peripheral b -adren-2

oceptor function have been observed after antidepressant
treatment although the direction of change is not clearly
established. Previous studies have not investigated the
effects of antidepressant treatment on b -adrenoceptor2

coupling or whether changes in b -adrenoceptor function2

are related to treatment outcome.
Increases in low pretreatment b -adrenoceptor density2

or b -adrenoceptor-mediated cAMP responses in major2

depressive disorder after antidepressant treatment is incon-
sistent with the mechanisms of action of tricyclic antide-
pressants. Decreases in b-adrenoceptor density or b-adren-
oceptor-mediated cAMP responses by tricyclic antidepres-
sants in rat brain or cell cultures is a conditio sine que non
which has been replicated by multiple laboratories
ŽVetulani and Sulser, 1975; Banerjee et al., 1977; Honeg-
ger et al., 1986; Okada et al., 1988; Sulser, 1990; Hosoda

.and Duman, 1993 . This decrease was limited to density in
Žthe high-conformational state Manier et al., 1989; Gurguis

.et al., 1998 indicating uncoupling from G protein. Fur-s

thermore, evidence from cell cultures indicates that tri-
cyclic antidepressants may act directly on post-synaptic
b-adrenoceptors and that the decrease may not be merely
an adaptive response to blockade of norepinephrine reup-
take. Finally, similar effects by tricyclic antidepressants on

Žb -adrenoceptors in peripheral non-neuronal tissues e.g.,2
. Ž .blood cells, salivary gland Scarpace et al., 1992 , sug-

gests perhaps that b -adrenoceptors in peripheral tissues2

lacking presynaptic input, as in tissue cultures, may be
used as a model to investigate the effects of antidepres-
sants in pathophysiological conditions.

The literature indicates that only 50% of depressed
patients respond favorably after the first antidepressant

Ž .treatment trial Depression Guideline Panel, 1993 . While
some patients respond to tricyclic antidepressants others
may respond to serotonin specific reuptake inhibitors. We
propose that heterogeneity in the pathophysiology of de-
pression may underlie this phenomenon such that consis-
tency between the mechanisms of action of antidepressants
and the pathophysiology may be necessary for treatment
response. For example, if antidepressants downregulate
b-adrenoceptors or decease coupling to G protein, thens

upregulation of b-adrenoceptors and supercoupling may
exist specifically in treatment responders.

In this study, we employed neutrophil membrane b -2

adrenoceptors as a peripheral model to investigate cou-
pling to G protein in 23 major depressive disorder patientss

and 25 healthy controls. We also investigated the effects of
chronic imipramine treatment on b -adrenoceptor coupling2

in 16 of the 23 patients in relation to treatment response.
We conducted both antagonist-saturation and isoprote-
renol-displacement experiments. Coupling indices were de-
rived from agonist-displacement curves. According to the

Žternary model for G protein-coupled receptors DeLean et
.al., 1980, 1982 , agonist binding to the b-adrenoceptors

induces the formation of a transitory high-conformational
state which comprises the agonist-receptor-G protein com-
plex. This is reflected in agonist displacement curves
which best fit a two-site model, revealing that b-adrenoc-
eptors exist in high- and low-affinity states regulated by G
protein. The percentage of receptors that exist in the
high-conformational state and the ratio of the agonist
dissociation constant from the receptor in the low-rhigh-
conformational state have been shown to correlate with the
agonist’s intrinsic activity or capacity to induce the forma-
tion of cAMP and have been proposed as measures of
b-adrenoceptor coupling to G protein.s

We hypothesized that abnormal b -adrenoceptor func-2

tion in major depressive disorder exists in their coupling to
Ž .G protein. We further hypothesized that 1 pretreatments

Žcoupling measures would relate to treatment outcome i.e.,
would differentiate between treatment responders and

. Ž .non-responders , and 2 that decreased coupling would be
associated with positive treatment outcome. We explored
the relationship between pre-treatment b -adrenoceptor2

binding parameters and severity of anxiety and depression
after treatment.

