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Suicide and depression are associated with reduced 
serotonergic neurotransmission. In suicides, there is a 
reduction in serotonin transporter (SERT) sites and an 
increase in postsynaptic 5-HT

 

1A

 

 receptors in localized 
regions of the prefrontal cortex. In depression, there is a 
diffuse decrease in SERT binding throughout the 
dorsoventral extent of the prefrontal cortex. Serotonergic 
innervation of the prefrontal cortex arises predominantly 
from neurons in the brainstem dorsal raphe nucleus (DRN). 
We, therefore, examined postmortem SERT binding and 
mRNA expression, as well as 5-HT

 

1A

 

 autoreceptor binding 
in the DRN of 10 matched pairs of controls and depressed 
suicide victims. The concentration of SERT sites, SERT 
mRNA, and 5-HT

 

1A

 

 binding was not different between 
controls and suicides (

 

p

 

 

 

�

 

 .05). In the DRN of suicides, the 
volume of tissue defined by 5-HT

 

1A

 

 binding was 40% 

smaller than controls. An index of the total number of 
5-HT

 

1A

 

 receptors (receptor binding 

 

�

 

 volume of receptor 
distribution) was 43.3% lower in the DRN of suicides, 
compared with controls. The suicide group had 54% fewer 
DRN neurons expressing SERT mRNA compared with 
controls. In the serotonin neurons that expressed the SERT 
gene, expression per neuron was greater in suicides. Less 
total 5-HT

 

1A

 

 and SERT binding is consistent with results of 
in vivo studies in depression. Less feedback inhibition of 
serotonin DRN firing via 5-HT

 

1A

 

 autoreceptors and 
enhancement of serotonin action due to less uptake of 
serotonin, is consistent with compensatory changes in 
response to hypofunction in depressed suicides.
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Reduced serotonergic function in the brain of suicide
victims is suggested based on findings of lower brain-
stem levels of serotonin (5-HT) and 5-hydroxyin-
doleacetic acid (5-HIAA), as well as fewer serotonin
transporter (SERT) binding sites and more post-synap-
tic 5-HT

 

1A

 

 receptors in prefrontal cortex in suicide vic-
tims (see Mann et al. 2000 for review). In suicide vic-
tims, the changes in SERT and 5-HT

 

1A

 

 binding are
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localized to the ventral PFC (Arango et al. 1995), an area
involved in behavioral inhibition (Damasio et al. 1994)
and, therefore, the potential location of a diathesis for
suicidal behavior.

Studies in depressed suicide attempters compared to
psychiatric controls have found lower cerebrospinal
levels of 5-HIAA (Mann and Malone 1997). 

 

In vivo

 

 stud-
ies have employed pharmacological challenges that ac-
tivate brain serotonin receptors invoking release of pro-
lactin that can be measured in the blood (Mann et al.
1995; Malone et al. 1996) or a change in regional glucose
metabolism in the brain that can be measured by
positron emission tomography (Malone et al. 2000). Re-
sults of these studies indicate blunted responses to 5-HT
and support the notion of serotonin deficiency in de-
pressed suicidal patients. Importantly, the relationship
of serotonin hypofunction to suicidal acts is indepen-
dent of psychiatric diagnosis (Mann et al. 1989; Stanley
et al. 2000; Coccaro et al. 1989).

The most widely reported serotonergic abnormality
in major depression involves fewer platelet serotonin
transporter sites (Owens and Nemeroff 1994). 

 

In vivo

 

imaging (Malison et al. 1998; Willeit et al. 2000) and
postmortem brain studies (Perry et al. 1983; Arango et
al. 1995; Mann et al. 2000) conducted in depressed pa-
tients suggest that less SERT binding is more wide-
spread in the brain compared with suicides, and in-
cludes the brainstem. One potential cause for fewer
SERT sites, in the prefrontal cortex and elsewhere,
would be a reduction in SERT gene expression. SERT
mRNA is expressed in 5-HT neurons in the brainstem.

We previously reported (Austin et al. 1994) the first
anatomical visualization of human brain serotonin
transporter gene expression and described the localiza-
tion of the SERT mRNA to the serotonergic neurons of
the dorsal raphe nucleus (DRN) and median raphe nu-
cleus (MRN). In rodents, non-human primates, and pre-
sumably humans, it is the dorsal and median raphe nu-
clei that provide the serotonergic innervation of the
entire forebrain (Wilson and Molliver 1991a,b; Bobillier
et al. 1975, 1976; Sakai et al. 1977).

In the DRN, the 5-HT

 

1A

 

 receptor is a somatodendritic
inhibitory autoreceptor on 5-HT neurons (Vergé et al.
1985; Middlemiss and Fozard 1983). 5-HT released lo-
cally acts on the autoreceptor to inhibit further release of
the 5-HT transmitter (Wang and Aghajanian 1977). Al-
tered autoinhibition at the 5-HT

 

1A

 

 receptor in the brain-
stem raphe nuclei might be a mechanism that contributes
to reduced serotonergic neurotransmission in prefrontal
cortex in suicide and depression (Stockmeier et al. 1998).

 

In vivo

 

 studies report lower brainstem 5-HT

 

1A

 

 binding in
depression (Drevets et al. 1999; Sargent et al. 2000), an ef-
fect that would tend to enhance serotonergic activity and
potentially a homeostatic mechanism.

We sought to determine in 10 matched pairs of con-
trols and depressed suicide victims whether: 1) SERT

binding is reduced in the dorsal raphe nucleus; 2) alter-
ations in SERT sites are associated with altered expres-
sion of SERT mRNA; and 3) 5-HT

 

1A

 

 autoreceptor bind-
ing is altered in the DRN. We have presented parts of
these data in abstract form (Kassir et al. 1998).

