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Abstract: Several neurochemical in vitro and in vivo imaging studies have been aimed at characterizing
the localization of serotonin receptors and transporters in the human brain. In this study, a detailed
comparison of the distribution of a number of 5-HT receptor subtypes and the 5-HT transporter was
carried out in vitro using human postmortem brain tissue. Anatomically adjacent whole hemisphere
sections were incubated with specific radioligands for the 5-HT, 5, 5-HT,, 5-HT,,, 5-HT, receptors and
the 5-HT transporter. The autoradiograms revealed different laminar and regional distribution patterns in
the isocortex, where 5-HT, , and 5-HT receptor binding showed highest densities in superficial layers and
5-HT, 4, receptor binding was most abundant in middle layers. In cortical regions, 5-HT transporters were
concentrated to several limbic lobe structures (posterior uncus, entorhinal, cingulate, insular and temporal
polar regions). 5-HT), , receptor densities were also high in limbic cortical regions (hippocampus, posterior
entorhinal cortex, and subcallosal area) compared to the isocortex. Subregionally different distribution
patterns were observed in the basal ganglia with a trend toward higher levels in ventral striatal (5-HT,3
receptors) and pallidal (5-HT transporters and 5-HT,p receptors) regions. The localization in regions
belonging to limbic cortico-striato-pallido-thalamic circuits is in line with the documented role of 5-HT in
modulation of mood and emotion, and the suggested involvement of this system in pathophysiology of
various psychiatric disorders. The qualitative and quantitative information reported in this study might
provide important complements to in vivo neuroimaging studies of the 5-HT system. Hum. Brain Mapp.
22:246-260, 2004.  © 2004 Wiley-Liss, Inc.

Key words: serotonin transporter; 5-HT, 5 receptor; 5-HT,y receptor; 5-HT,, receptor; 5-HT, receptor;

whole hemisphere autoradiography

*

*

Contract grant sponsor: Human Brain Informatics, Karolinska Insti-
tutet; Contract grant sponsor: Swedish Medical Research Council;
Contract grant number: 11640; Contract grant sponsor: National
Institute of Mental Health; Contract grant number: MH 44814-13.
*Correspondence to: Dr. Hakan Hall, Department of Clinical Neu-
roscience, Psychiatry Section, Karolinska Hospital, S-17176 Stock-
holm, Sweden. E-mail: hakan.hall@ks.se

Received for publication 13 June 2003; accepted 20 January 2004

DOI 10.1002/hbm.20035
Published online in Wiley InterScience (www.interscience.wiley.
com).

© 2004 Wiley-Liss, Inc.

INTRODUCTION

The serotonin (5-HT) system is distributed widely
throughout the brain [Baumgarten and Grozdanovic, 1997]
and mediates its various effects through at least 14 different
receptor subtypes [Hoyer et al., 2002]. The 5-HT system is
one of the main targets for pharmacologic treatment of
several psychiatric disorders. Knowledge of the detailed
distribution of different 5-HT receptor subtypes in human
brain is therefore important in understanding the cause of
psychiatric disorders and for development of psychoactive
drugs. Furthermore, this information could reveal important
knowledge on the interaction between human brain 5-HT
receptor subtypes. Selective serotonin reuptake inhibitors
(SSRIs) are used in the treatment of depression and several
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other conditions, including obsessive-compulsive disorder
and panic disorder [Nutt et al., 1999]. 5-HT, receptors have
attracted interest as potential pharmacologic targets for the
treatment of schizophrenia, due mainly to the findings that
some atypical antipsychotics show high 5-HT, to D, recep-
tor affinity ratio, relative to typical antipsychotic drugs
[Meltzer et al., 1989]. The 5-HT,, receptor partial agonist
buspirone is used clinically in treatment of generalized anx-
iety disorder [Sramek et al., 2002], whereas there is evidence
that 5-HT, , receptor antagonists may potentiate the antide-
pressant effect of SSRIs [Artigas et al., 1996].

Less is known concerning the clinical pharmacology of
central 5-HT, and 5-HT), receptors. Preclinical data suggest
that 5-HT, 5,5 receptors may be involved in depression and
anxiety disorders, and that selective receptor antagonists
could potentially be useful for treatment of these conditions
[for review, see Moret and Briley, 2000]. Mutant mice lack-
ing the 5-HT,y receptor are more aggressive compared to
wild-type mice in the resident—intruder aggression model
[Saudou et al., 1994]. Increased alcohol consumption
[Crabbe et al., 1996] and increased vulnerability to cocaine
[Rocha et al., 1998] have also been reported for 5-HT,g
receptor knockout mice. The distribution pattern in combi-
nation with neurochemical and behavioral observations
have indicated that brain 5-HT, receptors may be involved
in cognition and anxiety [Eglen, 1997].

Abnormalities in the 5-HT system have been found in
different psychiatric conditions. In several cortical regions of
postmortem schizophrenic brains, there have been reports
on increased density of 5-HT,, receptors [for review, see
Bantick et al., 2001] and reduced densities of 5-HT, , recep-
tors [for review, see Dean, 2003]. Increased cortical densities
of 5-HT,, receptors in schizophrenia have been demon-
strated also in a recent positron emission tomography (PET)
study [Tauscher et al., 2002]. In vivo imaging studies have
reported reduced levels of brain 5-HT transporters [Malison
et al., 1998] and 5-HT,, receptors [Drevets et al., 1999;
Sargent et al., 2000] in depression. Several abnormalities in
serotonergic binding sites have been demonstrated in sui-
cide victims, such as reduced levels of 5-HT transporters and
increased levels of 5-HT, , receptors [Arango et al., 1995] in
the ventrolateral prefrontal cortex, and increased 5-HT,,
receptor binding in the prefrontal cortex [see Arango et al.,
1997].