2. Methods

2.1. Subjects

Neutrophil b -adrenoceptors were investigated in 252

male healthy controls and 23 male outpatients with recur-
rent unipolar major depressive disorder. Patients were
recruited from the Mental Health Clinic at the Dallas VA

ŽMedical Center. Patients met DSM-IV American Psychi-
.atric Association, 1994 diagnostic criteria for major de-
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pressive disorder. Diagnosis was made using a comprehen-
sive semi-structured clinical interview by one of the inves-

Ž .tigators GG .
All subjects signed an informed written consent form

prior to participating in the study. Gender- and age-matched
healthy controls had no personal or family psychiatric
history. Patients and controls were drug-free for at least 2

Ž .weeks 6 weeks for serotonin reuptake inhibitors before
the study. All subjects were physically healthy, as ascer-
tained by medical history, physical examination, and labo-
ratory work-up. Subjects observed a low-monoamine and
mildly restricted caffeine diet for 3 days prior to the
procedure.

2.2. Procedure

Fasting subjects reported to the laboratory at 7:30 AM.
Subjects assumed a supine position in a hospital bed, and

Ž .an intravenous i.v. line was started. Subjects rested for 60
min, after which, 60 ml of blood was then drawn for
radioreceptor assays and plasma catecholamine levels and
the i.v. line was discontinued.

Symptom ratings, including the Hamilton Scale for
ŽAnxiety, the Hamilton Scale for Depression HAM-D,

. Ž24-item , the Zung Anxiety Scale both clinician- and
.self-rated , the Spielberger-State Anxiety Inventory, the

Spielberger-Trait Anxiety Inventory and 100-mm Visual
ŽAnalogue Scales of mood anxiety, tension, irritability,

.fearfulness, depression, and anger and somatic autonomic
anxiety symptoms, were completed by all subjects after the
procedure. Symptom ratings were assessed as detailed in

Ž .Gurguis, et al. 1999a .

2.3. Neutrophil b -adrenoceptor assay2

Fresh membrane preparations were used in all receptor
binding experiments. Neutrophil b -adrenoceptor binding2

assays were conducted according to Davies and Lefkowitz,
Ž .1980 . Briefly, blood was drawn through a 19-ga needle
and was mixed immediately with 0.9% sodium chloride-
dextran solution and allowed to settle for 40 min. The
supernatant was then aspirated and layered over Ficoll-
paque solution and was centrifuged at 500=g at 258C for
40 min. The supernatant was discarded and the polymor-
phonuclear cells were washed in cold deionized water for
20 s. Polymorphonuclear cells were suspended in normal
saline and centrifuged for 10 min at 48C, then were

Žresuspended in incubation buffer Tris–HCl 50 mM, MgCl2
.10 mM, pH 7.65 and homogenized using a polytron for

15 s. Polymorphonuclear cell membranes were obtained
using differential centrifugation at 48C. The membrane
pellet was suspended in the Tris–HCl incubation buffer.

Ž .Protein concentrations were measured Lowry et al., 1951 .
w125 x Ž .I Iodocyanopindolol S.A. 2200 Cirmmol was used

as a ligand in saturation experiments using seven concen-
Ž .trations 3.0–25.0 pM . Non-specific binding, defined in

Ž .the presence of isoproterenol 0.1 mM , was approximately
w125 x10–15% of total binding at 12 pM I Iodocyanopindolol.

Displacement experiments were conducted using 18 vary-
Ž .ing concentrations of unlabeled isoproterenol 0–1.0 mM

w125 xto displace 12.0 pM I Iodocyanopindolol. Samples were
incubated at 378C for 45 min. Incubation was terminated
by rapid filtration over Whatman GFrC glass fiber filters
and radioactivity was counted using a gamma counter
Ž .ICN 4r600 plus, USA with 76% counting efficiency.

Plasma epinephrine and norepinephrine levels were
Žmeasured using a radioimmunoassay Katcombi-RIA, IBL,

.Hamburg, Germany with 0.0164 and 0.591 pMrml sensi-
tivity for epinephrine and norepinephrine, respectively.
Intra- and interassay coefficients of variation were 5.2%
and 13.4%, respectively for epinephrine, and 6.2% and
9.3%, respectively for norepinephrine.