 

METHODS

Subjects

 

Tissue was provided by the Allegheny County Coroner
(Pennsylvania) or New York City Medical Examiner of-
fices in accordance with city or county regulations and
the Institutional Review Boards for Biomedical Re-
search of the New York State Psychiatric Institute or the
University of Pittsburgh approved the protocol. All
cases died suddenly and had a postmortem delay of
less than 24 hours. When required, next of kin con-
sented to tissue collection and review of relevant
records. With informed consent, at least one informant
per case agreed to an interview for the purpose of a
psychological autopsy, which was performed accord-
ing to our previously reported method (Kelly and
Mann 1996). Further details about the psychological au-
topsy procedure can be found in a recent publication
(Mann et al. 2000).

Brains were collected at autopsy. The mesencepha-
lon was detached from the diencephalon by a trans-
verse cut rostral to the superior colliculi. A block ap-
proximately 1 inch in length, to the middle cerebellar
pedunculi, was taken, flash-frozen in Freon (

 

�

 

20

 

�

 

C)
and stored at 

 

�

 

80

 

�

 

C until sectioning. Samples from the
left cerebral hemisphere were fixed for neuropathologi-
cal examination. Individuals with a history of cerebral
trauma, central nervous system disease, chronic alco-
holism, illicit or therapeutic drug use, or AIDS were ex-
cluded. Body fluids (blood, bile, aqueous humor, and
urine) were used for toxicological screening for cocaine,
opiates, alcohol, antidepressants, and other acidic and
basic drugs.

Frozen sections (20 

 

�

 

m, 

 

n

 

 

 

�

 

 700–1100) were serially
cut in a cryostat (Hacker Bright) and thaw-mounted
onto 2” 

 

�

 

 3”, acid-cleaned, gelatin-subbed glass slides.
An intercalating set (every 200 

 

�

 

m) was stained for
Nissl substance. Tissue sections were desiccated and
stored in sealed boxes (at 

 

�

 

20

 

�

 

C for 24 h, and 

 

�

 

80

 

�

 

C
thereafter). The brain samples were coded and assayed
by personnel blind to the cause of death. In order to en-
sure the integrity of the tissue for the 

 

in situ

 

 hybridiza-
tion studies, we measured pH in the cerebellum as de-
scribed by Harrison et al. (1995).

All the control subjects were psychiatrically normal.
They were chosen as controls if they did not meet crite-
ria for any Axis I diagnosis during their lifetime. Except
for one control case and one suicide, all subjects had
negative toxicological screens (Table 1). None of the
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suicides or controls met criteria for substance abuse
during their lifetimes. It is notable that none of the de-
pressed suicides had a psychotropic medication de-
tected, consistent with previous reports that few sui-
cides with major depression are taking antidepressants
at the time of death (Isometsä et al. 1994). We did not
take note of treatment history and assessed drug status
purely on the basis of toxicology screens. Subjects were
considered depressed if they had a diagnosis of major
depression during their lifetime.

Subjects were matched in pairs for age (C: 45 

 

�

 

 19
yrs vs. S: 44 

 

�

 

 18 yrs), sex (C: six males: four females vs.
S: six males: four females) and PMI (C: 12.7 

 

�

 

 4.9 vs. S:
15.8 

 

�

 

 7.7 h). Pair 1 was excluded from the 

 

in situ

 

 hy-
bridization grain counting study because of a technical
problem with the emulsion dipping.

 

Brainstem

 

We examined brainstem sections containing the DRN
and MRN in suicide victims (

 

n

 

 

 

�

 

 10) and normal con-
trols (

 

n

 

 

 

�

 

 10). Four sets of sections every mm were col-
lected and assayed for: SERT mRNA by 

 

in situ

 

 hybrid-
ization (two slides), SERT sites (two slides), and 5-HT

 

1A

 

receptors (two slides) by quantitative receptor autorad-
iography (Figure 1), and stained for Nissl (one slide) for
identification of neuronal elements using thionin.

Each slide used for receptor autoradiography was
also stained with thionin and slides used for 

 

in situ

 

 hy-
bridization were lightly stained with hematoxylin and

eosin (H & E) to identify cellular elements without ob-
scuring silver grains produced following emulsion dip-
ping and development (Figure 2). The deep blue stain-
ing of rough endoplasmic reticulum, nucleoli and
endothelial cell nuclei by thionin produces stained pro-
files that are problematic for the image analysis system
to distinguish from silver grains.

 

Quantitative Receptor Autoradiography of 
[

 

3

 

H]Cyanoimipramine to the Serotonin 
Transporter (SERT) and [

 

3

 

H]8-OH-DPAT
to the 5-HT

 

1A

 

 Autoreceptor

 

Quantitative autoradiography of SERT sites was per-
formed as previously described (Arango et al. 1995).
Tissue sections were brought to room temperature in a
vacuum-desiccator. After a 30-min preincubation (50
mM Tris-HCl [pH 7.4], 120mM NaCl, 5mM KCl) at
20

 

�

 

C, sections were incubated in same buffer with 0.4
nM [

 

3

 

H]-cyanoimipramine (CN-IMI, 80 Ci/mmol;
American Radiolabeled Chemicals) and 30 

 

�

 

M phenyl
methyl sulfonyl fluoride for 20 h at 4

 

�

 

C. Nonspecific
binding was defined with 10 

 

�

 

M sertraline.
Sections were washed in incubation buffer for 60 min

at 4

 

�

 

C. Autoradiography of 5-HT

 

1A

 

 sites was performed
as previously described (Arango et al. 1995). Tissue sec-
tions were preincubated (30 min, 22

 

�

 

C) in 170mM Tris-
HCl containing 4 mM CaCl

 

2

 

 and 138 mM sucrose (pH
7.6). Incubations were carried out in the same buffer
containing 2 nM [

 

3

 

H]8OH-DPAT and 0.01% ascorbic

 

Table 1.

