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Subsensitivity of Adenylyl Cyclase-Coupled
Receptors on Mononuclear Leukocytes from DrugFree Inpatients with a Major Depressive Episode
J. John Mann, James P. Halper, Philip J. Wilner, John A. Sweeney,
Tammy A. Mieczkowski, Jaw-Sy Chen, Peter E. Stokes, and Richard P. Brown
Previous studies have demonstrated blunted beta-adrenergic responsivity in leukocytes from
depressed patients. We sought to determine if this blunted cyclic adenosine monophosphate
(AMP) response is specific for beta-adrenergic receptors (homologous), or whether other
adenylyl cyclase-coupled receptors are also involved (heterologous), in order to localize this
effect at the level of the receptor versus the coupling protein or the transducer, adenytyl
cyclase. We studied adenylyl cyclase-mediated responses in peripheral blood mononuclear
cells from 95 drug-free patients with a major depressive episode and 69 healthy controls, we
found a similar degree of decrease in the peak cyclic AMP response to activation qf the
beta-adrenergic receptor (28%) and the prostaglandin receptor (34%) in the depressed
patients, which indicated heterologous desensitization. Forskolin cyclic AMP responses were
not blunted. Blunting of cyclic AMP responses to isoproterenol did not appear to correlate
with levels of plasma norepinephrine and epinephrine or hypothalamic-pituitary-adrenocortical function. The absence of a decrease in the peak forskolin-generated cyclic AMP
response, which involves direct activation of adenylyl cyclase, suggests an abnormali~, at the
level of the coupling protein in these adenylyl-coupled receptors in depressed patients. Future
studies need to determine whether this leukocyte signal transduction defect in depression also
involves brain adenylyl cyclase-coupled receptors.
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Introduction
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eral blood mononuclear cells (PBMs) from hospitalized,
drug-free inpatients with a major depressive episode,
endogenous subtype, compared to normal control subjects. This effect was not due to altered receptor number
or affinity (Mann et al 1985). In a study of a second
group of patients (Halper et al 1988), this effect was
found to be due to a reduction in the maximal cyclic
AMP response to isoproterenol. Similar findings have
been reported by others in mixed leukocytes and PBMs
from depressed patients (Ebstein et al 1988; Extein et al
0006-3223/97/$17.00
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1979; Pandey et al 1979a). These results raise three
questions that we aimed to study.
First, where in the receptor complex was the cause of
reduced cyclic AMP response? The receptor complex
consists of three major components, a surface receptor,
coupling protein, and a transducer, adenylyl cyclase (Insel
et al 1985). The reduction in isoproterenol-generated
cyclic adenosine monophosphate (AMP) in depressed
patients may be due to a beta-adrenergic receptor-specific
effect (homologous). Alternatively, the effect may be
more distal, involving the Gs coupling protein (Milligan
1993) or the transducer, adenylyl cyclase (heterologous).
In the latter case cyclic AMP responses to activation of
other receptor types would also be blunted (Insel et al
1985). We and others have previously studied the surface
receptor, and there is a lack of agreement as to whether
there are fewer receptors in depressed patient,; (Jeanningros et al 1991; Magliozzi et al 1989; Pandey et al 1987;
Carstens et al 1986; Mann et al 1985; Extein et al 1979).
To test other possibilities we now proposed to :measure in
PBMs from depressed drug-free inpatients and healthy
controls the cyclic AMP responses to isoproterenol and
prostaglandin E t (PGEI), which activate adenylyl cyclase
by two different receptor populations, namely the betaadrenergic receptor and the prostaglandin receptor, respectively. In addition, we measured the cyclic AMP response
to forskolin, which activates adenylyl cyclase directly,
bypassing the cell surface receptors (Seaman and Daly
1981, 1986; Ebstein et al 1986; Insel et al 1985). A
blunting of the forskolin response would indicate heterologous desensitization (Insel et al 1985). A previous study
of forskolin responses in depressed patients involved a
smaller sample and found blunting of the cyclic AMP
response (Ebstein et al 1988), puzzling because others
found normal PGE l cyclic AMP responses (Pandey et al
1979a; Extein et al 1979).
Second, we had previously proposed (Halper et al 1988;
Mann et al 1985) that the most likely cause of lymphocyte
beta-adrenergic subsensitivity was either the abnormal
neurohumoral milieu found in depressed patients, namely
altered levels of plasma norepinephrine (Lefkowitz et al
1984; Feldman et al 1983; Insel et al 1985) and cortisol
(Davies and Lefkowitz 1980; Smith et al 1981; Lefkowitz
et al 1984), or an intrinsic receptor complex defect such as
that reported for the G protein in pseudohypoparathyroidism type Ia (Patten et al 1990). We therefore measured 9
AM resting supine plasma norepinephrine and epinephrine
levels, and plasma cortisol levels at 9 AM and 4 PM and
again the next day after 1 mg of dexamethasone had been
given at 11 PM. Previous studies reporting either elevated
plasma catecholamines (during the supine or erect condition) have not included concurrent measures of lymphocyte adenylyl cyclase responses (Wilner et al in press).
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Third, our previous studies (Mann et al 1985, 1990;
Halper et al 1988) were confined to a patient population
,characterized by a major depression, endogenous subtype
or a major depressive episode with melancholia. We now
studied a larger inpatient population (n = 95), defined by
DSM-III-R criteria as having a major depressive episode,
to determine whether blunted beta-adrenergic responsivity
in peripheral blood mononuclear cells was specific for a
subtype of major depressive episode, such as melancholia,
or whether it was also present in other subtypes of
depression. A subgroup of these cases (n = 27) had been
included in one of our previous studies (Halper et al 1988).
Further, the level of beta-adrenergic responsivity was
assessed in relationship to a variety of psychopathological
and clinical indices in the depressed patients to determine
the effect of factors such as age of onset of the first
episode of major depression, duration of the present
episode, previous treatment, family history of a major
depressive episode, and components of psychopathology
such as ,'anxiety, panic attacks, or a history of a suicide
attempt.