The availability of selective, high-affinity radioligands for
5-HT, 5 receptors [Pike et al., 1996], 5-HT, , receptors [Ito et
al., 1998], 5-HT, receptors [Pike et al., 2003], and the 5-HT
transporter [Szabo et al., 1995] enables characterization of
binding site localization in vivo using PET or single photon
emission tomography (SPECT). Autoradiography on post-
mortem human brain whole hemisphere cryosections pro-
vides high-resolution images and is therefore a suitable
technique for detailed description of receptor distribution
[Hall et al., 1998]. Such autoradiographic images may serve
as high-resolution anatomic correlates for lower resolution
PET and SPET receptor studies.

The localization patterns of the 5-HT receptor subtypes
are different, but show some common regional distribution.
For instance, several subtypes are localized in cerebral cortex
and basal ganglia. Although the distribution of each recep-
tor subtype (5-HT,,, 5-HT,, 5-HT,,, and 5-HT,) has been
presented previously [Bonaventure et al., 2000; Hall et al.,
1997, 2000; Pazos et al., 1987a,b; Varnis et al., 2001, 2003], no
detailed comparison of regional and subregional localization
using adjacent sections of human brain tissue has been un-
dertaken to analyze these binding sites.

The purpose of this work was to compare the detailed
regional and subregional anatomic distribution of different
5-HT binding sites. The distribution pattern was compared
for four of the main G-protein coupled 5-HT receptor sub-
types and the 5-HT transporter in adjacent human brain
sections. Labeling of 5-HT, , and 5-HT,, receptors was car-
ried out using the highly selective and potent radioligands
[PHIWAY-100635 [Khawaja et al., 1995] and [PH]M100907
[Kehne et al., 1996], respectively. The 5-HT ,, radioligand
[PHIGR 125743 [Doménech et al., 1997] was used to study
the distribution of 5-HT,y receptors in the presence of a
selective 5-HT,, antagonist, and 5-HT, receptor autoradio-
graphy was performed using the selective radioligand
['*°T]SB 207710 [Brown et al., 1993]. The 5-HT transporter
radioligand [*H]citalopram was used to study distribution
of the 5-HT transporter in the human brain. Whole hemi-
sphere cryosections were used to enable a complete map-
ping of binding site distribution, special emphasis was put
on forebrain areas rich in 5-HT innervation, such as limbic
cortices [for definition, see Heimer, 2003] and basal ganglia.

MATERIALS AND METHODS
Compounds

[*H]Citalopram (N-methyl-[*H]-citalopram, specific ra-
dioactivity 85 Ci/mmol) was obtained from NEN Life Sci-
ence Products (Boston, MA). Radiosynthesis of [PHJWAY-
100635" was carried out as described previously [Osterlund et
al., 2000] using O-desmethyl-WAY-100635 and [3H]methyl io-
dide, in a solution containing dimethylformamide and so-
dium hydroxide (5 M). The radioligand (specific radioactiv-
ity, 55 Ci/mmol) was purified on a reverse phase high-
performance liquid chromatography (HPLC) column,
evaporated and diluted in 75% ethanol. [PH]JGR 125743,
specific radioactivity 74.0 Ci/mmol, was obtained from Am-
ersham Pharmacia Biotech, Uppsala. [PH]M100907> was pre-
pared from the 3-hydroxy precursor (MDL 105725) as de-
scribed previously using [*H]methyl iodide, in a solution
containing acetone and sodium hydroxide (5M). The radio-
ligand (specific radioactivity, 46 Ci/mmol) was purified on
a normal-phased HPLC column, evaporated and dissolved

'O-methyl-[*°H]-N-(2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl)-N-
(2-pyridinyl)cyclohexanecarboxamide trihydrochloride
23-O-methyl-[*H](R)-(+)-4-(1-hydroxy-1-[2,3-dimethoxyphenyl]-
methyl)-N-2-(4-fluorophenylethyl)piperidine
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TABLE I. Demographic data and description of brains used

Patient Age Postmortem

no. (yr) Hemisphere Gender time (hr) Cause of death

46 63 Left M 48 Myocardial infarction
62 53 Right M 153 Myocardial infarction
70 61 Left M 15.4 Heart failure

71 55 Right M 29 Myocardial infarction
73 58 Left F 6 Myocardial infarction

The number of levels studied per brain for each binding site were three for Patient 46, 1 for Patient 62, and two for the other three subjects.

in 70% ethanol. ['*°I|SB 207710° was prepared according to
Pike et al. [2003] from the precursor SB 207715
([1-n-butyl-4-piperidinylJmethyl-8-amino-7-tributylstannyl-
1,4-benzodioxane-5-carboxylate). SB 207715 was incubated
in [***I]sodium iodide solution (no carrier added) in the
presence of chloramine-T. The radioligand (specific radioac-
tivity, 2,200 Ci/mmol) was purified on a reverse phase
column, evaporated and dissolved in 75% ethanol. The ra-
diochemical yield was 60% and the radiochemical purity
was over 99%. Formulated ['*°I|SB 207710 was radioactively
stable during the period of investigation.

The selective 5-HT,, receptor ligand, PNU-142633, was
kindly provided by Dr. K. Svensson (Pharmacia Corp.,
Kalamazoo, MI). Other compounds and chemicals were ob-
tained from commercially available sources and were of
analytical grade wherever possible.

Brain Tissue

Human brains were obtained postmortem at clinical au-
topsy at the National Institute of Forensic Medicine, Karo-
linska Institutet (Stockholm, Sweden). The study was ap-
proved by the Ethics Committee at Karolinska Institutet and
the Swedish Board of Social Welfare. Whole hemispheres
(see Table I for details) were removed, frozen, and cryosec-
tioned as described previously [Hall et al., 1998, 2001], using
a heavy-duty cryomicrotome (Leica cryomacrocut CM3600,
Leica, Nussloch, Germany). Tissue was obtained from five
control subjects with no documented history of neurologic,
psychiatric, or substance abuse disorders. From examination
at autopsy and during sectioning, none of the brains exhib-
ited damages, abnormalities, or neurologic features. The
whole hemispheres were oriented so that a line connecting
the anterior and posterior commissures was parallel to the
surface of the cryostat specimen holder. The tissue cryosec-
tions (thickness 100 wm) were transferred to gelatinized or
poly-L-lysine treated glass plates (10 X 22 cm), dried at room
temperature, and then stored with dehydrating agents
(—25°C) until use.