2.4. Binding data analysis

Binding data were analyzed using LIGAND program
Ž .Munson and Rodbard, 1984 . The maximum binding ca-
pacity and the antagonist dissociation constant, B andmax

K , respectively, were derived from weighted, curvilineard

Scatchard analysis of saturation experiments, with the Bmax

representing the x-intercept and K being equal tod

y1rslope. Analysis of displacement experiments em-
ployed least square non-linear iterative curve-modeling
methods that test for the presence of more than one affinity
state. An F-test was used to compare the goodness-of-fit
of one- vs. two-site models. A two-site model was ac-
cepted only if the goodness-of-fit was statistically signifi-

Ž .cantly better than the one-site model P-0.05 .
Ž . Ž .Receptor density in the high R - and low R -con-H L

formational states, and isoproterenol dissociation constant
Ž . Ž .from the receptor in the high K - and low K -confor-H L

mational states were measured from displacement curves.
ŽThe total isoproterenol-measured receptor density R sT

.R qR , %R , and K rK ratio were calculated. %RH L H L H H

and the K rK ratio were used as indices of b -adrenoc-L H 2

eptor coupling to G .s

2.5. Treatment phase

Ž .After baseline pre-treatment assay of b -adrenocep-2

tors, patients were treated with imipramine. A group of 16
patients completed an 8-week imipramine treatment course
Ž .59"5.6 days . Imipramine dosage was initiated and

Ž .titrated gradually to therapeutic levels 150–250 mgrl ,
which were verified by plasma imipramine levels. At the
end of the treatment course, subjects were categorized into
treatment responders and treatment non-responders. Treat-
ment responders were operationally defined as patients
whose post-treatment HAM-A and HAM-D scores de-
creased by 50% from pretreatment ratings. Similar criteria

Ž .have been previously used Elkin et al., 1989 . b -adrenoc-2

eptors and plasma epinephrine and norepinephrine levels
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were reassayed in these patients after the 8 weeks while
they were still on imipramine.

2.6. Statistical analysis

ŽGroup differences major depressive disorder patients
. Žvs. healthy controls in coupling measures %R andH

.K rK among other binding parameters were testedL H

using two-tailed independent t-tests. One-tailed paired t-
tests were used to compare pre- to post-treatment changes
in binding measures in patients. To test if pre-treatment
receptor binding parameters predicted symptom severity
after treatment, we conducted regression analysis using
pre-treatment receptor binding parameters as dependent
variables and anxiety and depression severity ratings after
treatment as independent variables. Data are presented as
means"S.E.M.

3. Results

There were no significant differences in age between
Ž . Žpatients 44.7"10.0 years and healthy controls 41.9"
. Ž .11.6 years , ts0.898, PsNS , nor between treatment
Ž . Žresponders 45.0"10.8 years and non-responders 46.8
. Ž ."10.6 years ts0.345, PsNS . Five patients met

DSM-IV diagnostic criteria for comorbid panic disorder
with mean number of panic attacks of 3.3 per week.

3.1. Major depressiÕe disorder patients Õs. controls prior
to treatment

Patients had average HAM-D and HAM-A scores of
27.24"1.36 and 21.37"1.06, respectively. In addition,
they had a Zung-C score of 37.7"1.3, Zung-S of 42.52"

2.5, Sp-S score of 52.95"2.05, and a Sp-T score of
62.32"1.45. These scores and other VAS of mood and
autonomic anxiety symptoms were all significantly higher
in patients than in controls.

There were no differences in coupling measures or in
other receptor binding parameters between healthy controls
and depressed patients as a whole, i.e., not categorized into

Ž .responders and non-responders Table 1 . There were also
no differences between healthy controls and patients in

Žsupine basal plasma epinephrine Controls: 0.09"0.01 vs.
.Patients: 0.086"0.01 pmolrml, ts0.282, PsNS or in

Žnorepinephrine levels Controls: 0.85"0.05 vs. Patients:
.0.81"0.07 pmolrml, ts0.471, PsNS .

3.2. Effects of chronic imipramine treatment

Sixteen of the 23 depressed patients finished an 8-week
imipramine treatment course. There was a significant drop
in anxiety and depression scores such that patients had an

Ž .average HAM-D score of 11.56"1.8 P-0.00 , HAM-A
Ž .score of 10.84"1.78 P-0.00 . There were also statisti-

cally significant decreases in other anxiety and depression
ratings after treatment.

