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It has been hypothesized that a deficit in serotonin may be a
crucial determinant in the pathophysiology of major depression.
Serotonin-1A receptors are located on serotonin cell bodies in
the midbrain dorsal raphe (DR) nucleus, and the activation of
these receptors inhibits the firing of serotonin neurons and
diminishes the release of this neurotransmitter in the prefrontal
cortex. Repeated treatment with some antidepressant medica-
tions desensitizes serotonin-1A receptors in the rat midbrain.
The present study determined whether the binding of
[3H]8-hydroxy-2-(di-n-propyl)aminotetralin (8-OH-DPAT), an
agonist at serotonin-1A receptors, is altered in the midbrain of
suicide victims with major depression. Radiolabeling of the
serotonin-1A receptor in the DR varied significantly along the
rostral-to-caudal extent of the human midbrain. The binding of

[3H]8-OH-DPAT to serotonin-1A receptors was increased sig-
nificantly in the midbrain DR of suicide victims with major
depression as compared with psychiatrically normal control
subjects. In suicide victims with major depression, the increase
in the binding of [3H]8-OH-DPAT to serotonin-1A receptors was
detected in the entire DR and specifically localized to the dorsal
and ventrolateral subnuclei. Enhanced radioligand binding of an
agonist to inhibitory serotonin-1A autoreceptors in the human
DR provides pharmacological evidence to support the hypoth-
esis of diminished activity of serotonin neurons in suicide vic-
tims with major depression.
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Serotonin appears to play a key role in major depression and
suicidality. Early evidence relating major depression to a decrease
in serotonin neurotransmission comes from clinical observations
that treatment with reserpine, a drug that depletes monoamine
neurotransmitters, evoked clinical symptoms very similar to major
depression (Quetsch et al., 1959; Peterfy et al., 1976). Conversely,
the symptoms of major depression are relieved by chronic treat-
ment with medications that potentiate serotonergic activity by
preventing either the reuptake or the metabolism of serotonin
(for review, see Montgomery, 1995).

Imaging studies suggest a role for the midbrain, a concentrated
source of serotonin cell bodies, in the pathophysiology of major
depression. In a study that used ultrasound imaging, subjects with
major depression exhibited a significant trait-dependent decrease
in the reflection of ultrasound waves by the midbrain and pontine
raphe as compared with normal controls, subjects with bipolar
affective disorder, or subjects with schizophrenia (Becker et al.,
1995). Evidence for brainstem involvement in major depression
has been demonstrated in a recent imaging study that showed that

patients with major depression had a significant decrease in
radioligand binding to the serotonin transporter in the midbrain
(Malison et al., 1997).

Other research in completed suicide or suicide attempts pro-
vides evidence for reduced serotonin function in these individu-
als. In most, but not all, studies the content of serotonin or its
metabolite, 5-hydroxyindoleacetic acid (5-HIAA), is decreased in
the brainstem of suicide victims (Shaw et al., 1967; Bourne et al.,
1968; Pare et al., 1969; Lloyd et al., 1974; Beskow et al., 1976;
Cochran et al., 1976; Korpi et al., 1986). Suicidal behavior is
associated with lower levels of 5-HIAA in the CSF, and there is
evidence that suicide risk can be predicted by low 5-HIAA in
CSF after a suicide attempt (Nordstrom and Asberg, 1992).
Finally, low serotonergic activity, as measured by the level of
5-HIAA in the cerebrospinal fluid, is associated with planned and
more medically damaging suicide attempts in depressed patients
(Mann et al., 1996).

Animal studies reveal that serotonin-1A receptors located on
serotonin cell bodies in the midbrain influence the release of
serotonin in the prefrontal cortex. These receptors inhibit the
firing of serotonin neurons and diminish the release of this
neurotransmitter in prefrontal cortex (Aghajanian et al., 1987).
Serotonin-1A receptors in the midbrain are desensitized by
chronic treatment with antidepressant medications such as mono-
amine oxidase inhibitors and selective serotonin reuptake inhib-
itors (SSRIs) (Blier and De Montigny, 1994; Invernizzi et al.,
1994). Therefore, changes in serotonin-1A receptors in the hu-
man midbrain may alter the release of serotonin in prefrontal
cortex and thereby play a significant role in major depression.
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The purpose of this study was to test the hypothesis that
serotonin-1A receptors are increased in the dorsal raphe (DR) of
suicide victims with major depression. The midbrain was sampled
at several rostral-to-caudal levels, and quantitative receptor au-
toradiography was used to measure serotonin-1A receptors. Ret-
rospective psychiatric assessments were used to select psychiatric
subjects with a current episode of major depression and compar-
ison subjects determined to be psychiatrically normal.

