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BACKGROUND AND PURPOSE

The 5-ht;e receptor is highly expressed in the human brain and its structure is conserved in humans, suggesting an important
physiological role for 5-ht;e receptors. However, neither the function nor the distribution of this receptor has been
characterized in the mammalian brain.

EXPERIMENTAL APPROACH
Rats and mice lack the 5-htse receptor gene; thus, we used guinea pig brain tissue and immunofluorescent staining techniques
to provide the first specific localization of 5-ht;e receptors in the mammalian brain.

KEY RESULTS

High levels of 5-htie receptors are detected in olfactory bulb glomeruli as well as the molecular layer of the dentate gyrus
(DG). In DG membranes, BRL54443, a 5-hty¢/5-HT:¢ agonist, selectively stimulated 5-hte receptors and potently inhibited
forskolin-dependent cAMP production (ICso = 14 nM). The staining pattern of 5-ht;e receptors in brain tissue suggests that this
receptor is expressed predominantly in neurons rather than in glia. Additionally, 5-ht;e receptors were detected in the
adventitial layer of cerebral arteries but not in the microvasculature, venous tissue or other brain arteries.

CONCLUSIONS AND IMPLICATIONS

These observations should help to predict clinical effects of 5-ht;e-selective drugs. For example, the stimulation of 5-hte
receptors and subsequent inhibition of adenylate cyclase activity in the DG suggests that 5-ht;e receptors may mediate
regulation of hippocampal activity by 5-HT, making it a possible drug target for the treatment of neuropsychiatric disorders
characterized by memory deficits (such as Alzheimer’s disease) or as a target for the treatment of temporal lobe epilepsy.

Abbreviations

5-CT, S-carboxamidotryptamine; BCA, bicinchoninic acid; BRL54443, 5-hydroxy-3-(1-methylpiperidin-4-yl)-1H-indole;
CA, cornu ammonis; CREB, cAMP response element binding; DAPI, 4’,6-diamidino-2-phenylindole; DG, dentate gyrus;
DMEM, Dulbecco’s modified Eagle’s medium; ECL, enhanced chemiluminescence; FBS, fetal bovine serum; GCL,
granular cell layer; GFAP, glial fibrillary acidic protein; HRP, horseradish peroxidase; IL, intracellular loop; LY344864,
N-[(3R)-3-(dimethylamino)-2,3,4,9-tetrahydro-1H-carbazol-6-yl]-4-fluorobenzamide hydrochloride; MAP2, microtubule-
associated protein 2; ML, molecular layer; NDS, normalized donkey serum; NEAA, non-essential amino acids; PML,
polymorphic layer; SB269970 (2R)-1-[(3-hydroxyphenyl)sulfonyl]-2-[2-(4-methyl-1-piperidinyl)ethyl]pyrrolidine
hydrochloride; TBST, tris buffered saline solution Tween20; vWF, von Willebrand factor
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Introduction

The 5-ht;; receptor is one of 13 human receptor types for the
neurotransmitter 5-HT. The 5-ht,; receptor was discovered by
virtue of its unique pharmacology through the use of
[*H]5-HT radioligand binding methodology in human frontal
cortical tissue (Leonhardt efal., 1989). At the time of its
discovery, only three 5-HT receptor families were known: the
5-HT; receptors (high affinity for [*'H]5-HT and coupled to the
inhibition of adenylate cyclase), 5-HT, receptors (lower affin-
ity for [*H]5-HT and coupled to the accumulation of inositol
phosphates and Ca? mobilization) and the 5-HT; receptor (a
ligand-gated ion channel) (Teitler and Herrick-Davis, 1994;
receptor nomenclature follows Alexander et al., 2011). This
new [*H]5-HT binding site was sensitive to guanylyl nucle-
otides, indicating it was a GPCR, and thus not related to the
5-HT; receptor. The receptor’s relatively high affinity for
[*H]5-HT and low affinity for 5-HT, receptor ligands such as
mesulergine strongly suggested that it was a member of the
5-HT; family. However, it also lacked high affinity for
5-carboxamidotryptamine (5-CT), the prototypical 5-HT;
receptor agonist. Detailed pharmacological characterization
of the new receptor in human and bovine cortical membrane
homogenates clearly identified this binding site as a new
member of the 5-HT, family of receptors and was given the
next available name: 5-ht;; (Leonhardt ef al., 1989).

Soon after the 5-ht;; receptor was pharmacologically char-
acterized in human brain tissue, a GPCR gene, originally
termed S31, was cloned. When expressed in recombinant
cells, the pharmacological properties of the receptor encoded
by S31 were very similar to the tissue-expressed 5-ht;g recep-
tor binding site, thus, it was concluded that this gene encodes
the receptor discovered by Leonhardt et al. (McAllister et al.,
1992; Zgombick et al., 1992). However, the 5-HTy; receptor,
discovered after these early reports on the 5-ht;; receptor, has
a pharmacological profile very similar to the 5-ht;; reporter
(Adham et al.,, 1993; Lovenberg et al., 1993), and a careful
examination of the binding data presented in the original
report for the 5-ht;; receptor (Leonhardt et al., 1989) suggests
the binding site characterized by this group and termed the
5-hty; receptor was likely a composite of both 5-ht;; and
5-HT;r receptor binding sites. Drugs that can discriminate
between these receptor populations were, unfortunately, not
identified until after a number of studies were published that
attempted to identify the distribution of 5-ht,; receptors via
radioligand binding and autoradiographic methodologies
(Miller and Teitler, 1992; Beer et al., 1993; Barone et al., 1994;
Stanton et al., 1996; Fugelli et al., 1997). This resulted in
reports that incorrectly attributed [*H]S-HT radioligand
binding to the 5-ht;; receptor in both rat and mouse brain
tissue, species that were later identified as lacking the 5-ht;
receptor gene (Bai et al., 2004). Even reports that utilized
tissue from species that do express a 5-ht;; receptor gene (e.g.
humans, monkeys, guinea pigs, cows) were confounded by
the labelling of 5-HT;; receptors, and thus present data
reflecting a mixture of 5-hty; and 5-HT; receptor properties.
Ultimately, this has prevented a clear identification of the
distribution of 5-ht;; receptors in the mammalian brain.