 

Demographics, Diagnoses, and Toxicology of Subjects in Study

 

Pair No. Class Age, y Sex Race PMI, h MDE Toxicology Ethanol Axis I Dx Axis II Dx

 

Pair 1 C 66 Male Caucasian 19 No None 0 None None
Pair 1 S 63 Male Hispanic 17 No None 0 None Schizotypal 

personality
disorder

Pair 2 C 30 Female African American 8 No None 0 None None
Pair 2 S 26 Female Hispanic 18 No None 0 Schizoaffective, 

depressed phase
None

Pair 3 C 40 Female Caucasian 6.5 No None 0 None None
Pair 3 S 34 Female Caucasian 12.5 Yes None 0 MDD None
Pair 4 C 27 Female Caucasian 15 No None 0 None None
Pair 4 S 28 Female Caucasian 19 Yes None 0 MDD, bulimia None
Pair 5 C 51 Male Hispanic 7.5 No None 0 None None
Pair 5 S 66 Male Caucasian 11 Yes None 0 MDD None
Pair 6 C 29 Female Caucasian 16.5 No None 0 None None
Pair 6 S 29 Female Asian 4 Yes None 0 MDD None
Pair 7 C 36 Male Caucasian 14 No Carbon monoxide 0 None None
Pair 7 S 31 Male Caucasian 6 Yes Opiates 0 MDD None
Pair 8 C 53 Male Caucasian 18.5 No None 0 None None
Pair 8 S 50 Male Hispanic 30 Yes None 0 MDD None
Pair 9 C 37 Male African American 15 No None 0 None None
Pair 9 S 40 Male Caucasian 20 Yes Analgesic 0 MDD None
Pair 10 C 85 Male Caucasian 7 No None 0 None None
Pair 10 S 74 Male Caucasian 21 Yes Opiates, analgesics 0 MDD None

 

Abbreviations: C, control; S, suicide; PMI, postmortem interval; MDD, major depressive disorder.
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acid at 22

 

�

 

C for 60 min. Parallel incubations containing
1 

 

�

 

M 5-HT (oxalate salt) defined nonspecific binding,
which was less than 10% of total binding. Sertraline
(100 nM) was added to incubations in order to mask
binding to serotonin uptake sites. The addition of ser-
traline at this concentration did not affect binding to
5-HT

 

1A

 

 sites. Sections were washed for 10 min (2 

 

�

 

 5
min) in Tris-HCl buffer at 4

 

�

 

C and then, briefly, dipped
in water, dried, and transferred to a vacuum desiccator
until exposure.

Dried slides were arranged in x-ray film cassettes
and exposed to tritium-sensitive film (Hyperfilm; Am-
ersham, Uppsala, Sweden) for four weeks ([

 

3

 

H]-CN-
IMI) or two weeks ([

 

3

 

H]8-OH-DPAT) with slide-
mounted tritium standards (American Radiolabeled
Chemicals). The films were developed with D-19 (East-
man Kodak, Rochester, NY) for 4 min at 16

 

�

 

C, rinsed
briefly, and fixed (Kodak Rapid Fixer) for 10 min. The
tissue sections were fixed in 10% buffered formalin and
stained for Nissl substance with thionin.

 

In Situ

 

 Hybridization Histochemistry
of SERT mRNA

 

The sequence of the antisense oligonucleotide probe
was designed to exhibit significant divergence with
other monoamine transporters. A new oligonucleotide
corresponding to bases 1667–1710 of the human 5-HT
transporter cDNA (Lesch et al. 1993) was synthesized
by GibcoBRL (Grand Island, NY). The sequence of the
new probe was determined using the BLAST program
(Genetics Computer Group, Madison, WI) in order to
maximize specificity by including sequences found in
human SERT and to exclude sequences that are in com-
mon with the dopamine and norepinephrine transport-
ers. The specificity of the probe was verified by the
proper localization of SERT mRNA (intense labeling in
the raphe nuclei and no labeling in the locus coeruleus).
RNase-treated tissue showed no labeling. The probe
was labeled with [

 

35

 

S]dATP (NEN, Boston, MA) using
terminal deoxynucleotidyl transferase (Pharmacia Bio-

Figure 1. Representative near adjacent transverse sections through the rostral DRN. (A) Immunocytochemical localization
of tryptophan hydroxylase (PH8); (B) Pseudocolor autoradiogram of [3H]8-OH-DPAT to label 5-HT1A receptors; (C) Pseudo-
color autoradiogram of [3H]Cyanoimipramine to label serotonin transporter (SERT) sites; and (D) in situ hybridization auto-
radiogram of SERT mRNA in the DRN. Note that there is a high degree of correspondence between the DRN as outlined by
sections immunostained for tryptophan hydroxylase and sections labeled with [3H]8-OH-DPAT.
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tech, Piscataway, NJ) and purified by Bio-spin 6 column
(Bio-Rad, Hercules, CA).