MATERIALS AND METHODS
Subjects. Brain tissue was obtained at autopsies performed at the Cuya-
hoga County Coroner’s Office, Cleveland, OH. The study was performed
in compliance with policies of an institutional review board, and written
consent was obtained from the next-of-kin. Midbrains were collected
from 10 suicide victims and 10 age-matched (6 5 years) comparison
subjects dying of natural or accidental causes. The causes of death were
certified by the County Coroner and are listed in Table 1. Both tissues
and the resultant autoradiograms from the matched pairs of subjects
were coded and then processed and analyzed in parallel.

The toxicology laboratory of the County Coroner’s Office examined
blood and urine samples from the subjects. Qualitative and quantitative
assays were used to detect the compounds and their metabolites, as
previously described (Stockmeier et al., 1997). The results of the toxi-
cology testing are listed in Table 1.

Retrospective psychiatric diagnoses. Retrospective psychiatric assess-

ments were used as previously described to identify control subjects
without a mental illness and suicide victims with a current diagnosis of
major depression (Stockmeier et al., 1997). Kelly and Mann (1996)
recently have validated the use of psychological autopsy by demonstrating
good agreement between informant-based retrospective psychological
assessments of deceased subjects and chart diagnoses generated by cli-
nicians treating the same subjects before death. In the current study, ;3
months after death, a trained interviewer administered a structured
interview with a knowledgeable informant for all 20 of the subjects to
collect information for determining the presence or absence of psychi-
atric disorders. Knowledgeable informants either lived with or had fre-
quent weekly contact with the subjects before death. Data on lifetime and
current mental illness were gathered with a modified Schedule for Af-
fective Disorders and Schizophrenia: Lifetime version (SADS-L; Spitzer
and Endicott, 1978). Diagnoses for Axis I disorders were assessed inde-
pendently by a clinical psychologist and psychiatrist, and consensus
diagnosis was reached in conference, using all available information from
the knowledgeable informants, the coroner’s office, and previous hospi-
talizations and doctors’ records. The final diagnosis was compatible with
the Diagnostic and Statistic Manual of Mental Disorders–Revised (DSM-
III-R; American Psychiatric Association, 1987). The psychiatric diag-
noses are summarized in Table 1.

The suicide victims met diagnostic criteria for a current history of
major depression during the last month of life. One suicide victim with
major depression also had a current comorbid diagnosis of dysthymia.
There was no current psychoactive substance disorder (abuse or depen-
dence) in any of the subjects. Three suicide victims previously met

Table 1. Characteristics of subjects

Sample
Age/
gender Cause of death

PMI
(hr) Toxicology Smoker Medication AXIS I diagnosis

Control 27/m Electrocution by
lightning

22 Nothing detected Yes No diagnosis, alcohol
abuse .7 years ago

Control 40/m Cardiovascular disease 22 Lidocaine Yes No diagnosis, alcohol
abuse .2 years ago

Control 44/m Cardiovascular disease,
aortic aneurism

6 Ephedrine, phenylpro-
chlorpheniramine

No No diagnosis

Control 45/f Cardiovascular disease 9 Nothing detected Yes No diagnosis
Control 47/m Cardiovascular disease 17 Nothing detected Yes famotodine No diagnosis
Control 50/m Cardiovascular disease 26 Nothing detected Yes No diagnosis
Control 57/m Cardiovascular disease 10 Nothing detected Hx naproxen No diagnosis
Control 58/m Cardiovascular disease 22 Nothing detected Yes digoxin No diagnosis
Control 69/m Cardiovascular disease 18 Nothing detected No No diagnosis
Control 82/m Cardiovascular disease,

aneurism
16 Nothing detected No levothyroxine No diagnosis

Suicide 25/f Hanging 17 Nothing detected Nortriptyline, Perphenazine,
clonidine

Major depression

Suicide 30/m Sigsw-chest 18 Ethanol 0.07% blood Yes Major depression, alcohol
abuse 2 years ago