3(1-n-butyl-4-piperidinyl) methyl-8-amino-7-['*IJiodo-1 4-benzodioxane-
5-carboxylate

Autoradiography

The autoradiographic experiments were carried out essen-
tially as described previously [Hall et al., 1997, 2001]. Incu-
bations and preincubations (see Table II for detailed proto-
cols) were carried out at room temperature in Tris-HCl or
phosphate buffers (pH 7.4; total volume about 14 ml). Wash-
ing was carried out with cold (4°C) buffer, followed by a
brief cold wash by dipping the sections into distilled water.
The sections were dried on a warm plate and stored with
dehydrating agents. For each level, adjacent cryosections
were stained with cresyl violet and used as anatomic corre-
lates.

For the tritiated radioligands, detection and quantification
was carried out using phosphor imager analysis (scanner,
Fuji BAS-15000 image reader; imaging plates, BAS IP-TR
2040; Fuji Photo Film, Japan; 1 week exposure). When re-
quired, background scans obtained after 1-week exposure
were subtracted from the images using Science Lab 98, L
Process 1.72 to eliminate possible remaining background
from previous exposures. Image Gauge 3.12 (Fuji Photo
Film) was used for the image densitometry. Measurements
were performed in images representing total and nonspe-
cific binding, respectively, for each brain region of interest.
Photostimulated luminescence (PSL)/mm? values obtained
were transformed into radioactivity values and to binding
density (pmol/g tissue, original wet weight) using SH-cali-
brating scales (Microscales, Amersham, UK and American
Radiolabeled Chemicals Inc., St. Louis, MO). Specific bind-
ing densities were calculated by subtracting the level of
non-specific binding (for specific blocking compounds, see
Table II) from the total binding for each radioligand and
brain region.

['**I]SB 207710 autoradiograms were obtained using film
exposure (see below for description). Quantitative determina-
tions of [**I]SB 207710 binding were obtained by transforming
the measured pixel gray levels into binding densities (pmol/g
tissue) using 12SI—calibra’dng scales (Microscales; Amersham,
UK). Density values were adjusted for section thickness by
dividing obtained values by 5, as there is a linear relationship
between section thickness and radiation at the surface of tissue
for section thickness up to 100 pum [Varnds and Hall, unpub-
lished observations]. Measurements were carried out using
Adobe Photoshop 6.0. The specific binding was calculated by
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TABLE Il. Study protocol for autoradiographic experiments

Receptor/ Preincubation Incubation Washing Definition of
transporter Radioligand  Conc. Incubation buffer (min) (min) (min)  nonspecific binding  References
5-HT transporter ~[°H]Citalopram 2nM  10.14 mM Na,HPO, 15 90 3 X 10 10 uM fluoxetine Mantere et al.,
137 mM NacCl 2002
2.7 mM KCl
1.76 mM KH,PO,
5-HT; [PHIWAY-100635  2nM 50 mM Tris 2 X 15 60 2x10 10 uM 8-OH-DPAT Hall et al.,
2 mM CaCl, 1997
5-HTs [*H]GR 125743 2nM 170 mM Tris 2X15 90 3 X 10 10 M 5-HT Varnis et al.,
4 mM CaCl, 2001
0.1% ascorbic acid
10 uM pargyline
800 nM PNU-
142633
5-HT, o [*HIM100907 2nM 50 mM Tris 60 3X5 10 uM ketanserin Hall et al.,
0.1% ascorbic acid 2000
120 mM NaCl
5 mM KCl
2 mM CaCl,
1 mM MgCl,
5-HT, [*2°1]SB 207710 17pM 50 mM Tris 60 3x10 10 M 5-HT Patel et al.,
5 mM MgCl, 1995
1 mM EGTA

10 uM pargyline

subtracting nonspecific binding (for definition, see Table II)
from the total ['**I]SB 207710 binding.

For visualization and image presentation, autoradio-
graphic films (Kodak BioMax MR; Eastman Kodak Com-
pany, Rochester, NY or °H-Hyperfilm; Amersham, UK)
were applied to the sections. Exposure times were 4 days for
[*2°I]SB 207710 and 10-13 weeks for the [*H]-labeled radio-
ligands. After development (developer, Kodak D19; fixation,
Kodak Fixer 3000), autoradiograms were digitized using a
high-resolution scanner (ScanMaker E6; Microtek) and
Adobe Photoshop 5.0 or 6.0. Adobe Photoshop 6.0 was used
for processing of the images. The images show total binding
(except for Fig. 2G-K), as the level of nonspecific binding is
low for all the radioligands used.

RESULTS
General

General distribution patterns have been described previously
for each binding site [Gurevich and Joyce, 1996; Hall et al., 1997,
2000; Mantere et al., 2002; Pazos et al., 1987a,b; Varnis et al., 2001,
2003]. In Figure 1, the binding patterns of different 5-HT binding
sites were compared in adjacent cryosections of human brain
whole hemispheres. As expected, the distribution pattern varied
markedly between the different binding sites. In general, [*H]cita-
lopram binding to the 5-HT transporter, ["HJGR 125743 binding
to the 5-HT, receptor, and ['*’I]SB 207710 binding to the 5-HT,
receptor were most abundant in subcortical structures, whereas
PHIJWAY-100635 and [PH]M100907 binding to 5-HT,, and
5-HT, 5 receptors, respectively, were concentrated to the cerebral
cortex. As described previously [Hall et al., 1997, 2000; Mantere et

al., 2002; Varnés et al., 2001, 2003], and as illustrated in Figure
2G-K, the level of nonspecific binding was relatively low and
homogeneous for [*Hcitalopram, [PH]JGR 125743, and [***I]SB
207710 (Fig. 2G, 1, and K, respectively), and was very low for
[PHJWAY-100635 and [PH]M100907 (Fig. 2H and 2], respectively).
Binding densities for the different 5-HT binding sites are pre-
sented in Table III.