Herein, we report the first specific localization of 5-hty
receptors in the brain. Rats and mice, the animal species
typically used for preclinical pharmacology lack a 5-ht;; recep-

5-htqe receptor distribution in mammalian brain

tor homologue; fortunately, guinea pigs do possess a homolo-
gous S5-ht;; receptor gene, which encodes a protein nearly
identical to the human receptor, both structurally (95%
amino acid sequence homology) and pharmacologically (Bai
et al., 2004). Radioligand binding determined that the phar-
macological profile of 5-ht;; receptors expressed in the guinea
pig brain is nearly indistinguishable from human 5-ht,; recep-
tors (Klein and Teitler, 2009). This indicates that the guinea
pig is an appropriate species to investigate 5-ht;; functionality.
Radioligands selective for the 5-ht;; receptor which are also
suitable for autoradiographic localization of the receptor are
not currently available (M. Teitler, unpubl. obs.). Thus we
have used immunofluorescent labelling techniques to localize
the 5-ht;; receptor in various guinea pig brain regions.

The 5-hty receptor has also never been shown to be func-
tionally linked to a second messenger system in animal tissue;
5-ht;; receptors have only been shown to couple to Gy, signal-
ling pathways in recombinant cell lines (Adham et al., 1994;
Klein et al., 2011). BRL54443 is the only drug known to be
partly selective for the 5-ht;; receptor; it is also equipotent at
5-HT;r receptors (Brown et al., 1998). This drug has been used
in several recent reports (McKune and Watts, 2001; Watts et al.,
2001; Granados-Soto et al., 2010) to allegedly stimulate 5-ht;-
mediated behavioural effects in rodents and evoke 5-ht:
receptor-mediated signal transduction in rodent tissue,
despite the lack of a 5-hty; receptor gene in any rodent
genome. These and other reports utilizing BRL54443 have
yet to demonstrate 5-ht;-specific activity in tissue or in vivo.
The observed effects mediated by BRL54443 are likely attrib-
utable to its action at 5-HT;; receptors or other 5-HT receptors.
In this report, we provide the first evidence of 5-ht;; receptor
function in animal tissue, demonstrating that 5-ht;; receptors
couple to the inhibition of adenylate cyclase in guinea pig
dentate gyrus (DG)/CA1 membranes. These results and the
5-htyg receptor distribution presented here provide a basis for
addressing the physiological relevance of this receptor and
may help to open new therapeutic avenues for the treatment
of diseases related to the psychiatric and neurological roles of
5-ht;; receptors in humans.

Methods

Cell culture

Recombinant cell lines were cultured that heterologously
express GPCRs. CHO-K1 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Cellgro, Manassas, VA,
USA) containing 10% fetal bovine serum (FBS; Hyclone,
Logan, UT, USA) and 1% penicillin/streptomycin (Invitrogen,
Carlsbad, CA, USA). CHO-K1 cells stably expressing the
human 5-ht;; receptor (donated by Scripps Research Molecu-
lar Screening Center, Jupiter, FL, USA) were cultured in
DMEM, containing 10% FBS, 1% penicillin/streptomycin/
neomycin (Invitrogen), 0.1 mM non-essential amino
acids (NEAA;Invitrogen), 25 mM HEPES (Invitrogen) and
1 mg-mL"' G418 (Invitrogen). LM(tk-) cells stably expressing
the human 5-HT;; receptor (donated by Dr David Nelson, Lilly
Research Laboratories, Indianapolis, IN, USA) were cultured in
DMEM containing 10% FBS, 1% penicillin/streptomycin and
400 ug-mL™"' G418. Cells were cultured on poly-D-lysine
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coated glass coverslips to 95% confluence, then serum starved
for 12 h, washed with PBS solution, fixed in 4% paraformal-
dehyde for 20 min and washed 3 x 3 min with PBS.

Animal tissue sectioning

Brains from adult Sprague Dawley rats and adult Hartley
guinea pigs were purchased from Bioreclamation (Westbury,
NY, USA), where animals were asphyxiated with CO,, decapi-
tated, brains were harvested, meninges were left intact and
brains were shipped in ice-cold PBS. Brains were drop-fixed in
ice-cold 4% paraformaldehyde (Invitrogen) in PBS containing
1% sucrose (pH 7.4) for 2 h. Brains were blocked into 3 mm
thick coronal sections, then drop fixed for another 2 h. Sec-
tions were washed 3 x 10 min with PBS and incubated over-
night in PBS containing 30% sucrose. Brain sections were
frozen in OCT compound (Tissue-Tek, Sakura Finetek, Alphen
aan den Rijn, the Netherlands), processed in a —20°C cryostat
(Microm, Walldorf, Germany) and 16 um thick coronal sec-
tions were mounted onto gelatin coated slides. Slides were
stored in sealed containers at —80°C.