Suicide 42/m Sigsw-chest .20 Nothing detected Major depression
Suicide 43/m Hanging 21 Nothing detected No Major depression
Suicide 45/m Multiple knifing 8 Nothing detected Nifedipine, allopurinol,

corzide
Major depression,

dysthymia
Suicide 48/m Sigsw-chest, slashed

wrists
21 Flurazepam No Flurazepam, Lorazepam Major depression, alcohol

abuse 24 years ago
Accident* 54/m Carbon monoxide 23 Carbon monoxide, phenobar-

bital, phenytoin
Hx Sertraline Major depression

Suicide 62/m Hanging 5 Nothing detected Yes traz, nortriptyline,
sertraline

Major depression, alcohol
abuse 4 years ago

Suicide 70/m Sigsw-head 23 Phentoin–acute doxepin, prednisone,
captopril

Major depression, alcohol
dependence 15 years
ago

Suicide 83/f Slashed wrists 21 Nothing detected temazepam Major depression

F, Female; Hx, history; m, male; phenylpro, phenylpropanolamine; PMI, postmortem interval; sigsw, self-inflicted gunshot wound; traz, trazodone. Medications listed in upper
case were prescribed in the last month of life. *Subject had attempted suicide on several occasions, and it is possible the death was a suicide.
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diagnostic criteria for alcohol abuse at 2, 4, and 24 years before death.
Another suicide victim met diagnostic criteria for alcohol dependence at
15 years before death. Two psychiatrically normal control subjects met
criteria for alcohol abuse at 7 and .2 years before death.

Tissues and immunohistochemistry. The midbrains were isolated from
the brainstem by making a transverse cut along a line from the rostral
border of the superior colliculus to the exit point of the oculomotor
nerve. A second cut at the level of the isthmus was made along a line
from the caudal extent of the inferior colliculus (at the exit of the
trochlear nerve) through the pontine tegmentum. Tissues were frozen in
isopentane cooled by solid CO2 and stored at 280°C until the assays were
performed. Tissue samples were coded to conceal the diagnostic group of
the subjects.

The midbrain blocks were mounted on pedestals with Tissue-Tek
(Miles, Elkhart, IN), and frozen sections were cut at 215°C with a
microtome (IEC, Needham Heights, MA). Sections for serotonin-1A
receptor autoradiography were cut at 20 mm thickness, and serial sections
for tryptophan hydroxylase (TrpOH) immunohistochemistry were cut at
30 mm thickness. Sections were thaw-mounted onto cold microscope
slides coated with gelatin/chrom-alum, dried under a stream of room-
temperature air, and refrozen at 280°C. At 0.5 mm intervals along the
block of tissue, sections were taken for both immunohistochemistry and
receptor autoradiography. Slides for TrpOH immunohistochemistry
were used to identify anatomically comparable rostral–caudal levels for
analysis and to localize the subnuclei of the DR, as described by Baker et
al. (1990, 1991). From a rostral-to-caudal direction, corresponding levels
between subjects were identified by using the following description of
anatomical landmarks. At level A, the oculomotor nucleus and the dorsal
and ventral subnuclei of the DR (DRd, DRv) were present. At level B,
the oculomotor nucleus was absent, and the trochlear nucleus appeared.
The interfascicular subnucleus (DRif) was present at level B. Level C
revealed a prominent trochlear nucleus that was traversed by the troch-
lear nerve and its root. The ventrolateral subnucleus (DRvl) of the DR
appeared and extended laterally at this level. The trochlear nucleus and
DRvl were present at level D. At level E, the trochlear nucleus was
absent, and the DRvl was less prominent and located more medially than
at level C. Level F included the compact interfascicular nucleus, the
decussating fibers of the superior cerebellar peduncles, DRd and DRv,
and the most rostral traces of the LC. In level G, the median raphe
nucleus was present and penetrated by the decussating fibers of the
superior cerebellar peduncles. Level H was similar to level G, except that
the median raphe nucleus was more or less penetrated by the decussating
fibers of the superior cerebellar peduncles. Level H included the caudal
subnucleus of the DR (DRc) that extended both medially and laterally in
the ventral direction. Level I included the LC, median raphe nucleus,
fourth ventricle, medial longitudinal fasciculus, and the DRc. A randomly
selected midbrain was used as a standard to which the rostral-to-caudal
levels of the other midbrains were compared and with which they were set
in register. Although the midbrain consistently was blocked and dis-
sected from each subject, there were slight variations in the rostral-to-
caudal appearance and disappearance of the various subnuclei of the DR
in the 20 subjects. Hence, the most rostral and most caudal levels of the
midbrain are not presented in Figure 2.