The assays were run in matched pairs to allow com-
parisons without having to take into account the vari-
ability in specific activity of the labeled probe. Sections
were thawed and fixed in 4% formaldehyde for 5 min,
rinsed twice in PBS, and acetylated with 0.25% acetic
anhydride in 0.1M triethanolamine, pH 8.0 for 10 min.
Tissue was dehydrated and delipidated in a graded se-
ries of ethanol washes and chloroform. The 

 

in situ

 

 hy-
bridization procedure (Austin et al. 1994; Young 1989)
with minor modifications was carried out as follows.
Tissue sections were prehybridized at 37

 

�

 

C for 2 h in a
mixture containing 50% formamide, 600 mM NaCl, 80
mM Tris-HCl (pH 7.5), 4 mM EDTA, 0.1% (wt/v) tetra-
sodium pyrophosphate, 0.2% (wt/v) SDS, 0.2 mg/ml
heparin sulfate, 10% (wt/v) dextran sulfate, 10 mM
dithiothreitol, and 50 

 

�

 

M dATP. Hybridization buffer
has the same composition as the prehybridization
buffer, but cold dATP is replaced with 1–2 

 

�

 

 10

 

6

 

 cpm/
section of 

 

35

 

S-labeled probe.
Probe was added to each tissue section and a Para-

film coverslip was placed over the tissue. An additional
control section was pretreated with RNase (200 ng/ml)
in PBS for 30 min at room temperature. Sections were
hybridized at 37°C for 17–20 h, washed twice for 30 min
each with 2 � SSC (1 � SSC � 0.15 M sodium chloride,
0.015 M sodium citrate, pH 7.2) and 50% formamide at
40�C, followed by two 45-min washes in 1 � SSC at

40�C. Slides were rinsed in distilled water, then dehy-
drated in 70% and 100% ethanol, dried, and exposed to
Kodak Biomax MR x-ray film for two weeks. The films
were developed with D-19 (Eastman Kodak, Rochester,
NY) for 4 min at 16�C, rinsed briefly, and fixed (Kodak
Rapid Fixer) for 10 min. After developing, the slides
were dipped into photographic emulsion (Kodak
NTB2) diluted 1:1 with distilled water, exposed for
three days at 4�C, developed in Kodak D19, fixed, delip-
idated, and stained with H & E.

Densitometry of Receptor and In Situ
Hybridization Autoradiograms

Receptor autoradiograms were quantified using a com-
puter-based image analysis system (MCID; Imaging
Research, Inc.). After establishing shade correction, images
of [3H]standards (American Radiolabeled Chemicals)
were calibrated to femptomoles of radioligand per mil-
ligram of tissue (Geary et al. 1985). Calibrated images of
total binding and nonspecific binding were aligned on
separate channels and subtracted to produce an image
of specific binding. Areas of interest were outlined on
the image of specific binding. To reduce variability,
each film contained sections from one matched pair.

For the semi-quantitation of in situ hybridization au-
toradiograms, the amount of mRNA was measured by
the amount of radioactivity. The amount of radioactiv-
ity and its relationship to optical density was deter-

Figure 2. Hybridized tissue sections were dipped in photographic emulsion and analyzed for grain counting under a light
microscope (silver grains represent SERT mRNA molecules). The expression of SERT mRNA in a representative control (A)
and suicide (B). In controls, there are more positive neurons expressing the gene, but with less expression average per neu-
ron than in suicides. Suicide victims (2B) have neurons with higher SERT mRNA grain density than controls and the non-
expressing neurons have a smaller soma area than expressing neurons.
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mined using 14C standard slides co-exposed with the
tissue sections. The mRNA probes were labeled with
35S. A linear relationship (with slope approximately
equal to 1) between 14C and 35S exists for the estimation
of the amount of radioactivity determined autoradio-
graphically. Therefore, 14C standards can be used for
measurement of the amount radioactivity of the 35S la-
beled probe (Miller 1991). We measured density in the
adjacent central gray to obtain a ratio between the
structures, thus allowing further semi-quantitative
comparisons between groups. Three samples of the
background were averaged and subtracted from the re-
gions measured. The DRN sections were measured ap-
proximately every millimeter throughout the length of
the nucleus.

The DRN (and MRN) are enriched with SERT sites.
In addition, SERT sites are located on serotonergic axon
terminals and along serotonergic axons in nearby re-
gions innervated by these neurons. Hence, SERT bind-
ing in the area of the raphe extend well beyond the loca-
tion of 5-HT cell bodies. Adjacent sections stained for
Nissl substance with thionin and [3H]8-OH-DPAT auto-
radiography were used to define the DRN, because we
found a high degree of correspondence between sec-
tions from control subjects’ immunostained for tryp-
tophan hydroxylase (PH8) (Törk and Hornung 1990)
and [3H]8-OH-DPAT autoradiograms (Figures 1A and
1B). It should, therefore, be noted that the volumes re-
ported are the distribution volumes of [3H]8-OH-DPAT
binding. Binding capacity is introduced as a novel index
of the total amount of receptors in the region of interest.
Data expressed in this way resemble data reported
from “regions of interest” in in vivo imaging studies.

