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(16), and varenicline (17), have antidepressant-like effects 
in preclinical studies. However, mice lacking the b2 nAChR 
subunit are insensitive to the antidepressant-like effects of 
mecamylamine (15) and amitriptyline (18). This suggests 
that b2-subunit-containing (b2*) nAChRs may be impor-
tant for the antidepressant-like effect in preclinical mod-
els of depression. In addition to nicotine (19, 20), nAChR 
modulators have been used successfully in clinical trials. 
Mecamylamine (21), the S-enantiomer of mecamylamine 
(http://clinicaltrials.gov/ct2/show/NCT00593879), and var-
en i cline (22) have been shown to have antidepressant ef-
fects in depression.

The development and use of [123I]5-I-A-85380 ([123I]-5-
iodo-3-[2(S)-2-azetidinylmethoxy] pyridine) as a radio-
ligand in single photon emission computed tomography 
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B ac k g ro und : 	 Modulation	 of	 nicotinic	
acetylcholine	 receptors	 (nAChRs),	 spe-
cifically	 those	 containing	 the	 b2	 subunit,	
may	be	effective	in	treating	patients	w ith	
major	 depressive	 disorder.	 Using	 [123I]5-
I-A-85380	 single	 photon	 em ission	 com -
puted	 tomography	 (SPECT),	 the	 authors	
studied	the	availability	of	b2-subunit-con-
taining	nAChRs	(b2*-nAChRs)	in	depressed	
patients.	To	understand	its	molecular	ba-
sis,	 the	 authors	 also	 studied	 b2*-nAChR	
binding	 in	 postmortem 	 brain	 samples	
from 	depressed	subjects.

M e tho d : 	 The	participants	were	23	med-
ication-free,	 nonsmoking	 subjects	 w ith	
fam ilial,	 early-onset	 depression	 (eight	
acutely	 ill	 and	 15	 recovered)	 and	 23	
age-	 and	 gender-matched	 nonsmoking	
comparison	 subjects.	 Each	 received	 one	
[123I]5-I-A-85380	 SPECT	 scan	 and	 an	 MRI	

scan.	 The	 availability	 of	 b2*-nAChRs	 was	
quantified	 as	 VT/fP.	 Postmortem 	 analy-
sis	 of	 b2*-nAChR	 binding	 was	 conducted	
w ith	[123I]5-I-A-85380	on	prefrontal	cortex	
samples	 from 	14	depressed	 subjects	 and	
14	age-matched	comparison	subjects.

R e su lts : 	 The	 b2*-nAChR	 availability	 in	
both	 the	 acutely	 ill	 and	 recovered	 de-
pressed	 subjects	 was	 significantly	 lower	
across	all	brain	regions	than	in	the	respec-
tive	comparison	subjects,	and	it	was	low-
er	in	the	acutely	ill	subjects	than	in	those	
who	 were	 recovered.	 In	 the	 depressed	
patients,	 b2*-nAChR	 availability	 was	 sig-
nificantly	correlated	w ith	lifetime	number	
of	depressive	episodes,	trauma	score,	and	
anxiety	 score.	 There	 were	 no	 differences	
in	b2*-nAChR	number	between	groups	 in	
the	postmortem 	study.

Co n c lu s io n s : 	 Depressed	 patients	 have	
lower	 b2*-nAChR	 availability	 than	 do	
healthy	subjects.	The	difference	between	
b2*-nAChR	availability	in	vivo	and	in	post-
mortem 	 samples	 may	 be	 analogous	 to	
data	w ith	 dopam inergic	 PET	 ligands	 and	
dopam ine	 receptor	 availability;	 lower	
receptor	 availability	 for	 the	 SPECT	 ligand	
could	 be	 caused	 by	 greater	 endogenous	
acetylcholine.