Receptor autoradiography. Radioligand binding to serotonin-1A recep-
tors was determined autoradiographically, as described by Stockmeier et
al. (1996), using the serotonin-1A receptor agonist [ 3H]8-hydroxy-2-(di-
n-propyl)aminotetralin (8-OH-DPAT). After a 30 min preincubation at
room temperature in buffer (pH 7.7 at 24°C) containing 170 mM Tris-
HCl, 4 mM CaCl2 , and 0.01% ascorbic acid, three sections were incu-
bated in fresh buffer for 1 hr at 24°C with [ 3H]8-OH-DPAT (2 nM, 154.3
Ci /mmol; New England Nuclear, Boston, MA). Nonspecific binding was
measured in duplicate serial sections coincubated with 10 mM serotonin
(serotonin creatinine sulfate complex; Sigma, St. Louis, MO).
Citalopram-hydrobromide (1 mM; Lundbeck, Copenhagen, Denmark)
was included in the incubation with [ 3H]8-OH-DPAT because there is
evidence in rat striatum as well as bovine DR that [ 3H]8-OH-DPAT
binds to the serotonin transporter in addition to the serotonin-1A recep-
tor (Alexander and Wood, 1988; Sprouse et al., 1993).

After the incubation the sections were washed twice at 4°C for 5 min
each in the same (nonradioactive) buffer (pH 7.7 at 4°C). Sections were
dipped in ice-cold water, air-dried, and stored for 24–48 hr at 4°C in
sealed slide boxes with Drierite capsules. The sections and tritiated
plastic standards (American Radiolabeled Chemicals, St. Louis, MO)
that had been calibrated to brain mash were apposed to Hyperfilm-3H
(Amersham, Arlington Heights, IL) in x-ray cassettes for 1 week. Films

were processed with Kodak D-19 developer and fixed with Kodak Rapid
Fix (Eastman Kodak, Rochester, NY).

Autoradiographic images of radioligand binding in the DR were dig-
itized and quantitated with the Microcomputer Controlled Imaging
Device (MCID; Imaging Research, St. Catharine’s, Ontario, Canada).
The subnuclei of the DR were identified by the cellular criteria of Baker
et al. (1990, 1991) with a projection microscope in slides immunohisto-
chemically stained for TrpOH. The borders of the subnuclei were drawn
on paper, and digital templates of the borders were constructed from
digitized images of the TrpOH immunohistochemistry. The digital tem-
plates of the borders were superimposed by MCID on autoradiographic
images of serotonin-1A receptor binding. For each section, serotonin-1A
receptors were measured in the entire midline DRif and the left half of
each of the other subnuclei as well as in a composite image of these
subnuclei. Total binding of [ 3H]8-OH-DPAT was quantified and re-
garded as specific binding, inasmuch as nonspecific binding was nearly
indistinguishable from film background.

Data analysis and statistics. Ten matched pairs of controls and suicide
victims were used for the group-by-level analysis of [ 3H]8-OH-DPAT
binding to serotonin-1A receptors. There were five dependent variables,
each measured at three to five levels (see Fig. 2; whole, levels C–G;
ventrolateral, levels E–G; dorsal, levels D–G; interfascicular, levels
C–G; and ventral, levels D–G), for a total of 21 measurement sites.