Limbic Cortices

In the following section and in Table III, limbic cortical
areas are defined according to Heimer et al. [2003]. [°H]Cita-
lopram binding was higher in the cingulate gyrus compared
to that in isocortical regions and was higher in superficial
layers compared to that in internal layers. Within the cingu-
late cortex, the highest levels were seen in the subcallosal
area followed by the anterior cingulate, and the binding was
lowest in the posterior cingulate region (Fig. 2, Table III).

As is visualized in Figure 3, the studied 5-HT receptor
binding sites showed subregionally different distribution
patterns in the hippocampal formation. [*H]Citalopram
binding was low and distributed diffusely in the hippocam-
pal body and was markedly higher in the posterior uncus. In
the hippocampal body, higher levels were observed in CA3
compared to that in CA1-2. The binding was concentrated to
the molecular layer of CA3 and in the dentate gyrus, with
lower levels in the pyramidal cell layer of the CA regions
(Fig. 3B). [PH]WAY-100635 binding to the 5-HT, , receptor
was very high (specific binding, 123 pmol/g) in the pyrami-
dal cell layer and lower in the molecular layer (stratum
lacunosum moleculare, 85 pmol/g) of CA1-2 with lower
levels in the CAS3 field. The binding was high in the molec-
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ular cell layer and lower in the granular cell layer of the
dentate gyrus (Fig. 3C). The specific [PH]JGR 125743 binding
was low throughout the hippocampal formation, with high-
est intensities in the subiculum and the molecular layer (prob-
ably corresponding to the stratum lacunosum-moleculare, 14

73L/201

73LMA1.4

73L/80.2

pmol/g) of Ammon’s horn (Fig. 3D). [PHIM100907 binding
was concentrated in the CA1-2 field (27 and 24 pmol/g in the
pyramidal and molecular cell layer, respectively) and was
markedly lower in the CA3 region, dentate gyrus, and subic-
ulum (Fig. 3E). ['*I]SB 207710 binding to the 5-HT, receptor
showed the highest levels in the pyramidal cell layer of CA1
and subiculum with lower levels in the CA3 region. In the
subiculum, the specific [*H]citalopram, [PHJWAY-100635, and
[PHIGR 125743 binding sites were concentrated to the most
external part of the pyramidal layer, whereas ['*’I]SB 207710
binding sites were distributed throughout the entire pyramidal
cell layer of the subicular cortex.

The entorhinal cortex was partitioned into three subregions
based on the distinct distribution patterns of the [*H]citalo-
pram, [PHJWAY-100635, and [PH]M100907 binding sites (Fig. 4,
Table II). High levels of [*H]citalopram binding were observed
in external layers of the entorhinal cortex (Fig. 4B). The binding
was higher in anterior compared to posterior subregion.
[PHJWAY-100635 binding was equally high in external and
internal layers of the anterior entorhinal cortex. The highest
densities were found in external layers of the posterior subre-
gion of the entorhinal cortex. [PH]M100907 binding was mark-
edly lower in the entorhinal cortex compared to other cortical
regions. [PHJGR 125743 binding was distributed homoge-
neously, with no evident subregional differences, although a
trend toward higher binding could be identified in external as
compared to internal layers and in anterior as compared to
posterior regions (Fig. 4D).

Figure I.

Whole hemisphere autoradiograms comparing the distribution of
the 5-HT transporter and receptor binding sites in human brain
cryosections. The following information and the abbreviation list
apply to all images: Total binding is shown for the different radio-
ligands. A: Cresyl violet-stained section. B: [*H]Citalopram bind-
ing to the 5-HT transporter. C: [*H]WAY-100635 binding to the
5-HT, 5 receptor. D: [*H]GR 125743 binding to the 5-HT  re-
ceptor in the presence of the 5-HT, antagonist PNU-142633
(800 nM). E: [*H]M100907 binding to the 5-HT,, receptor. F:
['**I]SB 207710 binding to the 5-HT, receptor.* Numbers in the
lower right corner represent internal brain number and distance
(mm) from the vertex. Scale bar = 10 mm. ACG, anterior cingu-
late gyrus; Amg, amygdala; ATh, anterior thalamus; Ca, caudate
nucleus; CAI-3, Ammon’s horn; Cer, cerebellum; CG, central
gray; DG, dentate gyrus; DR, dorsal raphe nucleus; Ent, entorhinal
cortex; Hi, hippocampus; Hy, hypothalamus; Fcx, frontal cortex;
Ins, insular cortex; LP, lateral posterior thalamus; MD, mediodor-
sal thalamus; MnR, median raphe nucleus; Pu, putamen; Pul, pulv-
inar; R, red nucleus; S, subiculum; SCA, subcallosal area; SN,
substantia nigra; Tcx, temporal cortex; TmP, temporal pole; Un,
posterior uncus; VA, ventral anterior thalamus; VL, ventral lateral
thalamus; VStr, ventral striatum. [*Figure |F reprinted from K.
Varnis, C. Halldin, V.W. Pike, H. Hall (2003): Distribution of
5-HT, receptors in the postmortem human brain—an autoradio-
graphic study using ['**I]SB 2077 10. European Neuropsychopharma-
cology 13:228-234. Reproduced with permission from Elsevier.]
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Figure 2.
Autoradiograms comparing distribution of 5-HT binding sites in limbic cortices (for definition, see
Heimer, 2003), ventral striatum, and midbrain. G-K: Shows level of nonspecific binding for each

radioligand. For general figure information see legend to Figure |. Square (A) shows location of
image section magnified in Figure 3.
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TABLE Ill. Autoradiographic distribution of 5-HT binding sites in the human brain