Imipramine treatment induced a decrease in b -adren-2

oceptor coupling and density as reflected in a significant
decrease in %R . This was primarily due to a significantH

decrease in R , as there was no change in R . Conse-H L

quently, there was only a statistical trend towards signifi-
Ž .cance for a decrease in R Table 2 .T

In conjunction with these receptor changes, imipramine
significantly increased basal supine plasma norepinephrine

Žlevels Pre-treatment: 0.81"0.07 vs. Post-treatment: 1.40
."0.12 pmolrml, tsy5.710, Ps0.00 but had no ef-

Žfects on epinephrine levels Pre-treatment: 0.086"0.01
vs. Post-treatment: 0.103"0.02 pmolrml, tsy1.386,

.PsNS .

3.3. Pre-treatment b -adrenoceptor regulation in treat-2

ment responders Õs. non-responders

According to the operationally defined criteria, there
were nine treatment responders and seven treatment non-
responders. There was no difference between treatment
responders and non-responders in severity of depression or

Table 1
Neutrophil b-adrenoceptor binding parameters in normal controls and patients with major depressive disorder
Values are means"S.E.M.

K B R R R %R K K K rKd max H L T H H L L H
Ž . Ž Ž Ž Ž Ž . Ž .pmol fmolrmg fmolrmg fmolrmg fmolrmg nM mM

. . . .protein protein protein protein

Normal 24.00"2.07 44.20"6.04 36.64"4.29 13.30"1.79 49.94"5.77 72.71"1.87 18.90"3.69 3.70"1.10 197.88"32.33
controls
Ž .ns25
Major 26.11"3.44 61.25"9.91 44.77"4.75 14.42"1.99 59.19"6.44 75.85"1.93 27.38"9.05 6.06"2.25 265.52"93.62
depression
Ž .ns23
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Table 2
Neutrophil b-adrenoceptor binding parameters in patients with major depressive disorder pre- and post-treatment
Values are means"S.E.M.

K B R R R %R K K K rKd max H L T H H L L H
Ž . Ž Ž Ž Ž Ž . Ž .pmol fmolrmg fmolrmg fmolrmg fmolrmg nM mM

. . . .protein protein protein protein

Pre-treatment 29.43"4.62 68.30"12.85 47.47"5.40 13.27"1.71 60.74"6.90 77.80"1.48 29.12"12.85 3.70"2.66 216.83"51.88
Ž .ns16

a b c d c cPost-treatment 23.16"2.52 45.16"7.01 37.39"5.81 14.24"2.25 51.64"7.86 72.64"2.11 19.34"4.55 3.82"1.85 137.28"27.55
Ž .ns16

aPF0.03, paired one-tailed t-test, ts2.038.
bPF0.04, paired one-tailed t-test, ts1.928.
cPF0.08–0.09, paired one-tailed t-test, ts1.471–1.401.
dPF0.02, paired one-tailed t-test, ts2.154.

anxiety ratings prior to treatment. However, after treat-
ment, there were statistically significant differences be-
tween responders and non-responders in HAM-D scores
ŽResponders: 6.44"4.1 vs. Non-responders: 18.1"4.3,

. Žts5.577, Ps0.00 , HAM-Anxiety scores Responders:
6.44"5.3 vs. Non-responders: 16.5"4.7, tsy3.942,

.Ps0.001 , among other anxietyrdepression ratings.
Prior to treatment, %R was significantly higher inH

Žtreatment responders in comparison to controls Controls:
72.71"1.87 vs. Responders: 80.67"1.58 vs. Non-re-

.sponders: 74.10"2.05, Fs3.274, Ps0.05 providing
evidence for b -adrenoceptor supercoupling to G protein2 s

in this patient subgroup. This was due to significantly
Žhigher R in treatment responders than controls Controls:H

36.64"4.29 vs. Responders: 57.21"7.09 vs. Non-re-
sponders: 34.40"10.05 fmolrmg protein, Fs3.662, P

.s0.03, Bonferroni-corrected Ps0.04 . There were no
group differences in R . Treatment responders had higherL

Ž .R than treatment non-responders ts1.994, Ps0.06 ,T
Žand the overall ANOVA showed a similar trend Controls:

49.94"5.77 vs. Responders: 71.82"9.65 vs. Non-re-
sponders: 46.49"7.23 fmolrmg protein, Fs2.413, Ps

.0.10 . Finally, there was a trend for lower K in treatmentL
Žresponders Controls: 3.70"1.10 vs. Responders: 9.26"

4.46 vs. Non-responders: 1.22"0.25 mM, Fs2.591, P
. Ž .s0.09 Table 3 . These differences in b -adrenoceptor2

function were observed despite the lack of significant
differences in pretreatment basal supine epinephrine levels
between controls, treatment responders or treatment non-

Žresponders Controls: 0.090"0.01 vs. Responders: 0.085
"0.01 vs. Non-responders: 0.80"0.009 pmolrml, Fs

. Ž0.216, PsNS , or in norepinephrine levels Controls:

Table 3
Neutrophil b-adrenoceptor binding parameters in patients with major depressive disorder
Values are mean"S.E.M.