Because the specimens were processed as age-matched pairs of con-
trols and suicide victims, a paired ANOVA analysis was performed, with
two within-subjects (repeated measures) factors, i.e., group and level.
Statistically significant group-by-level interactions were followed up with
paired Student’s t tests at each level to determine the rostral–caudal
location of any group differences. The ages and postmortem intervals
(time between death and freezing of the tissue) of the two groups of
subjects (n 5 10 per group) were compared with paired Student’s t tests.
An ANCOVA also was performed, with age and postmortem interval as
covariates. The results of the ANCOVA were not substantially different
from the ANOVA with repeated measures (data not shown).

RESULTS
The binding of [ 3H]8-OH-DPAT to serotonin-1A receptors was
measured in 10 pairs of psychiatrically normal control subjects
and age-matched suicide victims with major depression. Charac-
teristics of the subjects are presented in Table 1. The average age
of the control subjects was 52 6 5 years (mean 6 SEM), and that
of the suicide victims was 50 6 6 years. The average postmortem
interval of the control subjects was 17 6 2 hr and of the suicide
victims was 18 6 2 hr. There was no significant difference be-
tween subject groups for either age or postmortem interval.

The specific binding of [3H]8-OH-DPAT is highly localized to
the DR in the human midbrain. For orientation, a schematic
drawing of the midbrain DR and its subnuclei is presented in
Figure 1. As observed previously (Stockmeier et al., 1996),
serotonin-1A receptors are located differentially along the mid-
brain DR. There is a strong main effect of rostral-to-caudal level
for the entire DR as well as for each subnucleus (Table 2; Fig. 2).
For the entire DR the autoradiographic density of serotonin-1A
receptors at the middle levels of the midbrain (levels D and E) is
nearly twice that detected more rostrally or caudally. When
subnuclei of the DR are examined, the greatest amount of [3H]8-
OH-DPAT binding occurs in the DRvl and DRv subnuclei at
levels E and F, where serotonin-1A receptors are observed at
;600 fmol/mg of protein. The density of serotonin-1A receptors
in the DRd and DRif is approximately one-half that of the DRvl
and DRv.

There was a statistically significant main effect of subject group
for the entire DR as well as for DRd and DRvl subnuclei (Table
2; Fig. 2) (ANOVA for repeated measures). Within the entire
DR, the DRd, and the DRvl the significant increase in
serotonin-1A receptors in depressed suicides ranged from 5 to
30%, from 11 to 34%, and from 11 to 13%, respectively, depend-
ing on the rostral-to-caudal level. There was a trend toward a
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significant increase in serotonin-1A receptors in the DRv, but it
did not reach statistical significance. The main effect of subject
group is demonstrated in colorized digital autoradiograms from
four representative levels of a depressed suicide victim and the
matched control (Fig. 3). The pattern of results of increased
serotonin-1A receptors in depressed suicides was essentially the
same when an ANCOVA was performed with age and postmor-
tem interval as covariates (data not shown).

The overall pattern of the rostral-to-caudal distribution of
serotonin-1A receptors within the midbrain DR was studied in
both subject groups by examining level-by-group interactions. For
the entire DR as well as for the subnuclei, including the DRd,
DRv, and DRvl, the overall pattern of the rostral-to-caudal dis-
tribution of serotonin-1A receptors along the midbrain (i.e., the
shape of the curves) did not differ between controls and suicide
victims (Table 2). The interaction of level-by-group was statisti-
cally significant only for the DRif, although follow-up Student’s t
tests did not reveal a statistically significant group effect at any
single level of the DRif (Table 2).

DISCUSSION
The binding of [ 3H]8-OH-DPAT to serotonin-1A receptors was
increased significantly in the midbrain DR of suicide victims with
major depression as compared with psychiatrically normal control
subjects. The increase in serotonin-1A receptors was detected
within the entire cross section of the midbrain DR and specifically
localized to the DRd and DRvl subnuclei. Our evidence in these
subjects indicates that major depression, suicide, or the combina-
tion of these two factors is related to a significant and consistent
increase in serotonin-1A receptors at several levels along the
midbrain DR. It remains to be determined whether the increase
in [3H]8-OH-DPAT binding in the midbrain DR of depressed
suicides is an increase in receptor number (Bmax) or affinity (KD).
The design of the current autoradiography study did not permit a
determination of binding maxima.