Methods and Materials

Subjects
Ninety-five patients admitted to our inpatient depression
research unit for evaluation and treatment, who met
DSM-III.-R criteria (Spitzer et al 1992) for a major
depressive episode (MDE) and gave written informed
consent as required by the Institutional Review Board,
entered the study. The patients were 43.6 - 16.1 years old,
comprised 32 men and 63 women, and were moderately
depressed with a 24-item Hamilton Depression Rating
Scale score of 33. The Global Assessment Scale score was
39.9 ± 9.8. The mean Hamilton Anxiety Rating Scale
score was 24.0 - 10.4, and the group reported 0.7 -+ 2.3
panic attacks/week. The duration of the current episode of
depression was 31.1 2 46.8 weeks, and the number of
prior episodes was 2.4 2 2.2. The age of onset of the first
episode was 31.9 -+ 16.4 years. Forty-three. percent had
made a prior suicide attempt, and 36% had a first-degree
relative with a history of major depression. The minimum
drug-free period was 2 weeks with the exception of 6
patients. One patient had taken trazodone 75 mg h.s. up to
10 days prior to testing. One patient took a small overdose
of codeine and tylenol without ill effects 9 days earlier.
One patient took 10 mg of trazodone 5 days earlier, and 1
patient took metachlopramide p.r.n, up to 17'. days earlier.
One patient took a single l-mg dose of haloperidol 7 days
earlier, and the final patient took trazodone 350 mg h.s.
and 1 mg q.i.d, of alprazolam up to 10 days earlier. The
overall mean drug-free interval of the entire patient group
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was 227 _+ 161 days, and 68% of the patients were off
drugs for at least 3 months.
The diagnoses were established independently by two
research psychiatrists using DSM-III-R criteria. For a
diagnosis of MDE the Kappa value for our raters exceeded
.8 on the basis of regular interrater reliability rating
sessions. All patients were established to be free of
significant medical illness by medical history, a complete
physical examination, routine blood counts and chemistry,
electrocardiogram, and urine analysis. In particular, illnesses that may affect beta-adrenergic responsivity, sympathetic nervous system function, or cortisol levels were
excluded. These included hypertension, asthma, atopic
eczema, endocrinopathies, and cardiac failure. Chloral
hydrate or oxazepam were permitted for distressing insomnia, but not on the night prior to testing, and were
rarely used at any time.
Controls were drug-free for at least 2 weeks prior to
study. They were screened by clinical examination to
exclude the presence of medical and psychiatric illness.
All controls had no evidence of a lifetime Axis I disorder.
Like the patients, they fasted on the morning of testing, but
unlike the patients they were not inpatients and came to
the laboratory from home. The age range of the patients
was 18-77 years, and in the controls 18-75 years (33.8 +
13.9). The controls comprised 38 men and 31 women.

Preparation of Lymphocytes
At approximately 8:30 AM, an intravenous catheter was
inserted, and subjects remained supine for 30 min, after
which time 40 mL of blood was drawn into glass vacuum
sterile tubes (Vacutainer, Becton-Dickinson Vacutainer
Systems, Rutherford, N J) containing preservative-free sodium heparin. Patients remained at bed rest (from midnight); normal subjects were ambulatory be:fore catheter
insertion. The lymphocytes were separated using a modification of the Ficoll-Hypaque gradient technique of
Boyum (Boyum 1968), as we have previously described
(Mann et al 1985). Ten milliliters of blood routinely
yielded 1-2 × 10 6 mononuclear cells consi.,sting of 7 0 85% lymphocytes and 15-30% monocytes with over 98%
cell viability as assessed by trypan-blue exclusion. The
cells were suspended in Dulbecco's phosphate-buffered
saline (pH 7.4) without calcium and magnesium, at a
concentration of 5.5 × 10 6 cells per mL and used within 2
hours.

Cyclic AMP Determination
The cyclic AMP assay method has been described in detail
in our previous publications (Mann et al 1985, 1990;
Halper et al 1988). Briefly, 960 p~L of the lymphocyte

suspension was incubated at 37°C for 10 rain with 20 fxL
of methyl isobutylxanthine (final concentration, 2 x 10 -5
mol/L) and 20 IxL of buffer with or without isoproterenol
hydrochloride (final concentrations ranging from 10-~o to
10 -5 tool/L), PGEj (concentrations ranging from 10 7 to
l0 4 tool/L), or forskolin (10 --~ or 10 4 mol/L). The
limited quantity of cells restricted the concentration range
of forskolin to the higher end. The reaction was terminated
by boil![ng for 3 min. After centrifugation at 2500 g for 15
rain at 4°C, the supernatant was stored at - 7 0 ° C until
assayed for cyclic AMP. Cyclic AMP levels were assayed
by the protein-binding method of Brown and colleagues
(Brown et al 1971). Isoproterenol responses were studied
in 63 controls and 91 patients. Other agents were included
after the study had begun. PGEj responses were studied in
23 controls and 33 patients. Forskolin responses were
studied in 41 controls and 57 patients. Six of the controls
in the forskolin group (2 of whom were also in the PGE
group) were not in the isoproterenol group. Four of the
patients in the forskolin group were not in the isoproterenol or PGE groups.