Ž . Ž .Treatment responders ns9 Treatment non-responders ns7

Pre-treatment Post-treatment Pre-treatment Post-treatment

Ž .K pmol 25.56"2.79 22.01"4.00 34.40"10.05 24.88"2.25d
aŽ .B fmolrmg protein 65.85"9.49 45.58"11.05 71.46"28.05 44.54"7.12max
bcŽ .R fmolrmg protein 57.21"7.09 40.76"9.35 34.94"5.80 33.06"6.16H

Ž .R fmolrmg protein 14.61"2.77 15.11"3.46 11.55"1.63 13.13"2.86L
deŽ .R fmolrmg protein 71.82"9.65 55.87"12.60 46.49"7.23 46.19"8.48T
fg%R 80.67"1.58 73.20"2.87 74.10"2.05 71.91"3.36H

Ž .K nM 38.95"22.59 20.46"7.57 16.48"4.67 17.89"4.43H
h iŽ .K mM 9.26"4.46 5.01"3.26 1.22"0.25 2.28"0.79L

jK rK 267.11"71.04 142.25"40.47 152.18"74.10 130.90"38.96L H

aPF0.007, paired one-tailed, t-tests, ts3.132, vs. treatment responders, post-treatment.
bPF0.03, two-tailed independent t-tests, ts2.330, vs. treatment non-responders, pre-treatment.
cPF0.02, paired one-tailed, t-tests, ts2.547, vs. treatment responders, post-treatment.
dPF0.06, two-tailed independent t-tests, ts1.994, vs. treatment non-responders, pre-treatment.
ePF0.03, paired one-tailed, t-tests, ts2.138, vs. treatment responders, post-treatment.
fPF0.02, two-tailed independent t-tests, ts2.584, vs. treatment non-responders, pre-treatment.
g PF0.03, paired one-tailed, t-tests, ts2.226, vs. treatment responders, post-treatment.
hPF0.03, paired one-tailed, t-tests, ts2.172, vs. treatment responders, post-treatment.
iPF0.10, paired one-tailed, t-tests, tsy1.430, vs. treatment non-responders, post-treatment.
jPF0.06, paired one-tailed, t-tests, ts1.692, vs. treatment responders, post-treatment.



( )G.N.M. Gurguis et al.rEuropean Journal of Pharmacology 386 1999 135–144140

0.85 " 0.05 vs. Responders: 0.84 " 0.10 vs. Non-re-
.sponders: 0.77"0.13 pmolrml, Fs0.206, PsNS .

3.4. Pre- to post-treatment changes in b -adrenoceptor2

function based on treatment outcome

Imipramine induced b -adrenoceptor uncoupling in2

treatment responders as reflected in the significant de-
crease in both %R and in the K rK ratio. ImipramineH L H

significantly decreased b -adrenoceptor total density in2

treatment responders. This decrease was primarily due to
significant decrease in R as there was no change in R .H L

By contrast, imipramine had no effect on any of b -adren-2

oceptor binding parameters in treatment non-responders
Ž .Table 3 .

This differential effect of imipramine on b -adrenocep-2

tors between treatment responders and treatment non-re-
sponders occurred despite the fact that the increase in basal
supine norepinephrine levels after imipramine treatment
was equally observed in responders and non-responders
ŽResponders: 1.55"0.155 vs. Non-responders: 1.214"

.0.168 pmolrml, ts1.448, PsNS . Imipramine had no
effect on supine plasma epinephrine levels either in treat-
ment responders or treatment non-responders.