Converging lines of evidence suggest that the cholin-
ergic system may be a target for the development of novel 
molecular approaches for the treatment of depression (1). 
First, cholinergic hyperactivity plays a role in the patho-
physiology of depression (2–4) and can exacerbate depres-
sion-like symptoms in patients and comparison subjects 
(4–6). Second, tobacco dependence is highly prevalent in 
patients with major depressive disorder (7), and depressed 
patients have a high prevalence of smokers (8–10). Popu-
lation-based studies show that smokers are twice as likely 
as nonsmokers to have a lifetime history of major depres-
sion (11–13). Furthermore, nicotine binds to neuronal nic-
otinic acetylcholine receptors (nAChRs), and partial ago-
nists and antagonists of nAChRs, including nicotine (14), 
mecamylamine and dihydro-b-erythroidine (15), cytisine 
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before age 25 years, 2) a lifetime history of at least two major de-
pressive episodes, and 3) at least one first-degree relative with a 
reported history of major depressive disorder or an axis I disorder.

The depressed subjects had been medication-free for at least 3 
months, and the acutely ill subjects scored above 16 on the HAM-
D. Subjects were classified as recovered from major depression on 
the basis of four criteria: self-reported euthymia for more than 4 
months following the last episode of major depression, clinician-
rated euthymia for more than 4 months according to a clinical 
interview, absence of criteria for a major depressive episode for 
more than 4 months as judged with the SCID-I, and a HAM-D 
score of less than 8. Comparison nonsmoking subjects were in-
cluded in the study only if they had no lifetime history or family 
history (in a first-degree relative) of any axis I or axis II disorder as 
judged with the SCID-I.

None of the subjects recruited had smoked for at least 6 
months, and 14 of the depressed subjects (six acutely ill and eight 
recovered) reported no lifetime history of smoking. Nonsmoking 
status was confirmed by a plasma cotinine level less than 15 ng/
ml, a urine cotinine level less than 100 ng/ml (confirmed by us-
ing a dipstick urine test on the day of the scan), and exhaled car-
bon monoxide level less than 11 ppm on the day of intake and on 
the day of the scan. Subjects were excluded if they had a positive 
pregnancy test on the day of the SPECT scan or prior radiation 
exposure within the past year such that participation in this study 
would place them over the U.S. Food and Drug Administration 
(FDA) limit for annual radiation exposure.

This study was approved by the Yale University School of Medi-
cine Human Investigation Committee and the Radiation Safety 
Committee. After complete description of the study to the sub-
jects, written informed consent was obtained. The use of the ra-
diotracer [123I]5-I-A-85380 was approved by the FDA.

im ag in g . Each subject had one [123I]5-I-A-85380 SPECT scan 
and one magnetic resonance imaging (MRI) scan. MRI was per-
formed on a Signa 1.5-T system (General Electric, Milwaukee, 
Wis.) as described previously (38). SPECT imaging was conducted 
as described previously (39). In brief, [123I]5-I-A-85380 was ad-
ministered by using a bolus plus constant infusion at a ratio of 
7.0 hours (i.e., with a bolus worth 7 hours of infusion) for 8 hours. 
There were no significant differences in the total injected dose, 
bolus dose, infusion dose, or bolus-to-infusion ratio between 
the depressed and comparison groups (Table 1). Three 30-min-
ute emission scans and one 15-minute simultaneous transmis-
sion and emission protocol (STEP) scan were obtained between 
6 and 8 hours of the infusion on a Picker PRISM 3000 XP SPECT 
camera (Picker, Cleveland). Plasma samples were collected in the 
middle of the second scan to quantify the total amount of par-
ent tracer and the free fraction (fp) in plasma (40) and to correct 
for individual differences in metabolism and protein binding of 
[123I]5-I-A-85380 (41). A 57Co-distributed source was measured 
with each experiment to control for day-to-day variation in cam-
era sensitivity.