Plasma Catecholamine Assay
After subjects had rested supine quietly for 30 rain with an
intraveJaous catheter inserted, 5-mL samples of arterialized
blood for assay of catecholamines was drawn from a warm
arm into chilled tubes containing edetic acid (EDTA) and
glutathione and immediately kept in the dark on ice. The
samples were then promptly centrifuged at 4°C to separate
the plasma. The plasma was removed and frozen at - 7 0 ° C
until the time of assay. Catecholamine levels were assayed
by a radioenzymatic thin-layer chromatography (TLC)
assay (Peuler and Johnson 1977). This assay was sensitive
to 20 pg/dL of norepinephrine (NE) and epinephrine (EPI).
Assay results were linear over the range of 5-3000 pg. The
coefficient of variance within assay runs was less than 5%.
Interassay variance was 11-15% for each catecholamine.
Catecholamine data were obtained for 65 patients and 49
controls.

Plasma Cortisol Assay
Plasma cortisol was assayed by our previously described
radioimmunoassay, using a solid-state rabbit anticortisol
antibody (Stokes et al 1984). Cross-reactivity with either
endogenous plasma corticosteroid was less than 15% at
50% inhibition of maximum binding. Assays were run in
duplicate on a 50-1xL aliquot of plasma. The interassay
coefficient of variance was 9.8% for medium levels of
cortisol (mean 14.7 Ixg/dL). Data were obtained in 40
patients but not in control subjects.
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Statistical Methods
Data were expressed as the mean _ SD unless stated
otherwise. For the purpose of correlational analysis, the
area under the curve was used for isoproterenol- and
PGE~-stimulated cyclic A M P levels as an aggregate index
of the responses to activation of these two receptor
populations. With regards to forskolin, correlational analyses were calculated using the cyclic A M P responses to
10 - 4 mol/L and 105 mol/L concentrations of forskolin. All
primary group comparisons were conducted as repeated
measures analyses of variance ( A N O V A s ) (group ×
gender X drug concentration).
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Age and Gender Effects on Unstimulated and
Stimulated Cyclic A M P Levels
A two-way analysis of variance was used to assess the
effect of gender on basal cyclic A M P levels (independent
variables were group membership and gender). There was
a significant gender effect [F(1,160) = 4.93, p = .028]
and group effect [F(1,160) = 9.20, p = .003]. W o m e n had
higher levels than men, and the depressed group had lower
levels of cyclic AMP. The interaction was not significant
IF(I,160) = 0.033, p = .857]. Because of the significant
group differences in basal levels, baseline levels were
subtracted from stimulated levels in all of the following
analyses. Basal levels were also analyzed separately.
Three-way repeated-measures analyses of variance
were used to determine effects on cyclic A M P responsivity (after subtracting basal levels). Independent variables
were 1) gender, 2) group membership, and 3) concentration of isoproterenol, PGE 1, or forskolin. There was no
gender difference in cyclic A M P after isoproterenol
[F(1,150) = 0.30, p = .583]. PGEt-generated cyclic A M P
levels (after subtracting basal levels) were significantly
higher in women [F(1,52) = 5.46, p = .023]. There was
not a significant gender difference in forskolin-generated
cyclic A M P levels [F(1,94) = 1.76, p = . 188]. Because of
the gender effects, we included gender as a factor in all
analyses of group differences. No significant c,orrelations
were found between age and basal levels of cyclic A M P or
levels of cyclic A M P after isoproterenol, PGE 1, or forskolin incubation.

Patients versus Healthy Controls
The increase over basal levels of isoproterenol-generated
cyclic A M P levels pooled across gender was lower in the
patients compared to controls [F(1,152) = 8.42 p = .004;
see Figure 1]. The reduction (pooled across gender) was
statistically significant at all concentrations of isoprotere-
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Figure l. Isoproterenol-stimulated lymphocyte cyclic A M P levels in depressed inpatients and healthy controls (mean _+_SEM).

Two-tail t-test contrast of the two groups, * p < .05.
nol except 10 - 9 and 10 -1° mol/L. There was a significant
group x drug concentration interaction because the degree
of blunting of cyclic A M P increases was greatest in the
depressed patients at the higher concentrations of isoproterenol (:28%). The reduction in isoproterenol-stilnulated
cyclic A M P levels in the patient group was independent of
baseline levels, because it involved the net increase in
cyclic A M P levels over basal levels. When the potential
effect of gender was taken into account in a three-way
repeated-measures A N O V A (see Table 1), there was a
trend for a group x gender interaction [F(1,150) = 3.19,
p = .076], and a group x gender X isoproterenol
concentration interaction [F(1,750) = 2.06, p = .068].
There was no apparent group difference :in the ECso,
which was approximately 10 -8 mol/L for both groups.
PGE~-generated cyclic A M P levels (after subtracting
basal levels) were lower in patients than controls [F(1,52)
= 6.54, p = .014; see Table 1]. The maximal response was
35% lower in the patients. No statistically significant
group X gender interaction was found, but significant
group X concentration [F(3,156) = 3.82, p = .01] and
gender "4 concentration [F(3,156) = 2.74, p --= .045]
effects were observed. In contrast to isoproterenol and
PGE 1, the forskolin-generated increase in cyclic A M P
levels (see Table 1) was not statistically different in the
patient group compared to controls. There were no significant interactions.
In the control group, the area under the curve (AUC) for
the cyclic A M P response to isoprolerenol correlated with
the AUC, of the cyclic A M P response to PGE 1 (1" = .80,
n = 21, p < .0005), and also, although less strongly, with
the cyclic A M P response to forskolin at 10 - 4 and 10 5
mol/L concentrations (r = .54, n = 38, p = .001 ; r = .57,
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Table 1. Lymphocyte Cyclic AMP Levels in the Presence of Isoproterenol, Prostaglandin E~, or Forskolin in Inpatients with a
Major Depressive Episode: A Comparison of Men and Women (Mean _+ SD)
C y c l i c A M P levels ( p m o l / 1 0 6 cells)
Controls (n = 69)