Immunostaining

Tissue slices mounted on slides were allowed to come to room
temperature. Tissue slices or cultured cells were permeabilized
with PBS containing 0.3% Triton-X 100 for 10 min, then
blocking buffer (10% normalized donkey serum (NDS) and
0.3% Triton-X 100 in PBS, pH 7.4) was added and incubated
for 30 min. Primary antibodies were diluted in blocking
buffer: mouse anti-h5-ht;; (1:100, Abnova, cat# HO0003354-
MO3, Taipei City, Taiwan), rabbit anti- glial fibrillary acidic
protein (GFAP) (1:300, Millipore, cat#AB5804, Billerica, MA,
USA), rabbit anti-MAP2 (1:200, Cell Signaling, cat#4542,
Danvers, MA, USA) and/or rabbit anti- von Willebrand factor
(VWF) (1:100, Invitrogen, cat#F3520). Slides were incubated
with primary antibody for 20 h at 4°C, and then washed 3 x
15 min with PBS at room temperature. Secondary antibodies
and nuclear stain (4’,6-diamidino-2-phenylindole; DAPI)
were diluted in blocking buffer: Cy3-conjugated donkey anti-
mouse (1:100, Millipore, cat#AP192C), Alexa488-conjugated
donkey anti-rabbit (1:200, Invitrogen, cat#A21206) and DAPI
nuclear stain (1:500, Invitrogen, cat#D3571). Slides were
incubated with secondary antibody and DAPI for 2 h at room
temperature, and then washed 3 x 15 min with PBS at room
temperature. Cover-slips were applied with a 1:9 solution of
PBS to glycerol, containing 0.05% NaNs.

Imaging

Slides were visualized on an Olympus Optical Provis AX70
microscope and fluorescent images were captured by a Sony
DKC-STS camera interfaced with Northern Eclipse 6.0 (Empix
Imaging, Mississauga, ON, Canada). Full colour images were
captured for Cy3 (ex: 528-553 nm, em: 590-650 nm),
Alexa488 (em: 460-500, em: 510-560) and DAPI (ex: 375-
400, em:450-475), and colour channels were isolated: Cy3
(red), Alexa488 (green) and DAPI (green, pseudo-coloured
blue). Channels were merged and contrast adjusted using
Adobe Photoshop CSS. Images from corresponding guinea
pig and rat brain regions were processed identically.

Western blots
Whole guinea pig or rat brains were homogenized with a
Polytron homogenizer (Kinematica, Lucerne, Switzerland) on
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setting 5 for 5s in 12 mL-mg™" ice-cold cell lysis buffer:
50 mM Tris, 1 mM EDTA, 1x complete protease inhibitors,
pH 7.4. Homogenates were centrifuged at 21 000x g for 5 min
at 4°C. The pellet was resuspended in ice-cold cell solubiliza-
tion buffer (cell lysis buffer containing 150 nM NaCl and 1%
SDS) and sonicated for 30s. Lysates were centrifuged at
1500x g for 5 min at 4°C; the supernatant was collected and
centrifuged at 21 000x g for 30 min at 4°C. The pellet was
resuspended in cell solubilization buffer, incubated on ice for
60 min, centrifuged once more at 21 000x g for 30 min at 4°C
and the supernatant was collected. Protein was quantified by
the bicinchoninic acid (BCA) method (Pierce, Thermo Scien-
tific, Waltham, MA, USA). Samples were loaded onto 4-20%
Tris-HCI SDS-polyacrylamide gels (Bio-Rad) and separated by
electrophoresis, then transferred to nitrocellulose membranes
and blocked for 12 h with blocking buffer [10% non-fat dry
milk in tris buffered saline solution with Tween20 (TBST),
pH 7.4]. Primary antibody was diluted in blocking buffer
[1:300 mouse anti-5-ht;z or 1:2000 rabbit anti-ERK2 (Santa
Cruz Biotechnology, cat# SC-154, Santa Cruz, CA, USA)] and
incubated with membranes for 1 h at room temperature, and
then washed 3 x 5 min with TBST. HRP-conjugated secondary
antibodies were diluted in blocking buffer and incubated
with membranes for 1 h, and then washed 3 x 5 min with
TBST. Staining was visualized by ECL (Pierce, Thermo Scien-
tific) in a Fujifilm LAS imaging chamber. Images were pro-
cessed using Adobe Photoshop CSS.

Radioligand binding

Fresh, frozen guinea pig and rat brains were thawed in tissue
buffer (50 mM Tris-HCl, 0.5 mM EDTA, 10 mM MgSO0,,
pH 7.7). Whole brains or isolated brain regions were homog-
enized with a polytron homogenizer on setting 5 for 5 s in
12 mL-mg™ ice-cold tissue buffer. Homogenates were centri-
fuged at 14 000x g for 30 min at 4°C, pellets were homog-
enized and incubated at 37°C for 15 min, and then
centrifuged and resuspended twice more, as described previ-
ously. Membrane homogenates (15 mg wet weight) were
added to the radioligand binding assay mixture in a final
volume of 1ml;, final concentrations: 50 mM Tris-HCI,
0.5 mM EDTA, 10 mM MgS0,4, 0.1% L-ascorbic acid, 10 pM
pargyline, 5 nM [*H]5-HT (specific activity = 28.1 Ci mmol™),
pH 7.4. Drugs were present at appropriate concentrations to
mask [*H]5-HT binding to non-5-ht,; receptors: 100 nM 5-CT,
100 nM LY344864 and 30 nM ritanserin (see Klein and
Teitler, 2009). To assess the availability of 5-ht;; receptors,
binding was performed in the absence and presence of the
5-hty5-HTj-selective agonist BRL54443. Tubes were incu-
bated at 37°C for 40 min and membranes were collected by
filtration through PEl-soaked glass fibre filter pads. Radio-
activity was measured in a Beckman LS 1801 scintillation
counter (Brea, CA, USA). DPM values were converted to fmol
of [*H]5-HT. Protein was quantified by BCA method. Data
were analysed using GraphPad Prism 5.0.