[*H]Citalopram [PHJWAY-100635 [*H]GR 125743  [?H]M100907 [**1]SB 207710

Brain region n  Mean SD Mean SD Mean SD  Mean SD Mean SD
Limbic cortices
Hippocampus CA1-2, pyramidal layer 7 (5) 2.6 1.7 123 21 37 25 27 10 0.32 0.11

CA1-2, molecular layer 7(5) 8.4 3.9 85 19 13 54 24 7.3 0.23 0.098
Dentate gyrus 6(4) 6.8 3.4 52 12 39 26 8.1 3.2 0.19 0.073
Posterior uncus 2(2) 31 (22,39) 108 (92,124) 10 (9.7,11) 13 9.1,17) 0.19 (0.15, 0.22)
Amygdala (basolateral complex) 333 11 43 13 55 12 2.1 37 32 0.19 0.084
Anterior cingulate gyrus

External layers 7(4) 20 2.8 71 3.0 19¢ 44 55 8.0 0.19 0.055

Internal layers 74) 10 2.3 19 2.8 18* 3.6 25 3.9 0.16 0.039
Posterior cingulate gyrus

External layers 2(2) 87 (77,98) 43 (36, 50) 16 (15,16) 55 (51,59) 0.18 (0.13, 0.22)

Internal layers 2(2) 41 (00,82 11 (10, 11) 99 (94,10) 24 (24,24) 0.14 (0.12,0.16)
Subcallosal area

External layers 3(3) 43 17 90 9.7 15* (11,20) 55 11 0.13 0.017

Internal layers 3(3) 26 14 31 6.1 15% (12,19) 27 6.9 0.14 0.0086
Entorhinal cortex

Anterior, external layers 3(3) 36 3.1 73 15 19 43 24 6.4 0.26 0.090

Anterior, internal layers 33 13 2.6 73 21 13 44 24 0.88 0.26 0.089

Middle, external layers 3(3) 18 6.3 66 18 19 59 23 22 0.18 0.059

Middle, internal layers 3(3) 7.3 0.74 38 17 10 6.4 21 33 0.22 0.065

Posterior, external layers 33) 15 2.0 88 21 11 2.2 57 14 0.22 0.10

Posterior, internal layers 3(3) 79 1.4 27 8.2 11 3.5 36 8.6 0.18 0.084
Insular cortex

External layers 7(4) 12 3.2 73 6.7 18 3.0 60 7.4 0.18 0.043

Middle layers 7 (4) 7.8 3.3 14 42 19 3.1 61 9.0 0.12 0.045

Internal layers 7 (4) 5.3 1.9 18 4.2 16 3.9 30 4.5 0.12 0.024
Temporal polar cortex

External layers 33 17 4.6 97 25 16 1.7 67 11 0.31 0.15

Internal layers 3(3) 8.1 2.0 23 3.9 17 15 36 12 0.24 0.11
Isocortex
Frontal cortex

External layers 7 (4) 54 22 54 8.0 20 2.6 56 13 0.18 0.066

Middle layers 7 (4) 4.1 1.4 9.3 2.2 20 2.6 59 13 0.11 0.037

Internal layers 7 (4) 34 14 11 1.6 16 2.7 30 4.6 0.12 0.031
Temporal cortex

External layers 6(5) 5.2 3.3 68 15 14 3.2 62 7.8 0.26 0.095

Middle layers 6 (5) 3.3 2.1 9.6 1.0 14 3.3 60 10 0.14 0.069

Internal layers 6 (5) 1.8 1.5 12 3.1 11 2.7 35 6.3 0.18 0.061
Occipital cortex (BA17)

External layers 4(3) 3.2 2.1 23 5.1 21 3.0 56 13 0.12 0.027

Middle layers 4(3) 44 3.8 3.0 0.60 34 3.7 55 9.2 0.039 0.015

Internal layers 4(3) 4.0 3.4 15 0.69 16 4.0 32 1.8 0.051 0.029
Striatum and pallidum

Caudate nucleus 4(4) 17 4.2 1.8 1.2 16 3.8 13 32 0.29 0.049

Putamen 4(4) 9.8 2.6 1.1 0.70 89 34 54 25 0.24 0.021

Ventral striatum 33) 19 3.6 2.8 2.0 35 8.7 16 3.0 0.26 0.029

Globus pallidus 3(2) 4.0 14 <1 — 35 12 15 2.0 0.27 0.050

Ventral pallidum 2(2) 15 (15, 15) 1.3 (037,22) 82 (78,8) 35 (29,4.1) 0.33 (0.30,0.36)
Thalamus

Anterior 4(4) 9.2 2.4 <1 — <1 — 6.2 1.8 0.10 0.034

Mediodorsal 44) 10 3.1 2.5 0.42 19  0.69 11 1.3 0.058 0.013

Pulvinar 4(4) 13 3.2 1.7 0.92 2.8 1.2 7.0 2.0 0.081 0.021
Brainstem

Substantia nigra 2(2) 99 (77,12) <1 — 38 (30,46) 45 (25,6.5) 030 (0.29,0.31)

Central gray area 6() 56 17 12 6.8 27 6.0 5.6 3.4 0.11 0.039

Dorsal raphe nucleus 2(2) 120 (108,132) 140 (119,161) 21 (18,23) 63 (46,8.0)0 0.14 (0.13,0.16)

Values are presented as specific binding and are expressed in pmol/g tissue, original wet weight; n denotes number of measurements
followed by number of subjects in parenthesis. Mean and standard deviation (alternatively the two values where n = 2). For the [*H]100907
binding, data from two brain sections are presented as total binding, as the level of nonspecific binding is very low for this radioligand [Hall
et al., 2000]. All other data represent specific binding as obtained by subtraction of nonspecific binding from total binding in anatomically
adjacent sections. Data for the frontal and temporal cortices are from the inferior and the middle gyrus, respectively. External, middle, and
internal cortical layers roughly correspond to layers I-1I, III-IV, and V-VI, respectively for the isocortical regions.