Binding Capacity

Receptor binding or in situ hybridization experiments
most typically produce data that reflect a concentration
of receptors or mRNA in a region of interest (e.g., fmol
of ligand binding/mg of tissue). The more physiologi-
cally relevant measure is arguably the total number of
receptors. Determination of these numbers is logisti-
cally problematic because the region of interest is sel-
dom specifically available or definable in its entirety
(e.g., a specific Brodmann area) or anatomical specific-
ity is more highly desirable (e.g., autoradiographic
analysis of all brain regions contained in a brain sec-
tion). Binding capacity is introduced as an index of the
total number of receptors in a region of interest where:
binding capacity � receptor binding concentration �
region volume. The amount of tissue is represented in
each component of the product: (fmol/mg tissue) for
receptor binding, mm3 for the region volume. These tis-
sue amount measures can then be cancelled out leaving
the product indexing fmol of labeled receptors. The
binding capacity is not the true number of receptors. In

autoradiography experiments using tritium as per-
formed here, the radioactive quenching limits the radio-
label to the uppermost 3–5 �m of tissue (Rogers 1973).
Furthermore, the relationship between fmol of ligand
and the actual number of labeled receptors is not known.

Grain Counting of In Situ Hybridization Data

We counted the number of grains per neuron in the
DRN. Cellular concentrations of mRNA from the emul-
sion autoradiograms were determined by digitizing the
bright-field microscope image (Zeiss Universal) onto a
computer screen via a video camera (Dage CCD-72).
Neurons were considered positively labeled when the
grain density was greater than five times the back-
ground density (e.g., Volk et al. 2000). The density of
the background was measured in four different regions
of the section: aqueduct, periaqueductal gray, pons,
and in areas of DRN devoid of neurons. The mean of
these four measurements was calculated and the value
subtracted from neuron measurements. Positively la-
beled neurons were sampled by outlining the “cloud”
of grains overlying the cell. Such sampling is subjective,
but reliable (Chesselet and Weiss-Wunder 1994). Over-
lapping neurons were not sampled. Grain density over
densely labeled cells was estimated (by the computer)
by thresholding to optimize contrast and then dividing
the total “target” area by the mean grain size.

A systematic random method of cell sampling was
used. DRN tissue sections approximately 1 mm apart
were sampled from each subject. The DRN area in
cross-section was measured on the basis of [3H]8-OH-
DPAT isodensity binding. We sampled from the total
DRN area of each section by moving the microscope
stage, so that we measured all the cells located in the
spatially quantified upper right quadrant of the com-
puter monitor, but not touching the right or upper mar-
gins of the sampling frame. We thus sampled one
fourth of the DRN cells in the slides prepared for each
subject. We measured for each neuron: area (�m2),
number of SERT mRNA grains per neuron, and grain
density (number of grains per neuron/�m2). The SERT
mRNA grain density per neuron was corrected for
background. The territory of the DRN and its subnuclei
was defined using a camera lucida attachment to the
microscope and the area determined using the point-
grid method. The boundaries of the DRN were identi-
fied at a magnification of 20X. The neurons were de-
fined at a magnification of 200X. The number of grains
overlying a neuron were determined a magnification of
500X. All sampling was done by personnel blind to the
diagnosis of group assignment of the brain case.

Statistical Analysis

Paired sample t-tests were used for case-control pair
wise comparisons of film autoradiography, 5-HT1A
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binding area and volume in the DRN, positive neuron
number, and neuron size. For independent samples,
t-tests were used to compare film autoradiography,
5-HT1A area and volume measures, and positive neuron
number between males and females. Linear correla-
tional analysis was used to analyze the relationship be-
tween film autoradiography and in situ hybridization
measures and age and postmortem interval (PMI).

To examine the distribution of SERT mRNA grain
density, the data were normalized by applying a square
root function. Neurons were grouped according to their
grain density into percentiles. The percentage of con-
trols and suicides cells in each percentile was examined
to determine the amount of SERT mRNA expression in
the two groups and in males and females. All data are
expressed as mean � SD and all p-values are 2-tailed.

RESULTS

Analysis of Film-Based Autoradiograms

Images of [3H]8-OH-DPAT autoradiography were used
to outline the boundaries of the DRN, because there is a
high degree of correspondence between the outline of
the DRN based on sections immunostained for try-
tophan hydroxylase (PH8) (Törk and Hornung 1990;
Stockmeier et al. 1996) and the outline based on [3H]8-
OH-DPAT autoradiograms (Figures 1A and 1B).

The distribution volume of 5-HT1A receptors in the
DRN [total cross-sectional area (mm2) � the distance be-
tween sections (mm)] as measured by the area of [3H]8-
OH-DPAT autoreceptor binding, was 40% smaller in
suicides compared with controls (C: 42.2 � 20.0 vs. S:
25.3 � 13.7 mm3, t � 3.47, df � 9, p � .007) (Table 2).The
volume of 5-HT1A receptors in the MRN, similarly de-
fined, was 23% less in suicides than controls (C: 27.5 �
10.7 vs. S: 21.1 � 10.4 mm3, t � 2.48, df � 9, p � .038).

5-HT1A Receptors

The concentration of 5-HT1A receptors (fmol/mg tissue)
in the DRN was not different in suicides compared with
controls (C: 70.9 � 11.2 vs. S: 63.4 � 15.3; p � .100). To
estimate the total amount of binding in the DRN, we
calculated an index of 5-HT1A receptor binding capacity
(fmol/mg tissue � volume). In the DRN of suicide vic-
tims, the 5-HT1A binding capacity was 43% lower than
in controls (C: 3006.4 � 1516.3 vs. S: 1703.6 � 1005.1, t �
3.82, df � 9, p � .004). The concentration of 5-HT1A re-
ceptors (fmol/mg tissue) in the MRN was not signifi-
cantly different between controls and suicides (Table 2).
In the MRN, the 5-HT1A receptor binding capacity of
suicide victims was 34% lower compared to controls
(binding capacity: C: 1254.8 � 501.3 vs. S: 824.7 � 489.2,
t � 2.56, df � 9, p � .031).