Patients (n = 95)

Drug molarity

M e n (n = 38)

W o m e n (n = 31)

M e n (n = 32)

W o m e n (n = 63)

Basal (no d r u g ) levels o f cyclic A M P
I n c r e a s e o v e r basal levels o f cyclic A M P
Isoproterenol"
n

11.47 ± 7.47

13.65 ± 8.33

7.97 ± 3.50

10.54 ± 6.53

10 9
10 s

35
0.1)6 _+ 2.09
1.45 ± 2.71
6.49 _+ 4.59

28
0 . 1 0 : 2 2.80
1.94 :_+ 3.65
6.51 :+_ 5.91

31
0.11 ± 1.56
0.40 ± 1.26
3.17 ± 2.91

60
0.92 ± 3.88
1.17 ± 2.62
4.60 _+ 4.77

10 - 7
10 - 6
10 s

11.!16 ± 7.02
13.78 ± 8.68
14.45 _+ 9.03

10.28 :±. 6.51
11.96 ± 6.96
12.00 :±. 6.52

6.86 ± 5.59
7.84 +_ 6.32
8.23 ± 6.17

9.28 ± 7.67
10.41 ± 8.03
10.44 ± 7.29

64.41 _+ 35.83

62.74 :_+:24.00

38.04 ± 21.06

52.00 +- 27.97

n
10 - 7
10 6

11
7.31 ± 5.02
15.33 -+ 5.03

12
10.38 ± 9.11
20.67 :+- 14.15

11
4.83 ± 4.55
9.16 -+ 7.01

22
6.83 ± 4.65
15.37 ± 8.87

10 5
10 - 4
Forskolin C

24.48 -+ 7.06
39.46 -+ 11.07

31.14 :+- 19.56
61.13 :+- 55.56

16.65 -+ 8.98
26.59 -+ 12.47

24.41 -+ 9.75
37.01 -+ 14.26

n
10 - s
10 4

21
6.84 ± 5.63
19.82 -+ 10.27

20
5.54 :± 11.93
27.20 ± 27.44

18
4.14 ± 5.37
16.29 ± 11.76

39
6.15 + 8.02
20.94 ± 16.27

10 - 1 °

Area under curve
PGEI b

"Results of a three-way repeated-measures analysis of variance for isoproterenol: I) diagnostic group, F(1,150) = 9.91, p = .002; 2) gender, F(1,150) = 0.30, p = .583;
3) group × gender, F(I,150) = 3.19, p = .076; 4) group X isoproterenol concentration, F(5,750~ = 6.09; p < .0005.
b Results of a three-way repeated-measures analysis of variance for PGEI: l ) diagnostic group, F(1,52) = 6.54, p = .014; 2) gender, F(t,52) = 5.4~,, p = .023; 3) group ×
gender, F(1,52) = 0.15, p = .703; 4) group × PGEj concentration, F(3,156) = 3.82, p = .01; 51 gender × PGE l, F(3,156) - 2.74, p = .045.
" Results of a three-way repeated-measures analysis of variance for forskolin: 1) diagnostic group, F(1,94) = 1.53, p = .219; 2) gender, F(1,941
1.76, p = . 188; 3)
group × gender F(I,94) < .005, p = .952; 4) group × forskoliin F(1.94) = 1.44, p = .233; 5) gender × forskolin F(1,94) = 3.11, p = .081.

n = 37, p < .0005, respectively). In the depressed patient
group, the AUC for the cyclic AMP response to isoproterenol correlated significantly with the AUC for PGE~
(r = .73, n = 33, p < .0005), and also to a lesser degree
with 1 0 - 4 mol]L forskolin (r = .44, n = 53, p = .001),
and 10 -5 mol/L forskolin (r = .37, n -- 53, p = .007). The
cyclic AMP response to PGE1 correlated with the response
tO 1 0 - 4 mol]L forskolin in the controls (r = .87, n = 23,
p < .0005), and the response t o 1 0 - 4 and 10 -5 mol/L
forskolin in the patients (r = .70, n = 32, p < .0005, and
r = .47, n = 32, p = .007). At all concentrations, the
correlations of responses to forskolin correlated more
weakly with isoproterenol and PGE~ in patients compared
to controls.
To determine whether there were group differences in
the relationship of cyclic AMP responses to isoproterenol
(AUC), and PGE 1 (AUC), we conducted a multiple
regression analysis where isoproterenol-stimulated cyclic
AMP was the dependent variable and group membership
(control or patient) and PGEa-stimulated cyclic AMP were
independent variables. No significant group effects were
found, nor were there group × PGE 1 interactions, indicating that the relationship of isoproterenol cyclic AMP

response to the PGE l cyclic A M P response did not differ
in depressed patients compared to health), controls.

Relationship of Basal to Stimulated Cyclic
AMP Levels
In the healthy controls, basal cyclic AMP levels correlated
with the area under the curve of isoproterenol-generated
cyclic AMP levels (r = .69, n = 63, p < .0005), but not
with the cyclic AMP response to PGE 1 (r . . . . .10, n = 23,
p = .66). Basal cyclic AMP correlated significantly with
cyclic AMP levels after 10 -5 mol/L forskolin (r = .41,
n = 43, p = .006), but not with 1(} - 4 mol/L forskolin (r =
.22, n = 44, p = .151).
In the patients, similar relationships were found with
regard to basal cyclic AMP levels and levels after isoproterenol (r = .59, n = 91, p < .0005), 10 -5 mol/L forskolin
(r = .65, n = 57, p < .0005), and 10 4 mol/L forskolin
(r = .20, n = 57, p = .14). In the case of patients,
however, PGEl-generated cyclic AMP levels were also
significantly correlated with basal levels (r = .48, n = 33,
p = .004).
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Effect of Sub~pe of Major Depressive Episode
MELANCHOLIA VERSUS NONMELANCHOLIA.