im age  ana ly s is  and  o u tcom e  m easu re s . SPECT emission 
images were analyzed as described previously (25). Specifically, 
SPECT emission images were reconstructed by using a filtered-
back projection algorithm with a ramp filter on a 128×128 ma-
trix to obtain 50 slices with a pixel size of 2.06×2.06×3.56 mm in 
the x, y, and z axes. A three-dimensional Butterworth filter (or-
der 10, cutoff frequency 0.24 cycle/pixel) was applied post hoc. A 
coregistered magnetic resonance (MR) image was used to guide 
the placement of standard two-dimensional region-of-interest 
templates by means of MEDx software (Medical Numerics, Ger-
mantown, Md.). A three-dimensional volume of interest was gen-
erated for each region and transferred to the coregistered SPECT 
image to determine regional radioactive densities. The chosen re-
gions were those known to contain b2*-nAChRs and included the 

(SPECT) to quantify b2*-nAChRs in vivo in the human 
brain now allow unparalleled access to this system in 
vivo (23–25). The objective of our study was to determine 
whether there is a core dysfunction in the b2*-nAChR sys-
tem in depression, as assessed by using SPECT and the se-
lective b2*-nAChR radioligand [123I]5-I-A-85380. We chose 
to study subjects who were fully recovered from major de-
pression in order to avoid the confounding effects of acute 
illness or antidepressant treatment (26). We hypothesized 
that patients with major depressive disorder would have 
lower b2*-nAChR availability than healthy comparison 
subjects.

As in radioligand-based studies of dopamine in hu-
mans, it is critically important to note that changes in 
receptor availability in vivo could be due to a change in 
receptor number or a change in receptor occupancy. It 
has been shown previously in nonhuman primates that 
elevated acetylcholine levels induced by a high dose of in-
travenous physostigmine, an acetylcholinesterase inhibi-
tor, can compete effectively in vivo with [123I]5-I-A-85380 
binding at b2*-nAChRs (27). Therefore, lower binding of 
[123I]5-I-A-85380 to the b2*-nAChR could reflect one of two 
processes: an actual, absolute change in the number of re-
ceptors or a change in synaptic acetylcholine levels, such 
that an increased amount of acetylcholine would prevent 
the radioligand from binding to the receptor, resulting in 
low binding of the radioligand.

We also quantified b2*-nAChR availability in post-
mortem samples of brains from depressed patients and 
healthy comparison subjects. In the absence of endog-
enous acetylcholine, b2*-nAChR availability in the post-
mortem human samples would help interpret the precise 
mechanism of potential binding abnormalities observed 
with [123I]5-I-A-85380 in humans.

M ethod

SPECT  S tudy

P ar tic ip an ts . Each prospective subject had an interview with an 
experienced psychiatrist, who elicited a complete psychiatric and 
medical history and conducted a Structured Clinical Interview for 
DSM-IV Disorders (SCID-I) (28), standardized psychiatric assess-
ments, and a physical examination. Routine blood tests, a preg-
nancy test, urine toxicology, and ECG were also performed. In ad-
dition, the participants were given the Beck Depression Inventory 
(BDI) (29), the Center for Epidemiologic Studies Depression Scale 
(CES-D Scale) (30), the Spielberger State-Trait Anxiety Inventory 
(31), the NEO Personality Inventory–Revised (32), the Childhood 
Trauma Questionnaire (33), and the 21-item Hamilton Depres-
sion Rating Scale item (HAM-D) (34).

The study participants were 23 nonsmoking, medication-free 
subjects with recurrent major depressive disorder and 23 age- and 
gender-matched healthy comparison subjects. Eight of the sub-
jects with major depression were acutely ill, and 15 were fully re-
covered. Subjects with any other significant axis I diagnosis were 
excluded from the study, and only those with a primary diagnosis 
of major depressive disorder were included. In accordance with 
previous studies of depressed subjects (35–37), all of those in the 
current study had 1) an onset of the first major depressive episode 
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Sta tistica l A na ly sis