( )3.5. Results of the regression analysis ns16 examining
the relationship between pre-treatment b -adrenoceptor2

binding parameters and seÕerity of symptoms after treat-
ment reÕealed the following

Pre-treatment R correlated negatively with post-treat-H
Ž . Žment HAM-A rsy0.662, Ps0.005 , HAM-D rs

. Ž .y0.672, Ps0.004 , Sp-S rsy0.476, Ps0.06 , Zung-
Ž . ŽC rsy0.549, Ps0.03 , and Zung-S rsy0.606, P

.s0.01 . Pre-treatment R was negatively correlated withL
Ž .post-treatment HAM-A rsy0.535, Ps0.03 , HAM-D

Ž . Ž .rsy0.534, Ps0.03 , Sp-S rsy0.677, Ps0.004 ,
Ž .Zung-S rsy0.802, Ps0.00 , and VAS of depression

Ž . Ž .rsy0.570, Ps0.02 , anxiety rsy0.508, Ps0.04 .
Pre-treatment R correlated negatively with post-treatmentT

Ž . ŽHAM-A rsy0.650, Ps0.006 , HAM-D rsy0.658,
. Ž . ŽPs0.006 , Sp-S rsy0.541, Ps0.03 , Zung-C rs

. Ž .y0.522, Ps0.04 , Zung-S rsy0.673, Ps0.004 .
Pre-treatment K correlated positively with post-treat-H

Ž .ment VAS of irritability rs0.657, Ps0.006 , dry mouth
Ž . Ž .rs0.443, Ps0.08 , shakiness rs0.757, Ps0.001 ,

Ž . Žrapid heart rs0.889, Ps0.00 , palpitations rs0.598,
. Ž .Ps0.01 , difficulty breathing rs0.860, Ps0.00 , rapid
Ž . Žbreathing rs0.811, Ps0.00 , dizziness rs0.774, P

Fig. 1. The relationship between b-adrenoceptor density in the high-conformational state prior to treatment and severity of anxiety and depression after
treatment of patients with major depressive disorder. Higher pre-treatment density predicted lower severity of anxiety and depression as a treatment
outcome.
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. Ž .s0.00 , weakness in the muscles rs0.516, Ps0.04 ,
Ž .sweating rs0.752, Ps0.001 , tightness in the chest

Ž . Žrs0.921, Ps0.00 , urinary urgency rs0.725, Ps
. Ž .0.001 , chest pain rs0.874, Ps0.00 , hotrcold flashes

Ž . Ž .rs0.654, Ps0.006 , and nausea rs0.472, Ps0.06 .
Thus, the pattern that emerges from these correlations

shows that the higher the receptor density measure before
treatment, the lower the severity of anxiety and depression
after treatment. Furthermore, the higher the agonist disso-
ciation constant from the receptor in the high-conforma-
tional states prior to treatment, the higher the severity of

Ž .autonomic anxiety symptoms after treatment Fig. 1 .

4. Discussion

This is the first study to investigate b -adrenoceptor2

coupling to G protein in major depressive disorder, specif-s

ically, in relation to treatment response. Results of the
present investigation showed differences in b -adrenocep-2

tor regulation exist among major depressive disorder pa-
tients as a function of treatment response. While b -adren-2

oceptor density and coupling appeared normal in major
depressive disorder patients as a whole, abnormal b -2

adrenoceptor coupling and density existed only in
imipramine treatment-responsive patients. Upregulation of
b -adrenoceptor density was primarily observed in the2

high-conformational states. Supercoupling was reflected in
high %R and in a similar trend for the K rK ratio.H L H

b -adrenoceptor density and coupling were normal in2

imipramine non-responsive patients. Clinical response to
imipramine treatment was observed only in patients with
evidence for b -adrenoceptor dysregulation, but this thera-2

peutic effect was not observed in patients with seemingly
normal b -adrenoceptor function. This supports our hy-2

pothesis that congruence between the mechanism of action
of antidepressants and the pathophysiologic state may be
required for a positive treatment outcome. Differences in
b -adrenoceptor function between responders and non-re-2

sponders suggest heterogeneity in the pathophysiology of
depression and indicate that this heterogeneity may under-
lie treatment response.