Sixty-seven

patients met DSM-III-R criteria for MDE with melancholia,
and 28 met criteria for MDE without melancholia. In a
three-way repeated-measures A N O V A (group, drug concentration, and gender), no significant group differences or
group × drug concentration interactions were found in cyclic
A M P levels at baseline or after isoproterenol, PGE~, or
forskolin. There were no significant gender × group
interactions.
PSYCHOTIC VERSUS NONPSYCHOT1C. Sixteen patients
had M D E with psychotic features and were compared to
79 patients who had M D E without psychotic features
using a three-way repeated-measures A N O V A where
group, gender, and drug concentration were the independent variables, and cyclic A M P was the dependent variable. Net increases in cyclic A M P levels after isoproterenol were blunted in patients with psychotic features
compared to patients without psychotic features [F(1,87)
= 5.38, p = .023], but not after PGE I [F(1,29) = 1.53,
p = .226] or forskolin [F(1,53) = 0.45, p = .505]. There
were no significant group × gender interactions.

MAJOR DEPRESSIVE DISORDER VERSUS BIPOLAR DISOR-

Patients meeting D S M - I I I - R criteria for a bipolar
disorder (n = 17) were compared to patients with a major
depressive disorder (n = 78). A three-way repeatedmeasures A N O V A of gender, drug concentration, and
group found no significant group differences or group ×
gender interaction. There was a group × isoproterenol
concentration interaction [F(5,435) = 2.05, p = .050],
with the unipolar group having higher cyclic A M P responses at higher concentrations.

DER.

Dexamethasone Suppressors versus Nonsuppressors
Results of a dexamethasone suppression test were available for 40 patients. Eleven patients were dexamethasone
resistant, and in 29 patients the cortisol levels suppressed
normally after dexamethasone. Cyclic A M P levels after
isoproterenol or forskolin were compared in suppressors
and nonsuppressors. No significant group differences were
observed, and no interaction effects were observed (agonist drug concentration × dexamethasone response status).
Samples were too small to permit similar analyses of
PGEI. No statistically significant correlations were found
between isoproterenol- or PGE~-stimulated cyclic A M P
levels and pre- or postdexamethasone cortisol levels in the
patient group as a whole. There was a significant negative
correlation between predexamethasone cortisol levels and
forskolin-stimulated cyclic A M P at 10 5 mol/L (r ::

- . 5 1 , n :: 17, p = .03), and at 10 - 4 mol/L there was a
trend (r :: - . 4 4 , n = 17, p = .07).

Correlations with Psychopathology
Severity of depression as assessed by the 24--item Hamillon Depression Rating Scale (HDRS) score and the Global
Assessment Scale (GAS) did not correlate significantly
with basal cyclic A M P levels (r = - . 0 6 , n = 90, p = .60;
r = - . 0 3 , n = 95, p - .75, respectively). Cyclic A M P
levels in response to isoproterenol, PGE 1, or forskolin also
did not correlate with severity of depression. There were
modest negative correlations between psychomotor agitation, psychic anxiety, and somatic anxiety subscale scores
on the HDRS and stimulated levels of cyclic A M P after
10 -5 mol/L forskolin (r = - . 2 3 , n :-- 57, p = .082; r =
- . 2 8 , n := 57, p = .033; r = - . 2 1 , n = 5"7, p = .123,
respectively). At 10 - 4 mol/L forskolin such effects were
not statistically significant. Cyclic A M P levels after isoproterenol or PGE l did not show any consistent relationship to p,;ychomotor agitation or anxiety.
Age of onset of the affective disorder, number of prior
episodes of major depression, duration of the index episode, time off medication prior to study, presence of panic
attacks as part of the index illness, a history, of a suicide
attempt, or a positive family history of an affective
disorder in a first-degree relative, all did not correlate with
cyclic A M P levels. The exceptions were at 10 -5 mol/L
PGE 1, where suicide attempters has significantly lower
]ievels of cyclic A M P than nonattempters (t :: 2.3'7, df =
133, p = .02), and significantly lower basal cyclic A M P
was found in those with a positive family history of an
affective disorder in a first-degree relative (t = 2.48, df =
112, p = .015).

,Plasma Catecholamine Levels and Cyclic
AMP Responses
DEPRESSED PATIENTS VERSUS HEALTH CONTROLS.