CAMP assay

Fresh, frozen guinea pig and rat brains were thawed in PBS
then dissected. Hippocampi were isolated, and CA2-CA3
regions were dissected and discarded, leaving mainly DG and
CA1. Tissue was homogenized in PBS (12 mL-mg" wet weight
tissue) with a Polytron homogenizer on setting 5 for Ss.
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Specificity of the anti-5-ht;¢ antibody assessed by Western blot. (A) [*H]5-HT radioligand binding demonstrates that 5-ht;¢ receptors are expressed
in guinea pig brain tissue (*P < 0.001, two-way ANOVA with Bonferroni corrected pair-wise comparison) but not in rat brain tissue. Drugs are
present at concentrations to mask [*H]5-HT binding to non-5-ht;¢ receptor sites (Klein and Teitler, 2009). Data are the means = SEM of three
independent experiments performed in triplicate. (B) Western blot analysis of guinea pig and rat whole brain lysates agrees with radioligand
binding: the anti-5-ht;¢ antibody intensely stains a single ~45 kDa band in guinea pig but not rat brain lysates. The predicted molecular weight
of the 5-htye receptor is 43 kDa. The immunoblot is representative of three independent experiments.

Homogenates were centrifuged at 14 000x g for 30 min at
4°C; pellets were homogenized and centrifuged two more
times. The final pellet was resuspended in LANCE stimulation
buffer containing an ATP regeneration system: 0.5 mM
3-isobutyl-1-methylxanthine (Sigma-Aldrich, St. Louis, MO,
USA), and 0.1% bovine serum albumin (PerkinElmer,
Waltham, MA, USA), 10 mM MgCl,, 10 mM phosphocreatine
(Sigma-Aldrich), 10 unitssmL™" creatine phosphokinase
(Sigma-Aldrich), 50uM GTP (Sigma-Aldrich), 200 uM
ATP (Sigma-Aldrich), in PBS, pH 7.4. Gy,-coupled receptor
activity was measured by the inhibition of forskolin-
stimulated adenylate cyclase activity using the LANCE cAMP
Detection Kit (PerkinElmer), as previously described (Klein
and Teitler, 2011) with modifications. In brief, membrane
homogenates were pre-incubated with concentrations of
agonist in LANCE stimulation buffer containing the ATP
regeneration system for 10 min at 37°C. Membrane homoge-
nates were exposed to 10 uM forskolin with a maintenance
concentration of agonist in LANCE stimulation buffer con-
taining the LANCE anti-cAMP antibody and ATP regeneration
system. This mixture was incubated for 20 min at 37°C. The
reaction was stopped by the addition of LANCE detection
buffer (50 mM HEPES, 10 mM CacCl; and 0.35% Triton X-100,
pH 7.4.), and assay plates were incubated for 2 h at room
temperature. Time-resolved fluorescence resonance energy
transfer was detected by a Victor3 1420 multilabel plate
reader (PerkinElmer). All experiments were performed in the
presence of the 5-HT;-selective antagonist SB269970 (1 uM).

Data analysis

All radioligand binding and cAMP accumulation data are
shown as the means = SEM of three independent experi-
ments performed in triplicate. Nonlinear regression analysis

of concentration response data and all other statistical analy-
ses, including one-way ANOVA with Dunnett’s post tests and
two-way ANOVA with Bonferroni pair-wise comparisons,
were performed by GraphPad Prism 5.0 (GraphPad Software,
San Diego, CA, USA). P < 0.05 was taken as indicating signifi-
cant differences between means.

Materials

5-CT, 5-HT, BRL54443, forskolin, L-ascorbic acid, pargyline,
ritanserin, SB269970, and spiperone were purchased from
Sigma-Aldrich (St. Louis, Missouri, USA). LY344864 was pur-
chased from Tocris Bioscience (Bristol, UK). [*'H]5-HT (28.1 Ci
mmol') was purchased from PerkinElmer Life and Analytical
Sciences (Waltham, MA, USA).

Results

No previous reports exist for immunolabelling 5-ht;; recep-
tors, and thus the selectivity of available anti-5-ht;; antibod-
ies remained unverified. We assessed the selectivity of several
antibodies via Western blot analysis of guinea pig and rat
whole brain lysates. Rats lack the 5-ht;; receptor gene, thus
rat brains were used in this experiment and in subsequent
experiments as a negative control for 5-ht,; receptor expres-
sion and immunoreactivity. Figure 1A demonstrates the
expression of 5-ht;; receptors in guinea pig brain homoge-
nates and the lack of expression in rat brain homogenates
using radioligand binding methodology. Figure 1B shows the
representative staining pattern of guinea pig and rat whole
brain lysates with a mouse monoclonal antibody directed
against intracellular loop 3 (IL3) of the human 5-ht;; receptor.
Minimal background and non-specific staining is observed;
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h5-ht,¢ Cells

Figure 2

CHO-K1 Cells

h5-HT,; Cells

Specificity of the anti-5-ht;e antibody assessed in recombinant cell lines. Significant 5-ht;¢ staining is observed in paraformaldehyde-fixed and
permeabilized CHO-K1 cells that stably express h5-hte receptors (A) but not in untransfected CHO-K1 cells (B) or in LM(tk-) cells that stably
express h5-HTq¢ receptors (C). Scale bars = 10 um. Images are representative of at least three independent experiments.