In this investigation, imipramine induced downregula-
tion of b -adrenoceptor density in the high-conformational2

state and uncoupling of b -adrenoceptors from G protein.2 s

These results are consistent with basic neuroscience stud-
ies in rat brain and cell cultures reporting downregulation
and uncoupling of b-adrenoceptors by tricyclic antidepres-

Ž .sants Manier et al., 1989; Gurguis et al., 1998 . Although
these mechanisms have long been reported in basic science
studies, it remained unclear whether these effects are mere
pharmacological effects or are specifically related to their
therapeutic efficacy. The fact that the effects of imipramine
on b -adrenoceptors were only observed in treatment re-2

sponders whereas no similar effects were observed in
treatment non-responders provides, for the first time, evi-

dence for the association between these specific mecha-
nisms and therapeutic or clinical efficacy. Results of the
regression analysis further confirmed the predictive capac-
ity of b -adrenoceptor density in the high-conformational2

states such that high pre-treatment b -adrenoceptor density2

predicted low anxiety and depression ratings at the end of
treatment.

It is intriguing why imipramine did not exert any phar-
macological effects on any b -adrenoceptor binding pa-2

rameters in treatment non-responders since tricyclic antide-
pressants decrease b-adrenoceptor density and coupling
under non-pathological conditions in rat or mouse brain or
in cell cultures. An interaction, therefore, between patho-
physiologic processes and drug action can not be ruled out
and may underlie the absence of imipramine’s effects in
non-responders. Protein kinase C has been shown to regu-
late b-adrenoceptor membrane expression. Inhibition of

Ž .protein kinase C by 1- 5-isoquinolinylsulfonyl -2-methyl-
Ž .piprazine H-7 attenuated both isoproterenol-induced and

desipramine-induced b-adrenoceptor downregulation
Ž .Asakura et al., 1989; Hui and Yu, 1989 . These observa-
tions were replicated by others who also reported that
treatment of C6 cells with H-7 alone induced upregulation

Ž .of b-adrenoceptors Manji et al., 1991 . Abnormal protein
kinase C activity may, therefore, exist in treatment non-re-
sponders and may have interfered with effects of
imipramine. In this context, serotonin specific reuptake
inhibitors, tricyclic antidepressants and electroconvulsive
therapy have been shown to differentially modulate protein

Žkinase C activity Mann et al., 1995; Vetulani and Nalepa,
.1996 . Also, unlike tricyclic antidepressants, downregula-

tion of b-adrenoceptor density by serotonin specific reup-
Žtake inhibitors have not been consistently shown Garcha

et al., 1985; Nelson et al., 1990, 1991; Nalepa and Vetu-
lani, 1993; Goodnough and Baker, 1994; Palvimaki et al.,¨ ¨

.1994; Sapena et al., 1994; Koe and Lebel, 1995 . It is
therefore likely that tricyclic antidepressant-non-responsive
patients may be responsive to serotonin specific reuptake
inhibitors. It would be of interest to investigate character-
istics of b -adrenoceptor function in patients responsive to2

serotonin specific reuptake inhibitors and the effects of
these agents on b-adrenoceptor coupling and density using
a similar paradigm. These differences in mechanisms of
action may give credence to the clinical practice of switch-
ing treatment non-responsive patients to an antidepressant
that belongs to a group of antidepressants with differing
mechanisms of action, i.e., serotonin reuptake inhibitors
vs. norepinephrine reuptake inhibitors.

Ž .Both 1 high b -adrenoceptor density and supercou-2

pling in treatment responders despite normal concurrently
measured plasma epinephrine and norepinephrine levels,

Ž .and 2 failure of b -adrenoceptor density to downregulate2

in treatment non-responders despite increase in plasma
norepinephrine levels after imipramine treatment, provide
evidence for abnormal agonist-mediated gene expression

Žof b-adrenoceptors in major depressive disorder Hadcock
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. Ž .and Malbon, 1993 . The b-adrenoceptor kinase bARK
phosphorylates the receptor at the serine–threonine-rich
carboxyl terminus of the b-adrenoceptor molecule and

Žmediates its uncoupling from G protein Hausdorff et al.,
.1990 . In addition, b-adrenoceptors undergo a biphasic

response to excessive agonist stimulation, whereby, in-
creased agonist stimulation results in an initial increase in
expression of membrane receptors, followed by downregu-
lation of membrane receptors. Protein kinase A plays an
obligate role in this process. In this study, pretreatment
super coupling of b -adrenoceptors, in the presence of2

normal epinephrine or norepinephrine levels indirectly sug-
gests decreased bARK activity. The results also implicate
abnormal protein kinase A in major depression. Recently,

Ž .Shelton et al. 1996 reported decreased b-adrenoceptor-
linked protein kinase A in small cohort of depressed
patients, 30% of whom were on Sertraline. Therefore, the
exact nature of protein kinase abnormality remains unclear.