?n = 6 and 2 for [PH]GR 125743 binding in the anterior cingulate gyrus and the subcallosal area, respectively (due to tissue destruction in

one section).
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In the basolateral amygdala (Fig. 4), ["H]M100907 binding
showed the highest density (37 pmol/g) of the binding sites
examined. The density of [PH]JWAY-100635 binding sites

was very low in the basolateral amygdala and was higher in
the paralaminar nucleus.

[PH]Citalopram binding was higher in the temporal polar
cortex compared to that in the isocortical temporal regions.
[3H]Citalopram binding was concentrated to the most exter-
nal layers, whereas ["HJWAY-100635 binding displayed a
more widespread distribution with high levels in a wider
superficial band (Fig. 4B,C, respectively).

In insular cortical regions, [*H]citalopram binding was
higher compared to that in isocortical regions, with a grad-
ual decrease toward the internal cortical layers. [*H]GR
125743 binding was distributed homogeneously with no
clear laminar differences (Table III).

Isocortex

The isocortical binding was laminated for all 5-HT bind-
ing sites examined, and most prominent for [PHJWAY-
100635 and [PH]M100907 binding (Fig. 1).

In general, [PHJWAY-100635 binding was concentrated in
two bands, one of very high intensity in superficial layers
(I-1I), and one band (corresponding to layer V-VI) display-
ing lower levels. The [PHIM100907 binding was distributed
in three bands, with the highest levels in middle layers
(corresponding to layer III) and two bands corresponding to
layers I and V. [*H]Citalopram binding was low in isocortex
and was highest in superficial layers (I-II). In most cortical
regions, [PH]GR 125743 binding was distributed homoge-
neously throughout the cortical laminae with slightly higher
intensities in external compared to internal cortical layers.
The ['*°I]SB 207710 binding pattern roughly paralleled that
for [PHJWAY-100635, with the highest binding in external
cortical layers, lower levels in deep layers, and the lowest
intensity in middle cortical layers.

Subregionally different distribution patterns were ob-
served in isocortical areas. In frontal cortex, ['*°I|SB 207710
binding in deep cortical layers was restricted to one thin
band, most likely corresponding to layer V (Fig. 5F). The
most abundant binding sites in the occipital cortex (Fig. 6)
corresponded to the 5-HT, and 5-HT,, receptor subtypes.
[*HIM100907 binding showed the highest intensity in exter-
nal layers and [PH]GR 125743 binding was concentrated to a
middle layer (probably corresponding to layer IV). The lev-
els of [PHJWAY-100635 and [***I]SB 207710 binding sites
were markedly lower in occipital cortex compared to that in
other cortical regions.

Striatum and Pallidum

Intermediate levels of all examined binding sites were
identified in caudate nucleus and putamen, except for

Figure 3.
Details of the autoradiograms in Figure 2 showing total binding of
5-HT binding sites in hippocampal formation including CAI-3 of
Ammon’s horn, dentate gyrus, and subiculum. For general figure
information see legend to Figure |.
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[PHJWAY-100635 binding to the 5-HT,, receptor subtype,
which was very low to absent in these regions (Fig. 7). All
these binding sites displayed slightly higher levels in the
caudate nucleus compared to that in the putamen. Subre-
gional distribution patterns differed considerably for the
different binding sites. [PH]GR 125743 binding was higher in
ventral as compared to dorsal striatal regions. [°H]Citalo-
pram, [PHJM100907, and ['*°I]SB207710 binding sites were
distributed heterogeneously in caudate nucleus and puta-
men. [*’H]M100907 binding displayed a patchy distribution
pattern. The 5-HT,, receptor binding sites have been re-
ported previously to be confined to the striosome compart-
ment, as defined by high densities of benzodiazepine bind-
ing sites and low acetylcholinesterase content [Lépez-
Giménez et al., 1999; Waeber and Palacios, 1994]. On the
other hand, ['**I]SB207710 binding was high throughout
caudate nucleus and putamen, except for low density bind-
ing patches. This distribution pattern did not overlap with
the striosome matrix compartmentalization as visualized
with [PH]M100907. [*H]Citalopram binding was heteroge-
neous in the striatum, with higher levels in restricted zones
in medial caudate nucleus and lateral putamen. In ventral
striatum, higher levels of [*H]citalopram binding were
found in medial as compared to lateral parts.

In globus pallidus, high densities of [PH]GR 125743, com-
paratively high ['*°I]SB207710 binding, and only low levels
of [®H]citalopram binding sites were detected. [PHJWAY-
100635 and [PH]M100907 binding densities were very low or
absent in the globus pallidus. [PH]GR 125743 and [*H]cita-
lopram binding densities were considerably higher in the
ventral pallidum compared to that in the globus pallidus.

Thalamus

[PH]Citalopram binding was observed throughout several
thalamic nuclei including the anterior, mediodorsal, mid-
line, and pulvinar nuclei (Fig. 7). Very high levels (86
pmol/g) were observed in the midline nuclei, where dense
[PHJWAY-100635 binding (46 pmol/g) and intermediate lev-
els of [PHIGR 125743 binding (~21 pmol/g) were also ob-
served. [PHIWAY-100635 and [PH]JGR 125743 binding was
low to absent in anterior, mediodorsal, and pulvinar nuclei.
[PHIM100907 binding was low in these nuclei and was con-
centrated to mediodorsal nucleus. ["**I]SB 207710 binding
was highest in anterior and pulvinar nuclei. Intermediate
levels of [PHJWAY-100635 binding was detected in the in-
tralaminar nuclei. All examined binding sites seemed to be
very low to absent in lateral and ventral anterior nuclei.