only one prominent band is stained in guinea pig brain
lysates. This band corresponds to the predicted molecular
weight of the unmodified 5-ht;; receptor (43 kDa), and a
band of similar size and intensity was not observed in rat
whole brain lysates. All other anti-5-ht;; antibodies that were
tested produced multiple non-specific bands, high back-
ground staining and/or prominent bands in rat whole brain
lysates (data not shown). While Western blot analysis is
useful for detecting non-selective labelling of proteins with
molecular weights different from the 5-ht;; receptor, this
methodology only confirms that this primary antibody can
label the SDS-denatured 5-ht;; receptor protein. Thus, in
Figure 2A, we demonstrate that the anti-5-ht,; antibody used
in Figure 1B also stains human S5-ht;; receptors stably
expressed in fixed, permeabilized CHO-K1 cells but does
not label the parental (untransfected) CHO-K1 cell line
(Figure 2B). This antibody failed to stain cells that express
human 5-HT;r receptors (Figure 2C), a receptor that is closely
related to the 5-hty; receptor, sharing 42% and 43% amino
acid sequence homology with IL3 of the 5-ht;; receptor (the
epitope of the antibody) for human and guinea pig receptors
respectively. This homology makes the 5-HT;; receptor one of
the most likely off-target proteins to cross-react with the
anti-5-ht;; antibody and provides a stringent test of the speci-
ficity of the antibody. Taken together, these data indicate that
the mouse monoclonal anti-5-ht;; antibody is highly selec-
tive for the 5-ht;; receptor and should provide highly specific
staining of 5-ht;; receptors in brain sections.

To guide our investigation of 5-ht;; distribution in the
guinea pig brain, we first identified brain regions with high
levels of 5-ht;; receptor expression. This was accomplished by
radiolabelling 5-ht;; receptors in membrane homogenates
prepared from various guinea pig brain regions with SnM
[*H]S-HT (Figure 3). 5-ht;; receptor densities in both the olfac-
tory bulb and the hippocampus were approximately 2.5-fold
greater than the average 5-ht;; receptor density of the whole
guinea pig brain. The frontal cortex also displayed significant
levels of 5-hty; receptor expression that were comparable with
the whole brain. We did not detect statistically significant
levels of 5-ht;; receptors expressed in the other brain regions.
Despite the lack of significant radioligand binding in these
other brain regions, these data alone do not preclude the
possibility of highly localized, punctate 5-ht;; receptor
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Figure 3

5-htie receptor densities in guinea pig brain regions. Membrane
homogenates of guinea pig brain regions are probed for 5-hte
receptor binding using conditions identical to Figure 1A. High levels
of 5-htye receptors are detected in the hippocampus and olfactory
bulb (*P < 0.05 compared with ‘Whole Brain’, one-way ANOVA with
Dunnett’s post-test). Data are the means + SEM of three indepen-
dent experiments performed in triplicate.

expression in various brain sub-regions, as radioligand
binding methodology may not be sensitive enough to detect
these receptors. These data indicate that the hippocampus
and olfactory bulb contained substantial levels of 5-hty
receptors and we therefore examined 5-ht;; receptor distribu-
tion in these regions first.

Guinea pig olfactory bulbs were transversely sectioned
and stained for 5-ht,; receptors, and in agreement with radio-
ligand binding data, revealed the presence of high receptor
expression levels (Figure 4A). 5-hty; receptors appear to be
localized to olfactory glomeruli (spheroid regions indicated
by arrows, Figure 4B) with some staining in juxtaglomerular
cells and more diffuse staining elsewhere in the olfactory
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5-ht;e receptor staining in the olfactory bulb. (A) Low magnification image of 5-ht;¢ receptor staining in guinea pig olfactory bulb showing robust
staining in glomerular layer cells; minimal staining is observed elsewhere. (B) 5-ht;¢ staining is largely confined to olfactory glomeruli (arrows). (C)
High magnification image of 5-ht;¢ staining in guinea pig olfactory glomeruli; most 5-ht;e receptor staining is found within glomeruli with minimal
staining observed in juxtaglomerular cells. (D) No 5-ht;¢ receptor staining is observed in rat olfactory bulb; rat olfactory glomeruli (arrows) are
devoid of specific 5-ht;¢ staining. Scale bars = 50 um. All images are representative of brain sections from at least three animals.

bulb. Glomeruli are known to possess few cell bodies and glial
projections are largely absent from glomeruli; this is evident
in Figure 4C by the respective lack of DAPI and GFAP staining
in the glomeruli. Thus, the identity of the cell types express-
ing 5-ht;; receptors within the olfactory glomeruli is limited
to neuronal dendrites or terminals. Rat olfactory bulbs served
as negative controls for S5-ht;; receptor staining and no
significant staining was detected (Figure 4D).