Serotonin Transporter Sites (SERT)

[3H]Cyanoimipramine SERT binding concentration
(fmol/mg tissue; Figure 1C) in the DRN was not different
in suicides and controls (C: 329.0 � 100.1 vs. S: 358.1 �
160.1, p � .663). In the MRN SERT binding concentration
was also not different in suicides vs. controls (Table 2).

Serotonin Transporter mRNA

In the DRN, SERT mRNA concentration (�Ci/g); Fig-
ure 1D, Table 2) was not different in suicides and con-
trols. The concentration of SERT mRNA in the MRN
did not differ between groups.

Microscopic Analysis of SERT mRNA
In Situ Hybridization

There were 54% fewer SERT mRNA expressing neurons
(neurons that had grain density greater than five fold the

Table 2. Film Autoradiography and Microscopy Results for the DRN and the MRN of Matched Suicides and Controls

Controls (mean � SD) Suicides (mean � SD) t p

Dorsal raphe nucleus
Total cross-sectional area of 5-HT1A binding in DRN (mm2) 46.4 � 16.8 24.6 � 11.2 5.33 .000
Volume of 5-HT1A binding in DRN (mm3) 42.2 � 20.0 25.3 � 13.7 3.47 .007
[3H]8-OH-DPAT binding (fmol/mg tissue) 70.9 � 11.2 63.4 � 15.3 1.84 .10
[3H]Cyanoimipramine binding (fmol/mg tissue) 329.0 � 100.1 358.1 � 160.1 �0.45 .663
SERT mRNA amount (�Ci/g tissue) 0.108 � 0.02 0.106 � 0.04 0.11 .913
[3H]8-OH-DPAT binding capacity (fmol/mg tissue � mm3) 3006.4 � 1516.3 1703.6 � 1005.1 3.82 .004
Neuron area (�m2) 502.4 � 78.7 590.6 � 93.7 �2.30 .051

Median raphe nucleus
Total cross-sectional area (mm2) 24.6 � 10.3 19.3 � 10.7 1.29 .230
MRN volume (mm3) 27.5 � 10.7 21.1 � 10.4 2.48 .038
[3H]8-OH-DPAT binding (fmol/mg tissue) 46.3 � 7.4 37.6 � 12.1 1.94 .085
[3H]Cyanoimipramine binding (fmol/mg tissue) 200.4 � 52.5 213.4 � 102.1 �0.36 .728
SERT mRNA amount (�Ci/g tissue) 0.08 � 0.01 0.08 � 0.1 �0.32 .758
[3H]8-OH-DPAT binding capacity (fmol/mg tissue � mm3) 1254.8 � 501.3 824.7 � 489.2 2.56 .031
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background density) observed in the DRN of suicide vic-
tims compared with normal controls (C: 7995 � 5186 vs.
S: 3705 � 2054, t � 2.45, df � 8, p � .040). We compared
the characteristics of the neurons that did express the
SERT gene in the two groups. The mean grain density per
neuron (expressed as a ratio of neuron expression relative
to the background) was not significantly different be-
tween suicides and controls (C: 9.00 � 5 vs. S: 9.81 � 4).
Because there is a wide range of expression per neuron in
both groups (C: min: 0-max: 42 vs. S: min: 0-max: 44), we
compared the amount of SERT mRNA expressed, parsing
grain density per neuron into percentiles (Figure 3). SERT
mRNA expression per cell in the suicide group was
skewed to the right compared with controls. In suicides,
based on a median split, a higher percentage of neurons
were in the upper percentiles compared to the control
group (t � �2.33, df � 8, p � .048).

The mean neuronal area (�m2) was not different be-
tween suicides and controls. There was a positive corre-
lation between neuron area and grain density per neu-
ron (r � 0.183, p 	 .001). Neurons that did not express
SERT mRNA had a smaller soma area than neurons
that expressed SERT mRNA (area of non-expressing
neurons � 467 � 90, area of expressing neurons � 537 �
107 �m2, t � �2.456, df � 17, p � .025).

Effect of pH, Age, Postmortem Interval (PMI), and 
Sex on Receptor Binding and SERT mRNA

No effects of pH (range 6.23 to 6.77), age, sex, or PMI
(time from death to collection of brain tissue) were ob-
served on any of the film autoradiography measures for
receptors or mRNA, or on the volume or area of the 5-HT1A

binding in the DRN and MRN. The number of SERT
mRNA positive neurons did not correlate with age

(data not shown). In suicides, the number of DRN neu-
rons expressing SERT mRNA was lower than in con-
trols throughout the age range of the sample (data not
shown). There was no correlation between age and PMI
(hours) and mean SERT mRNA grain density per cell,
SERT mRNA positive neuron number, or density in ei-
ther group.

There was no difference in the number of SERT
mRNA positive neurons between males and females.
Females had higher SERT mRNA grain density than
males (males: 2.57 � 0.56; females: 3.26 � 0.75, t �
�2.23, df � 16, p � .04). Dividing the grain density per
neuron into percentiles, the distribution in females is
skewed to the right, and the percentage of cells belong-
ing to the upper percentiles was higher than in males.
This was present in all the subjects combined as well as
separately in the suicide and the control groups (C: t �
3.79, df � 6, p � .009; S: t � 3.66, df � 6, p � .010).

DISCUSSION

We found no difference in SERT, SERT mRNA or 5-HT1A

receptor binding concentration but a smaller 5-HT1A re-
ceptor distribution volume and a smaller index of the
total number of 5-HT1A receptors in the DRN of suicide
victims compared with controls. In the MRN, there was
a decrease in total 5-HT1A binding in suicides.