Brainstem and Cerebellum

In general, [*H]citalopram, [PH]GR 125743, and ["**I]SB
207710 binding sites were widespread in the brainstem nu-

Figure 4.
Autoradiograms illustrating distribution of 5-HT binding sites at
the level of pons. For general figure information see legend to
Figure 1.
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Autoradiograms comparing laminar distribution patterns of 5-HT Figure 6.
binding sites in inferior frontal gyrus. For general figure informa-  Autoradiograms illustrating distribution patterns of 5-HT binding
tion see legend to Figure I. sites in occipital cortex. For general figure information see legend

to Figure |.
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clei, whereas [PHJWAY-100635 binding was concentrated to
the dorsal and median raphe nuclei and [PH]M100907 bind-
ing densities were low to absent in the brainstem at the
levels studied. High levels of [PH]JGR 125743 binding and
comparatively high ['*’I]SB 207710 binding sites were ob-
served in substantia nigra, with lower levels of [*H]citalo-
pram binding sites (Fig. 1, 2). All binding sites were low to
absent in the red nucleus (Fig. 2). In the central gray area
including the dorsal raphe nucleus, high levels of [*H]cita-
lopram binding, intermediately high [PH]GR 125743 bind-
ing, and very low levels of ['*’I|SB 207710 binding sites were
detected. In a midline structure, probably corresponding to
the interpeduncular nucleus, high levels of [?H]citalopram
binding, moderate levels of [PHJGR 125743 and ['*°I]SB
207710 binding sites, and low levels of [PHJWAY-100635
binding sites were observed (Fig. 8). [’H]Citalopram binding
was very high and [*H]GR 125743 binding was relatively
high in the inferior colliculus, whereas binding to the other
receptors was low to absent in this region (Fig. 8).

The locus coeruleus showed dense [*H]citalopram bind-
ing and very low levels of [PHJWAY-100635 binding with no
clear evidence for specific binding to the other 5-HT recep-
tors. [PH]GR 125743 and ['**I]SB 207710 binding sites were
also detected in the locus coeruleus, although the level of
nonspecific binding was high in this region. Low levels of
[*H]citalopram and [***I]SB 207710 binding were identified
in pontine nuclei (Fig. 4).

In the cerebellar cortex, specific binding was low to absent
for all the examined binding sites (Fig. 4, 8). [3H]Citalopram
binding was concentrated in a band probably corresponding
to the Purkinje cell layer.

Other Regions

Evidence for high levels of [3H]citalopram binding, rela-
tively high levels of [PH]JGR 125743 binding, and very low
levels of [PHJWAY-100635 and ['*°I]SB 207710 binding sites
was found in septal nuclei (results not shown). [°H]Citalo-
pram binding densities were high in the bed nucleus of stria
terminalis where lower levels of [PH]GR 125743 and ['*°I|SB
207710 binding sites were detected (Fig. 7). Dense [*H]cita-
lopram binding was observed in parts of the olfactory tract.
Other binding sites were low to absent in this structure
(results not shown). The levels of 5-HT binding sites exam-
ined were low to absent in the subthalamic nucleus.

DISCUSSION

Previous studies have described the distribution of differ-
ent 5-HT binding sites in the human brain. The present
study, however, allowed mapping and comparison of 5-HT
receptors and the 5-HT transporter in adjacent sections of
human brains. Qualitatively, the use of adjacent brain sec-

Figure 7.
Autoradiographic distribution of 5-HT binding sites in striatum and
thalamus. For general figure information see legend to Figure |.
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tions and radioligands for several 5-HT binding sites give
support for the subregional colocalization/compartmental-
ization of different receptor subtypes. This study provides
high-resolution anatomic correlates for lower resolution in
vivo neuroimaging studies of the 5-HT system.

There were only a small number of subjects, as whole
hemisphere brain tissue is not easily available. Tissue from
only one female brain was included, and there was a large
variation in postmortem interval. Furthermore, lateraliza-
tion of receptor densities as has been indicated for the
5-HT, 5 receptor [Rosel et al., 2002] may occur. These factors
may possibly have influenced the densities and increased
data variance.

In general, our results are in agreement with previous
autoradiographic studies of 5-HT receptors in the human
brain [Hall et al., 1997, 2000; Pazos et al., 1987a,b; Varnis et
al., 2001]. The levels of 5-HT transporters, however, were
markedly lower in substantia nigra in the present study
compared to that in previous analyses [Chinaglia et al., 1993;
Cortés et al., 1988; Gurevich and Joyce, 1996]. The reason for
this discrepancy is not clear, but could possibly be due to
different subregions examined. Also 5-HT, receptor densi-
ties in the hippocampus were markedly lower compared to
that in a previous study using [*H]alniditan as a radioligand
[Bonaventure et al., 1997]. Our data indicate high levels of
5-HT, 5 receptors in the subcallosal area compared to that in
other frontal cortical regions. This is in contrast to results
obtained using the 5-HT,, agonist radioligand [*H]8-OH-
DPAT [Pazos et al., 1987b]. The density of 5-HT, receptors
was markedly lower compared to that in previous studies
using tritiated radioligands [Bonaventure et al., 2000; Reyn-
olds et al., 1995]. It should be noted, however, that the
['*°1]SB 207710 concentration used in the present study was
about fivefold lower than reported K, values for this radio-
ligand [Brown et al., 1993; Kaumann et al., 1995]. The calcu-
lated B, values are thus in line with the data by Reynolds
et al. [1995], although Bonaventure et al. [2000] reported
approximately tenfold higher densities using the 5-HT, re-
ceptor radioligand [PH]R116712. For instance, given the K,
value of 86 pM as reported for the piglet hippocampus
[Brown et al., 1993], transformation of our data would give
a B, value of approximately 2 in the hippocampus, which
is similar to densities presented by Reynolds et al. [1995].
The reason for the discrepant results obtained using differ-
ent 5-HT, receptor radioligands is not clear.

Due to limited selectivity of the available pharmacologic
tools for human 5-HT, 3 and 5-HT, ; receptor subtypes, these
are not easily distinguished [see Hoyer et al., 2002]. In this
study, we used the nonselective 5-HT,,,, receptor radioli-
gand [PH]GR 125743 in the presence of the recently devel-
oped compound, PNU-142633, which shows more than
3000-fold selectivity for 5-HT,j, versus 5-HT,y receptors

Figure 8.
Autoradiographic distribution of 5-HT binding sites in brainstem.
For general figure information see legend to Figure I.
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[McCall et al., 2002], to selectively label 5-HT,y receptor
subtypes.