Consistent with the radioligand binding results, the hip-
pocampal structure displayed one of the highest levels of
5-ht;; receptor staining in the guinea pig brain (Figure 5).
Guinea pig coronal sections reveal the organization of the
caudal hippocampus along the septal-temporal axis: 5-ht;g
receptor staining is localized within the DG (Figure 5A) with
little to no staining in the CA1 region (Figure 5B). Rostral
hippocampal sections also displayed a lack of 5-ht;; staining
in CA3-CA2 regions (Figure SC). 5-ht;; staining was most
intense in the middle third of the molecular layer of the DG
in both the suprapyramidal and infrapyramidal blades
(Figure 5A), with limited staining in the polymorphic layer
and no staining in the granular layer. This expression

pattern is generally consistent throughout the septal-
temporal axis, evident in Figure 5B, which displays a
coronal section near the temporal pole of the hippocampus.
While staining of 5-ht;; receptors on individual dendritic or
axonal processes cannot be discriminated, 5-ht;; receptor
staining does not resemble glial staining and the focused
localization of 5-ht;; expression in the DG molecular layer
suggests that this receptor is expressed on neurons rather
than glial cells. Co-staining for the astrocytic marker GFAP
and the neuronal marker MAP2 could not clearly label
either cell type in this tissue. Because the anti-5-ht;; recep-
tor antibody was produced in mouse, only non-mouse-
derived cell type markers could be used for co-staining:
none of the tested non-mouse-derived anti-GFAP and anti-
MAP2 antibodies produced clear and reproducible staining
patterns in hippocampal sections (data not shown).
Figure 5D displays the lack of 5-ht;; staining in rat DG
coronal sections, and 5-ht;; staining was not observed in
any other rat hippocampal sections; this supports the stain-
ing patterns observed in guinea pig hippocampal sections as
specific to the 5-hty; receptor.
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Figure 5
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5-htye receptor staining in the hippocampus. (A) The septal pole of the DG from caudal guinea pig hippocampal coronal sections is shown.
Significant 5-hty staining is observed in the molecular layer (ML) but not in the granular cell layer (GCL), and minimal 5-ht; staining is found in
the polymorphic layer (PML). (B) A region near the temporal pole of the DG from guinea pig hippocampal coronal sections is shown. No
significant 5-ht;e receptor staining is found in the CA1 region; significant staining is present in the DG molecular layer. (C) Coronal section of rostral
guinea pig hippocampus shows the lack of 5-ht¢ receptor staining in the CA3-CA2 region. (D) Rat hippocampus (coronal section of DG septal
pole shown) does not stain for 5-hty receptors. Scale bars = 100 pum. All images are representative of brain sections from at least three animals.

To confirm the expression of functional 5-ht;; receptors in
guinea pig DG, we probed for G;,-mediated receptor activity
in membrane homogenates prepared from this tissue. Guinea
pig and rat hippocampi were isolated and the CA3-CA2
regions were dissected and discarded, leaving the DG and
CA1 regions largely intact. The CA1 region, similar to the
CA3-CA2 region, displayed a low level of 5-hty; receptor
expression but could not be easily dissected from the DG and
membrane homogenates were prepared from a combination
of DG and CAl, referred to as DG/CA1 membrane homoge-
nates. Basal and 10 uM forskolin-stimulated cAMP produc-
tion were respectively 3.90 * 0.02 and 8.23 = 1.61 pmol-mg"
protein for guinea pig DG/CA1 membranes and 5.68 = 0.89
and 10.03 = 2.07 pmol-mg™ protein for rat DG/CA1 mem-
branes. Figure 6A demonstrates the ability of 1 uM 5-HT and
1 uM of the 5-ht;s/5-HT;p-selective agonist BRL54443 (Brown
et al., 1998) to mediate the inhibition of forskolin-stimulated
CcAMP production in guinea pig DG/CA1 membranes. The
5-HTjp-selective agonist LY344864 (1 uM) (Phebus etal.,
1997), having similar potency and efficacy at the 5-HTir
receptor as BRL54443, did not affect forskolin-mediated activ-
ity, demonstrating the lack of 5-HT;; receptor activity in
guinea DG/CA1 membranes, a finding consistent with a pre-
vious report showing insignificant levels of 5-HT;; receptor
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expression in the guinea pig hippocampus (Lucaites et al.,
2005). The lack of effect of LY344864 suggests that the inhi-
bition of forskolin’s activity by BRL54443 is not mediated by
5-HTy receptors.

The 5-HT,, receptor is the predominant 5-HT receptor
expressed in the hippocampus. To assess the contribution of
5-HT, receptors to the activity of BRL54443, guinea pig
DG/CA1 membranes were also exposed to 1 uM spiperone,
an antagonist with low affinity for 5-hty; receptors (K; =
5051 nM, Zgombick et al., 1992) but much higher affinity for
5-HT;, receptors (K; = 33 nM, Corradetti et al., 2005). Spiper-
one blocked much, but not all, of 5-HT-mediated inhibition
of forskolin-stimulated cAMP, reducing 5-HT-mediated activ-
ity to levels comparable with those of 1 uM BRL54443. Spip-
erone did not significantly block 1 uM BRL54443 activity,
suggesting that BRL54443’s activity and the remaining 5-HT-
mediated activity were likely mediated by 5-hty; receptors.
Full BRL54443 concentration-response curves were deter-
mined in the absence and presence of 1uM spiperone
(Figure 6B); BRL54443 inhibited forskolin-stimulated activity
with a potency of 123 nM and 14.2 nM respectively. In the
absence of spiperone, a Hill coefficient of 0.39 was observed,
a value significantly less than unity (P < 0.005, F-test) and
indicative of multiple receptors mediating the effect of
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Figure 6