All data were analyzed by using SAS version 9.1 (SAS Institute, 
Cary, N.C.). Before analysis, the data were examined descriptively 
and tested for normality by using normal probability plots and 
Kolmogorov test statistics. All data were approximately normal. 
Receptor binding data were analyzed by means of linear mixed 
models. These models included region as a within-subjects fac-
tor, diagnostic group (acutely depressed, recovered depressed, 
and respective comparison subjects) as a between-subjects fac-
tor, and the interaction between group and region. On the basis of 
the Bayesian information criterion, the best-fitting variance-co-
variance structure was compound symmetry with heterogeneous 
variance—i.e., a constant correlation between regions and region-
specific variances are estimated. Significant interactions were 
explained by appropriate post hoc tests and graphical displays. 
Post hoc tests were adjusted for the 11 regional comparisons by 
using the Bonferroni correction (i.e., a two-sided alpha of 0.0045 
was used as the threshold). An omnibus model including the four 
diagnostic groups was first developed. After a significant group-
by-region interaction was confirmed, separate models were de-
veloped for 1) all depressed patients versus all comparison sub-
jects, 2) acutely ill patients versus respective comparison subjects, 
3) recovered patients versus respective comparison subjects, and 
4) acutely ill versus recovered depressed patients. Inclusion of age 
and gender as covariates did not alter the results, and they were 
therefore dropped from the analysis. Potential associations be-
tween binding potential and crucial clinical variables of interest 
were assessed by using correlation analysis. In order to control for 
multiple correlations, the correlations of clinical and personality 
variables with binding data were reported only where significant 
correlations were observed consistently in a region. Postmortem 
data were analyzed by using analysis of variance (ANOVA), and 
correlations were analyzed by using appropriate correlation co-
efficients. For these data, each cell was an average of three mea-
surements performed for each brain region for each patient. The 
data were then analyzed by ANOVA with group (comparison or 
depressed) as a between-subjects factor and brain region (gray or 
white matter) as a within-subjects factor. Alpha was set at 5%.

Re su lts

SPECT  S tudy

Sub je c t ch a ra c te r is tic s . Clinical and demographic char-
acteristics of the participants in each group are shown in 
Table 2; the groups were well matched on most variables 

frontal, parietal, anterior cingulate, temporal, and occipital re-
gions, the thalamus, the striatum (an average of caudate and pu-
tamen), the hippocampus, the amygdala, the brainstem, and the 
cerebellum. Regional [123I]5-I-A-85380 uptake was determined by 
VT/fp, where VT is the total volume of distribution and fp is the free 
plasma fraction. Each case was analyzed by two raters, and the 
mean of the two raters’ values was used. Interrater variability for 
VT/fp was less than 10% across all regions and was computed as 
the percentage difference between the two raters by means of the 
following equation: [(VT/fp1 / VT/fp2)–1]×100=% difference.

Voxe l-Ba sed  M o rphom etric  A na ly sis

In order to study any volumetric differences, as previously re-
ported in patients with major depression (42, 43), a voxel-based 
morphometric analysis of the data was performed with SPM5 
(Wellcome Trust Centre for Neuroimaging, London). A detailed 
description of the steps involved in processing data for voxel-
based morphometry is available in the SPM5 manual (http://
www.fil.ion.ucl.ac.uk/spm/). Before preprocessing, the images 
were checked for movement artifacts and the origin of each im-
age was set at the anterior commissure. The images were seg-
mented, normalized, and smoothed simultaneously by means of 
a unified segmentation algorithm (44). In contrast to optimized 
voxel-based morphometry, which was used in SPM2 and in which 
these steps were completed sequentially, this study used the uni-
fied segmentation algorithm in SPM5 to simultaneously calculate 
image registration, tissue classification, and bias correction by 
using our participants’ structural MR images combined with the 
tissue probability maps provided in this version of SPM. Struc-
tural MR images were segmented into gray matter, white mat-
ter, and CSF. The segmented and modulated normalized images 
were smoothed with an 8-mm full-width-half-maximum filter. 
A two-sample t test was then used to delineate any significant 
differences in gray matter volume between the depressed and 
healthy comparison groups (N=23 each), between the recovered 
depressed and matched comparison groups (N=15 each), and 
between the acutely depressed and matched comparison groups 
(N=8 each) separately. Given the small number of subjects and 
the preliminary nature of this analysis, a threshold of p<0.05, un-
corrected, was used to view the results.