Su-

p i n e resting plasma epinephrine was significantly elevated

in the patient group compared to controls [57.8 -4- 34.9
,(57) vs. 33.0 -+ 20.1 (35), F(34,56) = 3.02, p < .0005].
Supine resting plasma norepinephrine levels were not
,elevated in depressed patients compared to controls
[294.4 --- 169.l (65) vs. 255.9 -+ 184.6 (49), p > .05].
To assess the relationship of plasma catecholamines to
cyclic A M P responses, two approaches were employed.
First, an analysis of variance was conducted where area
under the.. curve of the cyclic A M P response to isoproterenol was', the dependent variable, and the independent
variables were group membership (patient versus control),
gender, and high versus low resting plasma norepinephrine
levels. Hiigh versus low resting plasma norepinephrine was
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defined based upon a median split of the data (the median
for controls was 219, and for patients 254). A statistically
significant group difference was found [F(1,97) = 5.91,
p = .02], and a significant gender by group interaction
[F(1,97) = 4.51, p = .04]. Isoproterenol cyclic A M P
responses were blunted in depressed patients in both the
high and low plasma norepinephrine groups, and the effect
was greater in men. There were no other significant main
effects or interactions. A similar group effect was observed for the cyclic A M P response to PGEj [F(1,33) =
4.59, p = .04] and 10 - 4 mol/L forskolin [F(1,68) = 8.23,
p = .005], but not for 10 -5 mol/L forskolin [F(1,68) =
2.33, p = .13]. Second, a multiple regression analysis
generated the same results.
The results for epinephrine were similar to the results
for norepinephrine. When an analysis of variance was
performed with area under the curve of the cyclic A M P
response to isoproterenol as the dependent variable, and
the independent variables were group membership, gender, and high versus low resting plasma epinephrine levels
(median for controls was 29 and for depressed patients
52), a statistically significant group main effect was found
[F(1,76) = 4.38, p = .04]. There were no significant
interactions. Similar group effects were observed lk~r the
cyclic A M P response to PGE~ [F(1,27) = 9.34, p = .005]
and 10 4 mol/L forskolin [F(1,56) = 9.48, p = .003]~ but
not 10 5 mol/L forskolin [F(1,56) = 2.84, p = .10].
Plasma catechotamines did not distinguislh melancholic
versus nonmelancholic major depression or unipolar versus bipolar depression, or psychotic versus nonpsychotic.
Plasma cortisol levels pre- and postdexamethasone were
compared in melancholic versus nonmelancholic patients,
and the only difference was higher 9 AM predexamethasone plasma cortisol in the melancholics compared to
nonmelancholics (16.88 _+ 5.69 versus 12.44 -+ 4.17; t =
2.36, df = 39, p < .023). Cortisol leYels were not
measured in the healthy controls.