5-ht;e receptor activity in DG and CA1 (DG/CA1) membranes. (A) Guinea pig DG/CAT membrane homogenates were stimulated with 10 pM
forskolin subsequent to exposure to 1 uM 5-HT, 1 uM of the 5-ht;¢/5-HT:e-selective agonist BRL54443, or 1 uM of the 5-HT;¢-selective agonist
LY344864 in the absence or presence of 1 uM spiperone. In the absence of spiperone, 5-HT and BRL54443 significantly inhibited forskolin-stimulated
cAMP accumulation, but LY344864 had no effect.. *P < 0.01, significantly different from ‘No drug’, one-way ANOVA with Dunnett’s post-test.
Spiperone (1 uM) partially inhibited 5-HT-mediated activity, but not BRL54443-mediated activity. *P < 0.001, two-way ANOVA with Bonferroni
corrected pair-wise comparison. (B) Concentration-response curves for BRL54443 in guinea pig DG/CA1 membranes. In the absence and presence
of T uM spiperone, BRL54443 maximally inhibited forskolin-mediated activity by 54 + 5% and 27 = 3%, respectively, compared with 56 + 3% and
26 £ 7% for 10 uM 5-HT. (C) Rat DG/CAT membrane homogenates were stimulated with forskolin and agonists in the same manner as (A). In the
absence of spiperone, only 5-HT significantly inhibited forskolin-stimulated cAMP accumulation. *P < 0.001, significantly different from ‘No drug’,
one-way ANOVA with Dunnett’s post-test); BRL54443 and LY344864 had no effect. Spiperone (1 uM) completely inhibited 5-HT-mediated activity.
#P < 0.001, two-way ANOVA with Bonferroni corrected pair-wise comparison). (D) A partial BRL54443 concentration-response curve is observed in
rat DG/CA1 membranes only in the absence of 1 uM spiperone. BRL54443 maximally inhibited forskolin-stimulated activity by 47 + 9% in the
absence of spiperone, compared with 55 = 8% 10 uM 5-HT; this activity is abolished by 1T uM spiperone. All experiments were performed in the
presence of 1 uM SB269970, a 5-HT-selective antagonist. Data are the means + SEM of three independent experiments performed in triplicate.
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5-ht;e receptor staining in the frontal cortex and striatum. Significant 5-hty receptor staining was not observed in guinea pig frontal cortex (A)
or striatum (B). Rat frontal cortex (C) and striatum (D) also lacked significant 5-hti¢ receptor staining. Scale bars = 100 um. All images are

representative of brain sections from at least three animals.

BRL54443. In the presence of spiperone, BRL54443 inhibited
forskolin activity with a potency consistent with BRL54443’s
high affinity for 5-ht;; receptors and produced a
concentration-response curve with a Hill coefficient that did
not significantly deviate from unity (P = 0.464, F-test). Taken
together, these results indicate that, in the presence of 1 uM
spiperone, BRL54443 selectively revealed the activity of 5-ht;g
receptors, maximally inhibiting 27% of forskolin-stimulated
cAMP accumulation in guinea pig DG/CA1 membranes. In
comparison, 1 uM BRL54443 failed to stimulate the inhibi-
tion of forskolin activity in rat DG/CA1 membranes
(Figure 6C) and only inhibited forskolin activity at the
highest concentration (ICso > 10 uM), which was blocked by
1 uM spiperone (Figure 6D), suggesting that only at high con-
centrations was BRL54443’s activity mediated by non-5HT;g
receptors. The lack of BRL54443-mediated activity in rat
membranes was consistent with the lack of expression of
5-hty; receptors in rat tissue and further supported the obser-
vation of BRL54443's activity in guinea pig DG/CA1 members
as 5-htyg specific.

Other regions of the guinea pig brain were examined for
a 5-ht;y immunofluorescent signal. The guinea pig frontal
cortex expressed significant levels of 5-ht; receptor binding
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sites (see Figure 3) and 5-ht;; mRNA (Bai et al., 2004) but did
not produce a substantial 5-ht;; receptor immunofluorescent
signal (Figure 7A). Immunofluorescence was comparable
with that of the striatum (Figure 7B), a brain region shown to
have little 5-hty; receptor binding (Figure 3), insignificant
5-hty; receptor activity (data not shown) and insignificant
5-ht;; mRNA expression (Bai efal.,, 2004). Other cortical
regions were examined, but no other regions produced
reproducible and substantial 5-ht,; receptor staining. Like-
wise, rat brain sections showed no significant 5-ht;; receptor
staining in frontal cortex (Figure 7C) and striatum
(Figure 7D), consistent with the lack of 5-ht;; gene expres-
sion in this species.

Staining of 5-ht;; receptors was particularly intense in
guinea pig cerebral arteries. The vasculature was identified by
co-staining for von Willebrand factor (vWF), which labels the
endothelium of major arteries, veins and the microvascula-
ture. Figure 8A,B displays cross-sections of guinea pig anterior
and posterior cerebral arteries respectively. 5-ht;; receptor
staining was confined to the tunica adventitia (outermost
layer of arteries composed of fibroblasts, perivascular nerve
endings and connective tissue), with no significant staining
found in the tunica intima (innermost endothelial layer that
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Figure 8

5-htyg receptor staining in the neurovasculature. Robust 5-ht;¢ receptor staining is observed in the adventitial layer of guinea pig anterior (A) and
posterior (B) cerebral arteries, whereas smooth muscle tissue and endothelial tissue lack 5-htie receptor staining. Other guinea pig arteries,
including the basilar artery (C) and vertebral arteries (D), are devoid of 5-ht;¢ receptor staining. Rat arteries, including the anterior (E) and posterior
(F) cerebral arteries, also lack significant 5-hte receptor staining. Scale bars = 25 um. All images are representative of brain sections from at least
three animals.

stains positive for vWF) or the tunica media (layer between 5-htyg receptor staining co-localize with the microvasculature
the adventitia and intima composed of smooth muscles cells and venous tissue of the guinea pig brain (data not shown).
and elastic tissue). Interestingly, other guinea pig arteries, 5-hty; receptor staining was not observed in any rat neurovas-
like the basilar artery (Figure 8C) and vertebral arteries culature sections; this is exemplified by the lack of staining
(Figure 8D) did not display 5-ht;; receptor staining, nor did in rat anterior (Figure 8E) and posterior (Figure 8F) cerebral
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arteries. Lack of 5-ht;; receptor staining in rat neurovascula-
ture supports the staining observed in guinea pig arteries as
specific to the 5-ht;; receptor and suggests some role for 5-ht
receptors unique to cerebral arteries.