Alternatively, hypercortisolemia which has been re-
ported in a subgroup of depressed patients may have
contributed to the high b -adrenoceptor density and cou-2

Žpling observed in this study Carroll et al., 1976a,b; Kathol
. Ž .et al., 1989 . Glucocorticoids have been shown to 1

increase b-adrenoceptor membrane expression and mRNA
through the glucocorticoid response element located on the

X Ž5 flank of the b-adrenoceptor gene promoter Hadcock
. Ž .and Malbon 1988; Malbon and Hadcock, 1988 , 2 to
Žincrease b-adrenoceptor coupling to G protein Changs

. Ž .and Bourne, 1987 , and 3 to increase G protein levels
Ž .Saito et al., 1989 .

Imipramine raised plasma norepinephrine levels and
induced downregulation of b -adrenoceptor density and2

uncoupling from G in treatment responders. While thes

downregulation and uncoupling of b -adrenoceptors in2

treatment responders can be most parsimoniously at-
tributed to the increase in plasma norepinephrine levels,
other mechanisms can not be ruled out. Similar effects
were observed in cell cultures in absence of agonists. One
mechanism involves the enhancement by imipramine of

Žprotein kinase A activity Perez et al., 1991, 1992; Popoli
.et al., 1995; Mori et al., 1998; Tadokoro et al., 1998 .

Indeed, both mechanisms could have contributed to the
results. It has been shown that agonist- and tricyclic an-
tidepressant-mediated downregulatory effects on b-adren-
oceptors were additive, suggesting that different mecha-

Žnisms may be involved, despite some overlap U’Prichard
and Enna, 1979; O’Donnell and Frazer, 1985; Brunello et

.al., 1990; Zini et al., 1991 . Finally, it is likely that
b-adrenoceptor downregulation by imipramine was medi-
ated through reducing the phosphorylation of the cyclase
response element-binding protein and consequently the
transcriptional activity of the cyclase response element
Ž .Schwaninger et al., 1995 .

To the extent, we did not observe differences in b -2

adrenoceptor density in depressed patients as a whole, or
in treatment non-responders, the results of this investiga-

tion are consistent with previous studies of normal b -2
Žadrenoceptor density in major depressive disorder Ebstein

et al., 1988; Mann et al., 1990; Mazzola et al., 1991;
.Werstiuk et al., 1996 , and with similar findings in brain

b-adrenoceptors from suicide victims and depressed sub-
Žjects Meyerson et al., 1982; Stockmeir and Meltzer, 1991;

.Gurguis et al., 1999b . Our results, however, are not
consistent with studies which reported downregulation of

Žb -adrenoceptor density in major depressive disorder Ex-2

tein et al., 1979; Wood et al., 1986; Carstens et al., 1987;
.Pandey et al., 1990; Jeanningros et al., 1991 . Methodolog-

ical differences such as gender, diagnostic criteria, treat-
ment responsiveness and receptor binding methods may
account for the discrepancy. It is worth noting that in our
study we used pure membrane preparations and a long
resting period that allowed for plasma catecholamines to
reach basal kinetics prior to blood sampling to rule out
possible confounding effects of transient changes in plasma
catecholamine levels on b -adrenoceptor binding parame-2

ters. Finally, although all our subjects were males, gender
does not have an effect on b -adrenoceptor function2
Ž .Halper et al., 1984 . Methodologically, the present results
lend validity to the use of neutrophil membrane b -adren-2

oceptors as peripheral markers in depression and as a
model to investigate the effects of various antidepressants
on b -adrenoceptors.2

In summary, results of the present investigation re-
vealed differences in b -adrenoceptor regulation between2

depressed patients who are tricyclic antidepressant-re-
sponders and those who are non-responders. The results
provide evidence for heterogeneity in the pathophysiology
of depression that may underlie treatment response. The
results also indirectly implicate abnormal protein kinase A
and protein kinase C in major depression and should be
pursued in future investigations.
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