Several groups have examined serotonin-1A receptors located
in prefrontal cortex in suicide victims; however, a clear picture has
not emerged. Arango et al. (1995) reported increases in radioli-
gand binding to serotonin-1A receptors in ventrolateral prefron-
tal cortex of suicide victims. Other studies in suicide victims
who were characterized psychiatrically report no change in

serotonin-1A receptors in other regions of prefrontal cortex (Ar-
ranz et al., 1994; Lowther et al., 1997; Stockmeier et al., 1997). In
contrast to presynaptic serotonin-1A receptors in the DR,
serotonin-1A receptors in prefrontal cortex are located postsyn-
aptically, and their involvement in depression and suicide awaits
further clarification.

Potential limitations of the current study include the use of
retrospective informant-based data for psychiatric determina-
tions, comorbid psychoactive substance use disorders, and the
potential effects of medications. In a recent validation of the
psychological autopsy technique, Kelly and Mann (1996) reported
a 91% agreement between DSM-III-R diagnoses made antemor-
tem by treating clinicians and informant-based diagnoses made
postmortem. The current study is one of few postmortem studies
in suicide in which retrospectively collected psychiatric informa-
tion is presented for both the experimental and control groups. In
our selection of subjects we attempted to rule out any contribu-
tion of a psychoactive substance use disorder such as alcohol
dependence or abuse to serotonin-1A receptors in the midbrain.
Only one suicide victim ever met criteria for alcohol dependence
(15 years before death). Furthermore, of the two control subjects
and three suicides that at one time met criteria for alcohol abuse,
between 2 and 24 years had elapsed between the end of the
alcohol abuse and the deaths. Two suicide victims were exposed
to benzodiazepine medications at or about the time of their
deaths; however, chronic treatment with diazepam does not alter
the function of the serotonin-1A autoreceptor in the DR (Wilson
and Gallager, 1988).

Alterations in serotonin-1A receptors in depressed suicide vic-
tims may be related to exposure to antidepressant medications.
Two of the suicide victims were taking an antidepressant medi-
cation in the last month of life, and two others had prescriptions
for antidepressant medications in the year preceding their deaths.
There was no evidence in blood or urine of the recent presence
of these medications or their metabolites. Because not all of the
subjects had recent exposure to antidepressant medications, it
appears that the increase in serotonin-1A receptors is related to
the depression and/or suicide. Furthermore, chronic treatment of
rats with SSRIs, monoamine oxidase inhibitors, or novel anxio-
lytics with antidepressant qualities either decreases or has no
effect on [3H]8-OH-DPAT binding to serotonin-1A receptors in
midbrain (Welner et al., 1989; Gobbi et al., 1991; Hensler et al.,
1991; Fanelli et al., 1992; Burnet et al., 1994; Le Poul et al., 1995).

The role that serotonin-1A receptors in the DR plays in de-
pression and suicide may be related to the location of these
receptors on serotonin neurons and the ability of these receptors
to regulate the electrical activity of serotonin neurons. The
serotonin-1A receptor protein is synthesized by serotonin neu-
rons in the DR, and immunohistochemical evidence reveals that
nearly all of these receptors are located on the perikarya and
dendrites of serotonin neurons (Sotelo et al., 1990; Miquel et al.,
1992). The serotonin-1A receptor has been classified functionally
as an inhibitory autoreceptor, because the firing rate of serotonin
neurons in the DR is inhibited by the direct application of
8-OH-DPAT, a serotonin-1A receptor agonist, into the DR
(Sprouse and Aghajanian, 1986). Thus, the observed increase in
presumably inhibitory serotonin-1A receptors in the DR of sui-
cide victims with major depression may provide pharmacological
evidence for diminished activity of serotonin neurons in these
subjects.