Po stm o rtem  Study

Human brain specimens from the prefrontal cortex of 14 de-
pressed subjects and 14 age-matched comparison subjects were 
obtained from the Dallas Brain Collection (45). Methods are de-
scribed in the data supplement accompanying the online version 
of this article.

TA Ble  1 . R ad io chem ica l M easu re s fo r [123 i]5 -i-A -8 5 380  SP eCT  im ag ing  o f  A cu te ly  ill and  Re cove red  Pa tien ts  W ith  M a jo r 
D ep re ssive  D iso rde r and  M a tched  H ea lthy  Com parison  Sub je c tsa

Acutely Ill 
Patients (N=8)

Comparison 
Subjects for Ill 
Patients (N=8)

Recovered 
Patients 
(N=15)

Comparison 
Subjects for 
Recovered 

Patients (N=15) ANOVA

Radioligand Measure Mean SD Mean SD Mean SD Mean SD F df p

Total parent level (kBq/mL) 0.37 0.07 0.34 0.17 0.28 0.10 0.38 0.01 5.1 3, 38 0.005
Free parent level (kBq/mL) 0.13 0.02 0.11 0.06 0.13 0.02 0.09 0.03 5.5 3, 38 0.003
Free fraction level (kBq/mL %) 34.1 3.2 31.7 3.4 35.4 3.0 33.1 4.8 1.1 3, 38 0.40
Total injected dose (MBq) 363.5 10.3 326.3 62.6 360.2 36.0 344.2 46.3 0.9 3, 42 0.48
Bolus dose (MBq) 157.7 7.1 148.1 26.6 157.4 15.7 149.3 20.7 0.8 3, 42 0.49
Infusion dose (MBq) 206.0 5.5 190.2 33.3 202.9 20.4 194.9 25.7 0.9 3, 42 0.45
Bolus-to-infusion ratio (hours)b 7.0 0.0 7.0 0.0 7.0 0.0 7.0 0.0 1.4 3, 42 0.26
a Matched on age and gender.
b Hours of infusion equivalent to bolus dose.
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TA Ble  2 . D em og raph ic  and  C lin ica l Charac te ristic s  o f  A cu te ly  ill and  Re cove red  Pa tien ts  W ith  M a jo r D ep re ssive  D iso rde r 
and  M a tched  H ea lthy  Com parison  Sub je c tsa

Characteristic
Acutely Ill 

Patients (N=8)

Comparison 
Subjects for Ill 
Patients (N=8)

Recovered 
Patients (N=15)

Comparison 
Subjects for 
Recovered 

Patients (N=15) Statistical Analysis

N % N % N % N % c2 df p
Male gender 3 37.5 3 37.5 3 20.0 3 20.0 1.7 3 0.65
Race 7.9 3 <0.05
 Caucasian 5 62.5 8 100.0 12 80.0 8 53.3
 Non-Caucasian 3 37.5 0 0.0 3 20.0 7 46.7
Past psychotropic medication use 0 0.0 0 0.0
 Serotonin reuptake inhibitor 5 62.5 12 80.0
 Serotonin-norepinephrine  

reuptake inhibitor 2 25.0 1 6.7
 Mood stabilizer 0 0.0 1 6.7
 Antipsychotic 0 0.0 1 6.7
 Anxiolytic 3 37.5 1 6.7
 None 3 37.5 2 13.3
Lifetime smoking history 2 25.0 0 0.0 8 53.3 1 6.7 15.1 6 0.02