Discussion
Our previous finding of a blunted maximal cyclic A M P
response to isoproterenol in intact peripheral blood mononuclear cells obtained from drug-free hospitalized patients
having major depression, endogenous subtype or with
melancholia (Mann et al 1985, 1990; Halper et al 1988),
was consistent with either a receptor-specific effect (homologous desensitization) such as fewer receptors, or
involvement of more distal elements of the receptor
complex such as the coupling protein (G~) or the transducer, adenylyl cyclase (heterologous desensitization),
that would limit the maximal number of functional recept o r - Q - t r a n s d u c e r units. We have now confirmed the
previous finding of a reduced maximal cyclic A M P
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response to isoproterenol, and aiso report: evidence tin" a
comparable degree of blunting of the cyclic A M P response
in association with the prostaglandin receptor compared to
the beta-adrenergic receptor. ()tar obsmvation that tile
cyclic A M P responses to isoproterenol and PGE I correlated in the depressed patients as well as in the controls,
and that their interrelationship did nol dif~:in-in the patients
compared to the controls, is further evidence for heterologous desensitization; however, Ehe cyclic AMP response
to the forskolin, which bypasses the cell surfao.~ receptors
and stabilizes the G~,<adenylyl cyclase complex enhancing activation of adenylyl cyclase (Seaman and Daly'.
1981, 1986), was not bhmted. These findings indicate an
effect at the level of (,3~ coupling protein subcomponent in
lymphocytes, proximal to the G,-adenylyl cyclase coupling, and perhaps at the level of rcceptor-G~ coupling.
In leukocyte studies from de~ressed patients, bhmted
cyclic A M P responses arc associated with nomml or
reduced beta-adrenergic receptor numbec (Jeanningros el
al 19t:)1; Magliozzi et al 1989L Buckholtz et al 1988:
Pandey et al 1987: Carslens et al 1980: l:,~tein et al 1979:
Mann et al 1985): however, fewer beta-adrenergic receptors may also be associated with homoloeous desensitization. Another mechanism that ~.~ould e,~plain sustained,
heteroh)gous desensitization is a reduction in levels of G
protein (Milligan 1993). A report thai (]s~ immunoreactivity was 24~>~ lower in mononuclear leukocvtes from
depressed patients (Avissar et al 1996), and that i soproterenol-stinmlated increases in Gpp(NH:p bir~ding were
blunted, is both consistent with our results and suggests
the presence of less of the (; .... subunit and reduced
function. As in our study, they did not find differences
between unipolar and bipolar patients, ~tlthough wc did
find higher cyclic A M P responses at the higher concentrations of isoproterenol. The findings reported here by' us
and the results of Avissar and colleagues (Avissar et al
1996) indicate a need for further detailed studies of G
proteins in major depression.
Three laboratories found blunting of cyclic , \ M P responses to isoproterenol in !eukocytes from depressed
patients (Ebstein et at 1988: Exlein et al 1979: Pandey et
al 1979), and one found no difference (Klysner et al 1987).
Pandey et al (1979b) and Kanof et al (1986) reported that
the leukocyte cyclic A M P response to PGE~ was not
different in depressed patients compared to schizophrenics
or normals. Others (Ebstein et al 1988) lkmnd a bhmtmg of
forskolin-stimulated cyclic A M P responses, bu~: inexplicably the PGE 1 response (lid not differ frora control values.
Their forskolin results suggested the pre,,;ence of heterologous desensitization, and their failure to find a blunting
of PGE I responses is puzzling, bat may be due lo the small
sample size studied as well as methodological differences.
Klysner et al (1987) found significant supersensitivity to
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histamine or a combination of norepinephrine and phentolamine, but no change with isoproterenol alone. Thus,
there is a need for further studies to confirm our finding of
heterologous desensitization.
Similar studies of cyclic AMP responses have been
conducted in platelets from depressed patients and address
the question of the generalizability of this defect in signal
transduction to other tissues. There is no agreement as to
whether platelet adenylyl cyclase-coupled receptor activation in depressed patients is also characterized by heterologous desensitization (Murphy et al 1974; Siever et al
1984; Wang et al 1974). Paradoxically, platelet alpha 2adrenergic receptor binding is increased despite bhlnted
responsivity or desensitization (Siever et al 1984). Further
evidence for differences in leukocytes and platelets has
been reported (Grossman et al 1993). They found a
negative correlation between levels of norepinephrine and
metabolites in plasma and urine, and both basal and
Gpp(NH)p- or CsF-stimulated cyclic AMP levels in lymphocytes. In contrast, a positive correlation was found
between this index of norepinephrine release and turnover
and platelet basal and stimulated cyclic AMP levels. As
has been found in leukocytes, cardiac beta-adrenergic
responsivity (Bertschy et al 1989), using hearl rate response to isoproterenol as the index, was blunted in
endogenous depression compared to nonendogenous depression and healthy controls. Thus, regulation of adenylyl
cyclase-coupled receptors may vary by receptor subtype as
well as tissue type.
Sulser et al (1984) and Pandey et al (1979b) have
reported that chronic antidepressant administration reduces the sensitivity and number of beta-adrenergic receptors in the brain of rodents by altering presynaptic amine
levels. We believe there may be an additional direct
postsynaptic effect. Menkes et al (1983) reported that
chronic administration of tricyclic antidepressants or electroconvulsive shock (ECS) to rodents resulted in increased
signal transduction as indicated by activation of' adenylyl
cyclase by the G~ complex in the brain. Subsequently, it
has been shown that chronic antidepressant administration
or electroconvulsive shock augment the coupling of G~ to
rat brain synaptic adenylyl cyclase (Ozawa and Rasenick
1989, 1991). This appears to be a direct postsynaptic effect
as it has also been observed in C6 glioma cells (Chen and
Rasenick 1995). A similar effect has been seen in patients
where improvement in depression after treatment with
alprazolam is associated with enhanced adenylyl cyclasemediated signal transduction in both platelet prostaglandin
and alpha2-adrenergic receptors (Mooney et al 1985). If a
G protein abnormality is generalized and present in the
brain of depressed patients, reversal of impaired signal
transduction by antidepressants by a direct postsynaptic
effect may be an important component of antidepressant
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action. Further evidence that brain G proteins may be
altered in depressed patients, and that the changes we
observed are not confined to lymphocytes, comes from a
report describing elevated levels of the G~ subunit in the
brain of bipolar patients (Young et al 1991). In contrast,
Cowburn et al (1994) found no differences in levels of Gs
or Gi in the brain of suicide victims and controls. They did
find a trend for higher levels of the smaller isoform of G ~
in violent and depressed suicide subgroups. The studies
suggest that the coupling proteins are an area of potential
abnormalily in the brain of patients with mood disorders.
Evidence (see Manji et al 1995 for a review) that ECS,
tricyclics, and lithium all affect G protein function further
enhances the possibility that G proteins may be a locus of
pathophysiology and a relevant therapeutic target. Drug
treatment or washout effects did not appear to explain our
results given the length of the washout or drug-free period,
and the absence of a correlation between the duration of
the drug-free period and cyclic AMP levels.
A second question addressed bv this study is the
relationship of these biological changes to ,mbtypes of
major depressive episodes. We had previously found
blunted mononuclear leukocyte beta-adrenergic responsivity in patients meeting research diagnostic criteria (RDC)
for a major depression, endogenous subtype (Mann et al
1985). We now report that this observation can be extended to patients meeting DSM-III-R criteria for a major
depressive episode compared to healthy controls. Patients
having a major depressive episode that met criteria for
melancholia did not differ in beta-adrenergic responsivity
or degree of subsensitivity from those with nonmelancholic depression. Moreover, in addition to beta-adrenergic subsensitivity, we found that blunting of adenylyl
cyclase-coupled prostaglandin receptors is present in lymphocytes from depressed patients with melancholia as well
as without melancholia. Other studies have included too
few patients to reliably comment on the effect of melanCholia.
There are suggestions of subtle differences between
bipolar and unipolar patients in receptor responsivity. We
found a blunting of cyclic AMP responses to higher
concentrations of isoproterenol in bipolar patients compared to unipolar patients. This finding suggests fewer
coupled receptor complexes in bipolar patients. Pandey et
al (1979a) and Ebstein et al (1988) found no differences in
leukocyte cyclic AMP responses to isoproterenol and
PGEI, respectively, between unipolar and bipolar patients
(defined by RDC criteria). Although Buckholtz et al
(1988) found no difference in B . . . . for cyanopindol
binding to lymphocytes between bipolar and mfipolar
patients, they did find higher resting norepinephrine levels
in the bipolar patients and a greater Kt/K H ratio. The
KL/K H ratio may reflect the EC5o, and if so, the higher the
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ratio the greater the sensitivity; however, our data suggest
fewer coupled receptors and no significant difference in
EClo between the two groups. Jeanningros et al (1991)
reported lower pindolol binding in unipolar depressed
patients compared to bipolar patients and healthy controls;
however, the level of binding in bipolar subjects did not
differ from control values. Further study of the receptor
complex is clearly needed in bipolar disorder.
We found that depression with psychotic features differed from depression without psychotic features only in
terms of a greater degree of blunting of the cyclic AMP
response to isoproterenol, but there were no differences
with PGE~ or forskolin. Leukocyte studies have not found
a significant decrease in PGE~ or isoproterenol-generated
cyclic AMP levels in schizophrenics (Pandey et al 1979a).
In contrast, platelet studies in schizophrenia have found a
reduction in PGE~-stimulated cyclic AMP levels (Kanof et
al 1986; Kaiya et al 1990; Rotrosen et al 1980; Kafka and
van Kammen 1983; Garver et al 1982) and the forskolinstimulated cyclic AMP response (Kaiya et al 1990).
Therefore, there appears to be heterologous desensitization
of platelet adenylyl cyclase, indicating that the biological
profiles of a major depression with psychotic features and
schizophrenia appear to be different in tenns of specific
aspects of adenylyl cyctase-dependent signal transduction
in leukocytes and platelets. A potential difference between
psychotic and nonpsychotic depression in terms of lymphocyte beta-adrenergic responsivity further supports the
case that psychotic depression is qualitatively different
from nonpsychotic depression.
Another approach to investigate clinical-pathophysiological relationships involves the examination of the
correlation of individual symptoms or symptom clusters
with cyclic AMP responses. We and others have found a
relationship between anxiety symptoms and increased
sympathetic or noradrenergic activity (Redmond et al
1986) and with lymphocyte beta-adrenergic receptor
changes that are consistent with desensitization and/or
down-regulation (Magliozzi et al 1989; Brown et al 1988;
Aronson et al 1989; Redmond et al 1986; Mann et al
1985). In this study, we did not find an association
between panic attacks and cyclic AMP levels; however,
forskolin-stimulated cyclic AMP levels did correlate negatively with psychomotor agitation and both psychic and
somatic anxiety symptoms. Surprisingly, isoproterenolstimulated cyclic AMP levels did not correlate at a
statistically significant level with anxiety symptoms. Thus,
beta-adrenergic subsensitivity or down-regulation are
found more consistently in anxiety disorders than in mood
disorders with anxiety symptoms.
The cause of the subsensitivity of these receptor complex responses in depressive illness has not been determined and several hypotheses must be considered. The