In the study of the human DR, it is important to identify
comparable rostral–caudal levels for biological comparisons be-

Figure 1. Schematic drawings of the human dorsal raphe nucleus (DR).
The drawing in A represents a transverse section of the midbrain at the
level of the inferior colliculus. The boxed area depicts the location of the
DR in the ventral region of the central gray matter. B is an enlargement
of the boxed area in A and demonstrates the cerebral aqueduct (Aq), the
nucleus of the trochlear nerve (cranial nerve 4 ), and the dorsal (DRd),
ventral (DRv), ventrolateral (DRvl ), and interfascicular (DRif ) subnuclei
of the DR.
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tween groups of subjects. Serotonin-containing neurons within
the human DR have been grouped into five subnuclei on the basis
of neuronal morphology and density (Baker et al., 1990, 1991),
and the locations and boundaries of these subnuclei vary along
the extent of the midbrain. In the current study there was a strong
influence on radioligand binding of the rostral–caudal level for
the entire DR as well as for each subnucleus. Consequently,
sections were collected at 0.5 mm intervals, landmarks were used
to identify the levels, and anatomically equivalent rostral–caudal
levels were examined in the subject groups.

Functional abnormalities detected in prefrontal cortex in de-
pression may be related to abnormalities in specific subregions of
the brainstem DR. A coarse topographic organization has been
described for the primate DR as related to its target areas in the
cerebral cortex. Wilson and Molliver (1991) have observed that
clusters of neurons in the DR project to different cortical associ-
ation areas, and they propose that clusters of neurons may be
related to different higher functions. For example, tract-tracing
studies in nonhuman primates reveal that many of the DR neu-
rons projecting to the dorsolateral prefrontal cortex originate in

Table 2. Analysis of effects of rostral–caudal level and diagnostic group on serotonin-1A receptors in the dorsal raphe of 10 pairs of suicide victims
with major depression and normal control subjects

Region Level F, df, p Group F, df, p Level 3 group interaction, F, df, p

Entire DR 69.2, (4,36), 0.001 7.8, (1,36), 0.021 1.8, (4,36), 0.159
DR dorsal 16.2, (3,27), 0.001 15.3, (1,27), 0.004 2.4, (3,27), 0.082
DR ventrolateral 8.6, (2,18), 0.002 14.8, (1,18), 0.004 0.03, (2,18), 0.974
DR ventral 15.0, (3,27), 0.001 3.5, (1,27), 0.092 0.8, (3,27), 0.524
DR interfascicular 12.8, (4,36), 0.001 0.8, (1,36), 0.395 2.9, (4,36), 0.034

DR, Dorsal raphe nucleus.

Figure 2. The distribution of [ 3H]8-hydroxy-2-(di-
n-propyl)aminotetralin binding to serotonin-1A re-
ceptors in the entire midbrain dorsal raphe (DR) or
various subnuclei along rostral-to-caudal levels of
the midbrain from 10 pairs of suicide victims with
major depression and age-matched psychiatrically
normal control subjects. The abscissa represents 0.5
mm levels through the midbrain, with rostral levels
located to the lef t. The ordinate represents [ 3H]8-
OH-DPAT binding (fmol/mg protein) to
serotonin-1A receptors. See Materials and Methods
for a description of the criteria used for delineating
the rostral-to-caudal levels. Serotonin-1A receptors
were enhanced significantly in depressed suicide vic-
tims (statistically significant main effect of subject
group) in the entire DR (A; p , 0.021) and in
ventrolateral (B; p , 0.004) and dorsal (C; p , 0.004)
subnuclei, but not in interfascicular (D) or ventral
(E) subnuclei, as compared with psychiatrically nor-
mal control subjects.
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Figure 3. [ 3H]8-hydroxy-2-(di-n-propyl)aminotetralin binding to serotonin-1A receptors in the midbrain dorsal raphe (DR) from a representative
control subject that was psychiatrically normal (lef t) and an age-matched suicide victim with major depression (right). The control subject was the
27-yr-old male, and the suicide victim was the 30-yr-old male (see Table 1). The digitized autoradiograms of the DR are shown at four rostral-to-caudal
levels of the midbrain, with the upper images located more rostrally. Note the enhanced radioligand binding to serotonin-1A receptors in the depressed
suicide victim, as evidenced by greater numbers of orange and red pixels in the images in the right column. The distance across the widest portion of the
DR is ;5 mm.
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the midbrain DR. In a recent functional imaging study of subjects
with major depression who responded to SSRIs, an acute deple-
tion of the serotonin precursor tryptophan resulted in a relapse in
depressive symptoms and a decrease in brain metabolism in
dorsolateral prefrontal cortex (Bremner et al., 1997). It is inter-
esting to speculate that altered function of serotonin-1A autore-
ceptors on serotonin cell bodies in the midbrain DR in major
depression may be related to brain metabolism affected by tryp-
tophan depletion in dorsolateral prefrontal cortex in major de-
pression. Postsynaptic serotonin-1A receptors and serotonergic
fibers from the midbrain DR are highly concentrated in outer
layers of prefrontal cortex (Smiley and Goldman-Rakic, 1996;
Stockmeier et al., 1997). It remains to be determined whether
postsynaptic serotonin-1A receptors in dorsolateral prefrontal
cortex are altered in the same suicide victims with major depres-
sion that demonstrate increased serotonin-1A autoreceptors in
the midbrain DR.