Mean SD Mean SD Mean SD Mean SD F df p
Age (years) 36.3 13.8 37.3 15.5 32.5 10.6 31.8 11.0 0.51 3, 42 0.68
Age at onset (years) 17.7 4.9 18.0 4.6 0.02 1, 20 0.90
Lifetime number of depressive 
episodes 4.8b 3.8 4.9 6.2 0.01 1, 17 0.97

Duration of depression (weeks) 28b 17.9 50.6 87.6 0.21 1, 16 0.65
Duration of euthymia (months) 26.3 25.6
Center for Epidemiologic Studies 
Depression Scale score 29.1 5.8 2.3 3.3 4.7 5.9 3.3 3.6 53.7 3, 39 <0.001

Beck Depression Inventory score 20.4 4.2 2.0 2.3 2.7 4.8 1.1 1.7 28.4 3, 37 <0.001
NEO Personality Inventory–Revised 
score

 Neuroticism 111.5 17.5 — — 76.4 23.1 — — 11.1 1, 19 0.003
 Extraversion 89.0 19.3 — — 108.9 19.2 — — 4.6 1, 19 <0.05
 Openness to experience 125.8 15.7 — — 130.8 18.7 — — 0.3 1, 19 0.57
 Agreeableness 116.8 14.5 — — 132.1 19.7 — — 3.0 1, 19 0.10
 Conscientiousness 91.5 9.1 — — 123.9 26.2 — — 8.6 1, 19 0.009
Dysfunctional Attitude Scale score 163.4 49.9 — — 113.7 27.4 — — 9.7 1, 21 0.005
Childhood Trauma Questionnaire 
scores

 Total 4.9 3.3 — — 2.1 2.3 — — 5.7 1, 21 0.03
 Emotional abuse 1.4 1.1 — — 0.6 0.7 — — 3.6 1, 20 0.07
 Physical abuse 0.6 1.2 — — 0.4 0.9 — — 0.2 1, 20 0.67
 Sexual abuse 0.8 1.4 — — 0.2 0.8 — — 1.5 1, 20 0.26
 Emotional neglect 1.4 0.9 — — 0.9 1.1 — — 1.4 1, 20 0.27
 Physical neglect 0.8 1.2 — — 0.1 0.3 — — 4.5 1, 20 <0.05
Spielberger State-Trait Anxiety 
Inventory scores

 State anxietyc 53.6 3.2 23.0 4.2 28.3 7.4 24.2 7.4 28.0 3, 21 <0.001
 Trait anxietyd 56.4 6.4 24.0 5.7 32.5 8.8 24.8 4.8 19.4 3, 21 <0.001
Carbon monoxide level on scan 
day (ppm) 2.0 1.6 1.4 1.9 1.0 1.4 2.2 2.1 1.3 3, 42 0.28

a Matched on age and gender.
b Subjects with episodic illness were included.
c Scores of the comparison subjects for the acutely ill group are based on only two subjects. Scores of the comparison subjects for the recov-

ered group are based on six subjects.
d Scores are based on five acutely ill patients and two of their respective comparison subjects and on 12 recovered patients and six of their 

respective comparison subjects.
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In the comparison of the recovered depressed patients 
and their matched comparison subjects, there was also 
a significant group effect (F=7.9, df=1, 28, p=0.009) and 
group-by-region interaction (F=2.0, df=10, 280, p=0.03). 
Post hoc comparisons showed lower b2*-nAChR avail-
ability among patients than among comparison subjects 
in the frontal cortex (adjusted p=0.03), anterior cingulate 
(adjusted p=0.04), and thalamus (adjusted p=0.008).

When we compared the acutely ill and recovered de-
pression patients, we found a significant overall group 
effect (F=10.0, df=1, 21, p=0.005), with lower overall b2*-
nAChR availability in the acutely depressed patients than 
in those who were recovered. However, the interaction be-
tween group and region was not significant (F=1.3, df=10, 
210, p=0.21).