Total 5-HT1A receptor binding in the DRN, desig-
nated as binding capacity of [3H]8-OH-DPAT, was 43%
lower in suicides compared with controls, and in the
MRN [3H]8-OH-DPAT binding capacity was 34% lower
in the suicides. Our results are consistent with the in
vivo PET finding that 5HT1A receptor binding potential

Figure 3. Distribution of SERT mRNA
expression in DRN neurons in controls
and suicides. Neurons were grouped ac-
cording to their grain density relative to
background into percentiles. The percent-
age of cells from each control and suicide
above or below the mean of all neurons
was compared using a paired t-test. Note
that suicides have a higher percentage of
neurons with grain density in the upper
percentiles compared to controls. Only SERT
expressing DRN neurons are included.
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(using a 5-HT1A antagonist) was reduced 42% in the
raphe of depressed subjects with a family history of de-
pression, compared to controls (Drevets et al. 1999). A
recent postmortem study reported a 5–30% increase in
5-HT1A receptor binding in the DRN of depressed sui-
cides compared to controls (Stockmeier et al. 1998).
That study examined the most rostral 2.5–5 mm of the
DRN and did not analyze the total binding capacity in
the DRN of both groups.

Consideration is needed in evaluating the volume of
the DRN as determined by the volume of 5-HT1A recep-
tor distribution. First, the volume reported is based on
the distribution of [3H]8-OH-DPAT binding, and not
the distribution of serotonin-synthesizing neurons la-
beled using immunocytochemistry directed towards
tryptophan hydroxylase, as we have reported previ-
ously (Underwood et al. 1999). Using an antibody label-
ing tryptophan hydroxylase to define serotonin-synthe-
sizing neurons, we previously (Underwood et al. 1999)
found no difference in the volume of the DRN between
depressed suicides and controls. The difference be-
tween the DRN volume from serotonin synthesizing
neurons and the volume of 5-HT1A receptors may be
more than semantic.

The assay for [3H]8-OH-DPAT is performed under
conditions where the autoradiograms produced are op-
timized for total binding so that the images are not “sat-
urated” due to binding in high concentration. The con-
ditions we used previously in the immunocytochemistry
study used assay conditions optimized (e.g., long incu-
bations) for complete labeling of neurons and their pro-
cesses. It is therefore likely that the two samples of vol-
ume will be different. For example, a boundary drawn
to encompass a few scattered neurons in the caudal DRN
might be a considerable area, whereas those few scattered
neurons might not have enough 5-HT1A receptors to pro-
duce an autoradiographic image significantly above
background and producing no measurable DRN area.

Because the binding capacity is dependent on the tis-
sue volume, it is important to consider the possibility of
group differences due to a difference in the size of the
DRN rather than to the number of 5-HT receptors per se.
The DRN was complete or near complete in the major-
ity of cases in both groups, and a comparable number
of sections were sampled from each group. To further
examine the possibility that the findings might be due
to difference in partial or incomplete DRNs in the two
groups, the analysis was re-done using cases with only
complete DRN and similar results were obtained. We,
therefore, do not believe that partial volumes can ac-
count for the reported differences. We did not estimate
the volume of the DRN using autoradiograms from the
in situ experiments because of the grainy appearance
with irregular borders, or from the serotonin trans-
porter distribution which is more widespread, located
on terminals and not restricted to the DRN.

We found no difference in the concentration of
[3H]Cyanoimipramine binding in the DRN of suicides
compared to controls. This result is consistent with a re-
port that [3H]paroxetine binding concentration to the
SERT was not altered in the midbrain of depressed sui-
cide victims (Bligh-Glover et al. 2000). It is intriguing to
consider the notion of applying the reduced 5-HT1A

binding distribution volume in the raphe to the mea-
sures of serotonin transporter sites and message. If the
“volume” of binding were multiplied by the SERT
binding, we would find a reduction in SERT binding ca-
pacity in the DRN, but not the MRN of depressed sui-
cides. This result would be consistent with the in vivo
findings of Malison et al. (1998), who reported less
brainstem SERT binding in patients with major depres-
sion using SPECT imaging of [123I]
-CIT. Further work
is needed to establish whether there is an alteration in
SERT binding capacity or in the number of receptors
per cell.

We found fewer SERT mRNA expressing neurons in
the DRN of depressed suicides compared to controls.
Within individual sections of tissue, SERT mRNA per
mg tissue in the DRN did not differ between suicides
and controls. A similar result was reported by Little et
al. (1997) in that the SERT mRNA levels in specific lev-
els of the dorsal and median raphe nuclei were not dif-
ferent between controls and depressed suicides. How-
ever, our microscopic analysis of SERT mRNA in situ
hybridization revealed that fewer DRN neurons ex-
press the SERT mRNA in suicide victims Remarkably,
in the subpopulation of serotonergic neurons that did
express the serotonin transporter gene within the sui-
cide group, there was evidence of elevated expression
relative to the controls.

We found that DRN neurons that expressed SERT
mRNA had a larger soma area than neurons that did
not expressed SERT mRNA. In rodents, reserpine ad-
ministration results in increased tyrosine hydroxylase
mRNA in the locus coeruleus as well as increased neu-
ronal size (Austin et al. 1990), through an unknown
mechanism. Little is known as to what factors regulate
neuron volume but there is some common effect that
encompasses biosynthetic enzyme level and SERT gene
expression.