Serotonin-1A receptors in the midbrain DR may be critical to
the therapeutic effect of some antidepressant treatments, as re-
vealed by electrophysiological experiments. Serotonin-1A recep-
tors in the DR are desensitized by the repeated treatment of
experimental animals with a monoamine oxidase inhibitor or
SSRI (Blier et al., 1986; Chaput et al., 1988), and that desensiti-
zation is coupled with a facilitation of serotonin output in the
frontal cortex (Invernizzi et al., 1994). Thus, the therapeutic
action of some antidepressant treatments in humans may involve
the facilitation of serotonin neurotransmission in prefrontal cor-
tex in response to desensitization of inhibitory serotonin-1A
autoreceptors in the midbrain DR (Blier and De Montigny, 1994).
In this study the observation of increased serotonin-1A receptors
in the midbrain DR of suicide victims with major depression is
consistent with the hypothesis that the therapeutic effect of anti-
depressant medications may involve at least physiological desen-
sitization (if not downregulation) of these receptors on serotonin
neurons.

It has been suggested that serotonin-1A autoreceptors in the
midbrain play a role in hastening the antidepressant effect of
SSRIs (Artigas et al., 1996). Two open-label studies reported that
pindolol, an antagonist at b-adrenergic and serotonin-1A recep-
tors, induced a rapid improvement in depressive symptoms in
patients treated with an SSRI or monoamine oxidase inhibitor
(Artigas et al., 1994; Blier and Bergeron, 1995). Artigas et al.
(1996) suggest that the 2 week delay in the onset of the thera-
peutic benefit of antidepressant medication may be attributable to
the ability of an SSRI to increase the extracellular concentration
of serotonin in the midbrain DR, thereby activating inhibitory
somatodendritic serotonin-1A autoreceptors. As a result of a
diminished firing of serotonin neurons, the extracellular concen-
tration of serotonin in the cerebral cortex would be diminished
early in the course of SSRI therapy. Cotreatment with pindolol, it
was hypothesized, would restore the firing of serotonin neurons
by blocking the inhibitory somatodendritic serotonin-1A autore-
ceptors and increasing extracellular serotonin concentrations in
the forebrain, thereby decreasing the latency of the antidepres-
sant response (Blier and Bergeron, 1997). Most, but not all,
double-blind placebo-controlled studies of pindolol plus an SSRI
support the hypothesis that pindolol accelerates the antidepres-
sant response (Berman et al., 1997; Perez et al., 1997; Tome et al.,
1997; Zanardi et al., 1997).

Future studies in subjects with major depression not dying by
suicide and in suicide victims not meeting criteria for major
depression will help to identify whether increased serotonin-1A

receptors in the midbrain DR are associated with suicide per se,
major depression, or an interaction between major depression
and suicide. The postmortem evidence reported here provides a
clear impetus for the continued development of radioligands for
the serotonin-1A receptor to be used in positron emission tomog-
raphy studies of the DR in patients with major depression and/or
suicidal behavior (Farde et al., 1997).
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