Co rre la tio n  o f b2*-n A ChR  av a ilab ilit y  w ith  c lin ic a l fe a -

tu re s . The analysis of lifetime number of episodes includ-
ed 19 patients (four acutely ill, 15 recovered). There was a 
significant positive correlation between lifetime number 
of episodes and b2*-nAChR availability in the temporal 
cortex (r=0.46, p<0.05), occipital cortex (r=0.48, p=0.04), 
and striatum (r=0.49, p=0.04). This was also observed in 
the recovered group alone (N=15) in the temporal cortex 
(r=0.54, p=0.04), occipital cortex (r=0.56, p=0.03), thala-
mus (r=0.54, p=0.04), and striatum (r=0.58, p=0.03).

In the patients with acute depression but not the re-
covered group, the scores on the total Childhood Trauma 
Questionnaire and its emotional abuse subscale were 
negatively correlated with receptor availability in all re-
gions of interest studied except the amygdala. The score 

studied, although there were significant differences in 
ethnicity and lifetime smoking history among the groups. 
Consistent with the acute nature of their illness, the sub-
jects in the acute depression group had significantly high-
er scores on the CES-D scale, the BDI, the NEO Personality 
Inventory neuroticism subscale, the Childhood Trauma 
Questionnaire total scale and physical neglect subscale, 
and the Spielberger State-Trait Anxiety Inventory and sig-
nificantly lower scores on the NEO Personality Inventory 
conscientiousness subscale than the subjects recovered 
from major depression.

b2*-n A ChR  av a ilab ilit y  in  m a jo r d ep re ss ive  d iso rd e r. The 
radiochemical blood measures are shown in Table 1. Fig-
ure 1 presents b2*-nAChR availability by region. The re-
sults of the omnibus model including all four diagnostic 
groups revealed a significant effect of group (F=8.7, df=3, 
42, p<0.0001) and a significant group-by-region interac-
tion (F=1.8, df=30, 420, p=0.006). Given the significant 
interaction, we chose to disentangle the group-by-region 
differences by developing independent models including 
two groups at a time.

In the comparison of acutely depressed patients and 
their comparison subjects, there was a significant main 
effect of group (F=15.8, df=1, 14, p=0.002) and a significant 
interaction between group and region (F=2.5, df=10, 140, 
p=0.008). Post hoc comparisons revealed lower b2*-nAChR 
availability in the acutely ill depressed subjects than in the 
healthy comparison subjects in nine of the 11 regions of 
interest examined (for all regions except the hippocampus 
and amygdala, adjusted p<0.007).
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the cholinergic hypothesis of depression (4). Finally, we 
found that the lower b2*-nAChR availability in depressed 
patients had functional effects in that it was related to 
critical personality measures.

Use  o f  [123 I]5 -I-A -8 5380  to  Q uan tify  b2*-nAChR  
Ava ilab ility

Our data demonstrate a persistent enduring deficit in 
cortical and subcortical b2*-nAChR availability in subjects 
with major depressive disorder. As the acutely ill patients 
had significantly lower b2*-nAChR availability than the re-
covered subjects in most regions, it is possible that acetyl-
choline levels recover somewhat in patients with remitted 
depression. The continued significantly lower b2*-nAChR 
availability in fully recovered, euthymic medication-free 
subjects with depression suggests that the changes in 
depression are not an epiphenomenon of treatment or 
illness but may be associated with trait vulnerability to 
depression, as demonstrated by us previously for other 
targets (26, 46, 47). nAChRs have a ubiquitous role in the 
modulation of multiple neurotransmitter systems consid-
ered crucial in the pathophysiology of depression, such as 
serotonin, noradrenaline, glutamate, and GABA (48), and 
the observed dysfunction may reflect a cause or effect of 
dysfunction in these other systems. Finally, there were 
no differences in brain volume between the patients and 
comparison subjects, suggesting that brain atrophy could 
not account for differences in receptor availability in this 
study group.