We previously reported that suicides do not have
fewer, but more, tryptophan hydroxylase containing
neurons in the DRN compared to controls (Underwood
et al. 1999) raising the question of the difference in the
numbers of neurons estimated for SERT mRNA con-
taining and tryptophan hydroxylase neurons if both
SERT mRNA and tryptophan hydroxylase are located
in the same neurons. We cannot know the actual reason
from the studies we performed because the studies per-
formed did not set out to determine the total number of
neurons. Differences between the two studies that
might explain the difference in number may be due to
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the different aims of the two studies. To estimate the
number of tryptophan hydroxylase neurons, we used
long incubations in the primary antibody to produce la-
beling of neurons and fibers. To estimate the number of
grains associated with mRNA we limited the exposure
to prevent saturating conditions where the number of
grains would be more difficult to determine. Different
experiment conditions could clearly result in labeling
different number of neurons. Mechanistically, the bio-
synthetic enzyme tryptophan hydroxylase and the
mRNA for the SERT are functionally related, yet dis-
tinct. One possibility is that increasing the amount of
the biosynthetic enzyme, reducing the amount of SERT
mRNA, and reducing the amount of 5-HT1A inhibitory
autoreceptors are homeostatic mechanisms consistent
with our overall hypothesis of a serotonergic deficit.

There are two possible interpretations of these re-
sults. The first is that reduced serotonergic function or
release, as suggested by reports of less serotonin and/
or 5-HIAA in the brainstem of suicide victims (Mann et
al. 1986) and lower CSF 5-HIAA in the CSF of suicide
attempters (Åsberg, 1997) and depressed patients (Ås-
berg et al. 1984; Mann et al. 1996) leads to a compensa-
tory reduction in expression of the gene for the seroto-
nin transporter, resulting in fewer transporter sites and
an amplification of the effect of serotonin release by re-
duced reuptake. According to that model, the cells that
are over-expressing the gene, are failing to exhibit this
homeostatic mechanism. In that regard, fewer 5-HT1A

inhibitory autoreceptors would also serve to amplify
the serotonin signal and be consistent with a homeo-
static response. An alternative explanation is that the
failure of expression of the transporter gene represents
a broader failure of expression of key serotonergic
genes, related to the dysfunction in the serotonin sys-
tem that underlies the predisposition to suicidal behav-
ior or to mood disorders. Future studies should exam-
ine the regulation of gene expression of other genes in
the serotonergic neurons and whether there is a more
general impairment of expression of serotonin-related
genes. Separate analysis of suicide victims without a
major depressive episode and depressed patients dying
from causes other than suicide is required to determine
whether the observed effects are associated with de-
pression or suicide.

We examined the effect of demographic variables
and of PMI on SERT and 5-HT1A receptor autoradiogra-
phy and mRNA in situ hybridization, finding no influ-
ence on film receptor binding and mRNA measures. In
the microscopic analysis we observed no mean differ-
ences in SERT expressing neuron number between
males and females, but there was a greater variance in
cell number in females compared to males. Moreover,
there were a higher percentage of neurons with high ex-
pression of SERT mRNA in the female group. An en-
hancement of SERT expression by estrogen reported in

rodents (McQueen et al. 1999a,b) may explain our find-
ing. It is of note that the age range of the females in our
sample was from 26 to 40 years old. Since those subjects
are pre-menopausal, the variability of estrogen levels
could explain the higher variance in the number of neu-
rons expressing the SERT mRNA.

We have previously ruled out the possibility that the
serotonergic deficiency is due to fewer serotonin syn-
thesizing neurons in the dorsal raphe nucleus (DRN)
where we found not fewer, but more, 5-HT neurons in
the DRN of suicides (Underwood et al. 1999). If we as-
sume that there are more serotonin neurons in the DRN
of depressed suicides (Underwood et al. 1999), taken to-
gether with our finding of lower levels of expression
and receptors, the reduction per neuron will be even
more striking. Future studies should examine receptors
per neuron in order to more precisely estimate changes
in receptor binding at the level of neural transmission.

There are several potential confounding effects that
need to be considered. One is the action of psychotropic
drugs, particularly antidepressants, antemortem. Our
study, and at least two other studies of serotonin trans-
porter binding (Gross-Isseroff et al. 1989; Lawrence et
al. 1990) excluded cases with known immediate ante-
mortem antidepressant use. Human platelet and rodent
studies disagree as to whether tricyclic antidepressants
or selective serotonin reuptake inhibitors alter trans-
porter binding after chronic administration (Owens and
Nemeroff 1994; Benmansour et al. 1999). Nemeroff et al.
(1994) found that platelet SERT binding was reduced in
never-medicated depressed patients, evidence that past
medication does not explain these results. A recent PET
brain imaging study, using an antagonist, reported that
major depressive disorder is associated with a wide-
spread reduction in 5-HT1A receptor binding that, in
most regions, was not changed by selective serotonin
reuptake inhibitor treatment (Sargent et al. 2000). De-
pressed individuals had lower raphe 5-HT1A binding af-
ter a course of SSRIs. At this point, although improba-
ble, it is not possible to totally rule out enduring effects
of previous courses of antidepressants.

CONCLUSIONS

We found significant alterations in 5-HT1A binding and
SERT expression in the DRN in depressed suicides. One
explanation is homeostatic changes to enhance the ac-
tion of serotonin neurons. Given the serious psychopa-
thology and receptor alterations in the prefrontal cortex
and the reduced 5-HIAA in the CSF in depressed sui-
cidal individuals and depressed suicides, it appears
that the alterations in the DRN serotonin neurons do
not adequately compensate for low serotonin release
and turnover.
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