simplest hypothesis is that elevated levels of plasma
catecholamines have resulted in heterologous desensitization of these receptors (Stiles et al 1984). We and others
have reported that plasma catecholamine levels appear to
be elevated in depressed patients, especially under conditions ,of activation such as a postural challenge (Wilner et
al in press). Against this hypothesis is our finding that the
cyclic AMP response to isoproterenol and PGE 1 in patients was blunted independent of the levels of plasma
norepinephrine or epinephrine.
Corticosteroids have also been found to directly affect
the number and responsiveness of beta-adrenergic receptors (Foster and Harden 1980; Davies and Lefkowitz 1980,
1981, 1983; Davies et al 1981; Stiles et al 1984; Smith et
al 1981), including attenuation of agonist-induced betaadrenergic desensitization in vitro (Davies and Lefkowitz
1983). Corticosteroids reduce the number of beta-adrenergic receptors in lymphocytes when exposed in vitro
(Davies and Lefkowitz 1980). Hypercortisolism is clearly
able to produce long-term effects in vivo that may be quite
different from effects generated in vitro. Moreover, quite
different effects may be observed in different tissues. For
example, corticosteroids appear to reduce lymphocyte
beta-adrenergic receptor number but increase neutrophil
receptor number (Davies and Lefkowitz 1980). Although
cortisol levels were probably elevated in this group of
patients compared to healthy controls (Brown et al 1987;
Stokes et al 1984), we did not find a within-group
correlation between plasma cortisol levels, either before or
after dexamethasone, and cyclic AMP levels. Thus, as was
the case for the plasma catecholamines, although plasma
cortisol levels may be elevated m the depressed group as
a whole, the absence of a direct correlation with cyclic
AMP levels means we cannot determine the importance of
cortisol in determining blunted adenylyl cyclase activation.
A third mechanism for altering signal transduction in
this system is genetic. At least two G proteins appear to
regulate adenylyl cyclase activity (Stiles et al 1984).
Reduced expression or function of G~ has been demonstrated in cultured fibroblasts and blood cells from patients
with Albright's Hereditary Osteodystrophy (Patten et al
1990), a condition characterized by resistance of end
organs to hormones that act by stimulating adenylyl
cyclase. A genetically determined defect is unlikely to be
state dependent, and our study (Mann et al 1990) of
depressed patients before and after receiving a course of
electroconvulsive therapy (ECT) found that ECT produced
a normalization of lymphocyte isoproterenol-stimulated
cyclic AMP levels. This finding argues '.against a genetic
defect in the G~ protein, unless somehow the consequences
of thiis genetic abnormality are corrected by ECT. Since
hypercortisolism in depressed patients is also corrected by
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ECT, this finding may be consistent with a role for cortisol
in modulating adenylyl cyclase activation.
We previously reported (Arango et al 1990; IV[ann et al
1986) that there is an increase in beta-adrenergic binding
in the prefrontal cortex of suicide victims. More recently,
we have found that this increase involves [32-adrenergic
receptors, whereas binding to [3~-adrenergic receptors in
the high-affinity conformation, which can be coupled to
adenylyl cyclase (Stiles et al 1984), was decreased. Psychological autopsy studies (Robins et al 1979) have found
that about half of all suicide victims suffered from an
affective disorder, raising the question as to whether the
decreased number of 13j-adrenergic receptors in the cerebral cortex reflects a biological correlate of depression or
suicide. In the study reported herein we found no relationship of signal transduction to number of suicide attempts
or a history of a recent suicide attempt, suggesting that the
changes in lymphocyte adenylyl cyclase-related signal
transduction are related to the depressive illness and are
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not a correlate of suicidal behavior. Ferrier et al (1986)
found no change in 3H-dihydroalprenolol binding to the
prefrontal cortex of depressed patients dying of causes
other than suicide, but did not distinguish between ~j and
[32 subtypes of receptors. Thus, it is not clear as to whether
changes found in the brain of depressed patients dying
from causes other than suicide with regard to betaadrenergic receptor binding or signal transduction are
related to findings in blood cells. Future studies, employing
brain imaging, neuroendocrine challenge techniques, and
postmortem brain analyses are needed to assess brain
beta-adrenergic receptor binding and in particular signal
transduction in major depression.
This work was partly supported by PHS grants MH37907, MI-I40695,
and MH46745.
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