Po stm o rtem  Stud ie s

As described in the preceding, the lower binding of the 
SPECT radioligand [123I]5-I-A-85380 to b2*-nAChRs could 
reflect an actual, absolute abnormality in the number of 
receptors or it could reflect a difference in synaptic ace-
tylcholine levels, with a greater amount of acetylcholine 
preventing the radioligand from binding to the receptor 
(27). Consistent with the latter possibility, the postmor-
tem samples showed no difference in receptor number 
between the depressed patients and either comparison 
group. These results, together with the nonhuman pri-
mate study (27), suggest that when b2*-nAChR availability 
is measured in the absence of bound endogenous acetyl-
choline, there is no evidence of an abnormality in receptor 
number.

Func tio na l Con sequence s o f  Low e r b2*-nAChR  
Ava ilab ility

We observed a significant positive correlation between 
the number of depressive episodes and b2*-nAChR avail-
ability in the combined depressed group and in the re-
covered patients. If we assume that the lower b2*-nAChR 
availability represents higher extracellular acetylcholine 
levels, the correlation implies that the greater the number 
of episodes, the greater the amount of extracellular acetyl-
choline. Studies suggest that tobacco smokers have higher 
b2*-nAChR availability than do nonsmokers in nonpsy-

on the trait subscale of the Spielberger State-Trait Anxiety 
Inventory was negatively correlated with receptor avail-
ability in the anterior cingulate (r=–0.65, p=0.03), tem-
poral (r=–0.64, p=0.03), and occipital (r=–0.65, p=0.03) 
regions and showed a nearly significant correlation in the 
striatum (r=–0.51, p=0.09) in the recovered group but not 
in the acutely ill patients. The score on the NEO Personal-
ity Inventory conscientiousness subscale was significantly 
correlated with receptor availability in all regions of inter-
est studied except the amygdala and brainstem (which 
showed a nearly significant correlation) in the acutely ill 
group but not the recovered group.

The relationship between a history of past cigarette 
smoking and b2*-nAChR availability could not be studied 
because of the small and unbalanced number of subjects 
with a past history of cigarette smoking.

Voxe l-Ba sed  M o rphom etric  A na ly sis

An SPM analysis of brain volumes of all depressed pa-
tients in relation to all comparison subjects showed no sig-
nificant differences in volume, even at the relatively gener-
ous threshold used in the analysis. Similarly, there were no 
significant differences in volume between the acutely ill 
depressed subjects and their respective comparison sub-
jects, between the recovered depressed subjects and their 
respective comparison subjects, or between the acutely ill 
and recovered depressed subjects.

Po stm o rtem  Study

Demographic data for the patients with a diagnosis of 
major depressive disorder and the matched comparison 
subjects and the results of [125I]5-I-A-85380 equilibrium 
binding in postmortem brain tissue are provided in the 
data supplement accompanying the online version of this 
article. There were no statistically significant differences 
in b2*-nAChR number between the depressed patients 
and the healthy comparison subjects. Both the main ef-
fect of group (F=0.46, df=1, 23, p=0.52) and the interaction 
of region and group (F=0.23, df=1, 46, p=0.78) were non-
significant.

D iscu ssion

This multimodal analysis of b2*-nAChR availability 
shows that major depressive disorder is associated with 
significant dysfunction in the cholinergic system. From 
the in vivo data, we observed that acutely ill and recovered 
patients with major depression had significantly lower 
b2*-nAChR availability than age- and gender-matched 
comparison subjects. Crucially, there were no differences 
in b2*-nAChR number between the postmortem samples 
of depressed and comparison subjects under conditions 
that washed out any endogenous bound acetylcholine. 
This suggests that the lower b2*-nAChR availability in vivo 
is likely better explained by high levels of extracellular ace-
tylcholine in patients with major depression than by a low 
total number of receptors. This would be consistent with 
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