Our characterization extends previous findings [Gurevich
and Joyce, 1996; Mantere et al., 2002] that 5-HT transporters
are highly abundant in several regions of the limbic lobe as
defined by Heimer [2003]. Densities of 5-HT transporters
thus were markedly higher compared to that in isocortex in
regions such as anterior cingulate, subcallosal area, posterior
uncus, entorhinal and insular cortices, and the temporal
pole. Based on cortical development and regional architec-
ture, these regions are referred to as the greater limbic lobe,
according to the definition by Heimer [2003]. The high den-
sity of 5-HT transporters in these regions is in line with the
documented role for 5-HT in the modulation of mood and
emotion [Young and Leyton, 2002], and the involvement of
the 5-HT transporter in the pharmacologic treatment of sev-
eral psychiatric disorders.

In cingulate gyrus, the 5-HT transporter binding sites
displayed lowest binding in the posterior parts, higher in
anterior cingulate gyrus, and highest in the subcallosal area,
where high densities of 5-HT,, receptors were also ob-
served. Anterior and ventral regions of cingulate gyrus are
suggested to be involved in affect regulation [see Vogt et al.,
1997], and abnormal activity and reduced cortical volume in
the subcallosal area has been reported in the brain of de-
pressed patients [Drevets et al., 1997]. The subcallosal area is
activated during sadness in control subjects and activity in
this region seems to be reduced with recovery from depres-
sion [Mayberg et al., 1999]. The high levels of 5-HT trans-
porters and 5-HT, , receptors in the subcallosal area may
indicate that these sites are main targets in the pharmaco-
logic treatment of depression.

In the hippocampal formation, 5-HT transporter binding
was higher in the molecular layer compared to that in the
pyramidal cell layer, and was higher in CA3 and external
layers of subiculum compared to that in CA1-2. Receptor
binding sites, in general, were highest in regions of CA1-2,
with low to very low levels in CA3. Binding to the 5-HT, o
receptor was highest in pyramidal layers of CA1-2 and
lower in the molecular layers of the Ammon’s horn. To the
best of our knowledge, a detailed cytoarchitectonic charac-
terization of 5-HT,y receptors in the human hippocampal
formation has not yet been carried out. In a previous study
[Varnés et al., 2001], which did not attempt to analyze the
layer specific distribution in detail, we proposed that 5-HT 5
receptors are localized in an inner part of the pyramidal cell
layer. The resolution of whole hemisphere autoradiography
does not allow a detailed microanatomic analysis at the
cellular level. The more detailed analysis carried out in this
study using adjacent sections, however, suggests that
5-HT, receptors are localized in the molecular cell layer
(lacunosum moleculare), where 5-HT, , and the 5-HT trans-
porter are also localized.

5-HT has been shown to be implicated in cognition and
some effects have been ascribed to modulation of hippocam-
pal activity [Buhot, 1997]. Different receptors may be in-
volved in different aspects of cognitive function and may

even act in the opposite direction. The 5-HT, , agonist 8-OH-
DPAT impairs spatial memory in rats [for review, see Buhot,
1997]. A recent clinical study demonstrated that hippocam-
pal 5-HT, , receptor binding, as measured with PET, corre-
lates negatively with explicit memory function [Yasuno et
al., 2003]. Concerning the 5-HT,y receptor subtype, intra-
hippocampal injection of a 5-HT, agonist impaired refer-
ence memory in rats [Buhot et al., 1995]. Less is known about
the involvement of the human 5-HT, ; receptors in learning
and memory. The present findings, indicating relatively low
levels of 5-HT, receptor densities in the human hippocam-
pal formation, particularly compared to the very abundant
5-HT, 5 receptor, may suggest that the direct effects of this
receptor subtype on hippocampal function are more limited
in the human brain. As 5-HT,y receptors, however, are
localized abundantly in septal nuclei of human brain, these
may indirectly modulate hippocampal activity.

The densities of 5-HT binding sites were heterogeneous in
the striatum, but with different subregional distribution pat-
terns. In caudate nucleus, binding to the 5-HT transporter
was higher in medial parts. A somewhat similar regional
distribution pattern with high densities in medial caudate
nucleus has been reported previously for the dopamine D,
receptor [Hall et al., 1994]. The levels of 5-HT transporter
binding sites were also higher in the medial part of ventral
striatum, probably corresponding to parts of the shell re-
gion.

In interpeduncular nucleus, very high levels of 5-HT
transporters and relatively high levels of 5-HT, receptors
were detected. Low levels of 5-HT,, and 5-HT, receptor
binding sites were found also in this nucleus. The localiza-
tion of 5-HT, 5 receptors in the interpeduncular nucleus is in
agreement with findings of these binding sites in other spe-
cies [Waeber et al., 1990]. Very high levels of 5-HT, receptor
binding sites are present in the interpeduncular nucleus of
the rat brain [Waeber et al., 1994]. Species differences have
been demonstrated with much lower levels in the guinea pig
compared to that in the rat interpeduncular nucleus [Waeber
et al., 1994]. In the present study, 5-HT, receptor densities in
the human interpeduncular nucleus were low to intermedi-
ate, and are thus comparable to the distribution seen in the
guinea pig brain.

CONCLUSION

It can be concluded that the different 5-HT receptors have
unique distribution patterns in the human brain, reflecting
their different functional physiologic effects. The general
localization in regions belonging to limbic cortico-striato-
pallido-thalamic circuits is in line with the documented role
for 5-HT in the modulation of mood and emotion, and the
suggested involvement of this system in the pathophysiol-
ogy of various psychiatric disorders. Moreover, the specific
distribution pattern is the basis for modulation of selected
5-HT receptor pathways when treating different psychiatric
disorders.
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