Discussion and conclusions

The immunofluorescent labelling of S5-ht;; receptors pre-
sented in this investigation represents the first specific local-
ization of 5-ht; receptors in the brain. Previous attempts to
localize 5-ht;; receptors using autoradiographic techniques
have been either unsuccessful (M. Teitler, pers. obs.), con-
founded by the labelling of 5-HT;; receptors (Miller and
Teitler, 1992; Beer et al., 1993; Barone et al.,, 1994; Castro
etal., 1997), or resulted in the erroneous labelling of 5-ht;g
receptors in tissue from species that lack the 5-ht;; receptor
gene (Stanton et al., 1996; Fugelli et al., 1997), leading aber-
rant or inaccurate assessments of 5-ht,; receptor distribution
in the brain. Two previous studies attempted to shed light on
the expression of 5-ht;; receptor mRNA in the non-rodent
brain. Bai et al., (2004) isolated 5-ht;; receptor mRNA from
gross guinea pig brain regions while Bruinvels et al., (1994)
labelled 5-ht;; receptor mRNA via in situ hybridization in
guinea pig and primate brain sections. However, the main
focus of both studies was not on 5-ht;; mRNA expression,
thus little information was presented on the subject. More
importantly, neither of these reports could provide informa-
tion about the expression of the receptor protein, thus
making interpretations of 5-ht;; receptor function and distri-
bution difficult. Some studies (Lowther et al., 1992; Klein and
Teitler, 2009), including the original report of the 5-hty
receptor (Leonhardt et al., 1989) and the current investiga-
tion have used radioligand binding methodology to identify
5-htyg receptor binding in homogenates prepared from gross
brain regions. Apart from those of Klein and Teitler,(2009), all
previous reports used conditions that labelled both 5-ht;; and
5-HTr receptors, yet when comparing these findings with
results obtained in species that lack 5-ht;; receptors (i.e. rats
and mice), it seems likely that substantial levels of 5-ht;
receptors are expressed in the frontal cortex, hippocampus
and olfactory bulb of humans, non-human primates, and
other non-rodent species. Unfortunately, radioligand binding
methodology lacks the ability to visualize receptors in the
intact anatomy of the brain and is prone to overlook small
punctate areas of receptor expression, such as expression on
brain blood vessels (see Figure 8).

We attempted to map 5-ht;; receptors in guinea pig brain
sections autoradiographically, using [*H]5-HT, the only avail-
able radioligand for the 5-ht;; receptor (K¢ = 6 nM), under
conditions previously established to mask labelling of non-
5-hty; receptors (Klein and Teitler, 2009). Despite the ability
to conduct 5-hty-selective [*H]5-HT radioligand binding in
homogenized guinea pig brain membranes, these conditions
produced autoradiograms with minimal specific binding
(data not shown). Quantitative autoradiographic localization
of 5-hty; receptors will probably not be possible until higher
affinity and/or higher energy radioligands become available
for this receptor. Thus, immunolabelling techniques appear
to be the only feasible means of determining the distribution
of 5-hty; receptors in the brain. After examining putative
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5-hty; receptor antibodies, we identified only one highly
selective probe for this receptor: a mouse monoclonal anti-
body targeted against the IL3 of the human 5-ht;; receptor.
With this antibody, we assessed the expression pattern of
5-htyg receptors in guinea pig brain sections.

Significant expression of 5-ht;; receptors was detected in
olfactory glomeruli (Figure 4), which suggests that this recep-
tor may have a role in regulating sensitivity to odorants. The
cyto-architecture of olfactory glomeruli is well studied, and
the staining pattern observed for 5-ht;; receptors was not
found to resemble olfactory receptor neuron axons and ter-
minals (see Detje et al., 2009 for comparison), astrocytes, or
periglomerular interneurons (see Petzold et al., 2009 for com-
parison). Rather, the staining pattern of 5-ht;; receptors, best
evident in Figure 4C, resembles the staining of mitral/tuft cell
dendrites (see Petzold efal., 2009 for comparison), and, if
5-ht;; receptors are coupled to Gj,, or other inhibitory signal-
ling pathways in these cells, stimulation of this receptor
could result in hyperpolarization and decreased signalling
of these olfactory efferent neurons, thus reducing olfactory
bulb output. The role of 5-ht;; receptors in the olfactory
bulb might be pharmacologically assessed in guinea pigs by
local administration of the 5-ht;s/5-HT -selective agonist
BRL54443 and monitoring the animal’s sensitivity to odoz-
ants or monitoring olfactory bulb activity, strategies similar
to those used previously to study 5-HT receptor activity in the
olfactory bulbs of rats (Petzold et al., 2008; 2009). The expres-
sion of 5-HT;; receptors is insignificant in the guinea pig
olfactory bulb (Lucaites et al., 2005) and thus BRL54443 could
be used as a relatively selective agonist for 5-ht;; receptors in
the olfactory bulb.

The robust expression of 5-ht;; receptors detected in the
DG (Figure 5) along with the functional link between these
receptors and the inhibition of adenylate cyclase activity
(Figure 6) represents a discovery with potentially significant
therapeutic relevance. Hippocampal activity is associated
with learning and memory (Scoville and Milner, 1957; see
Morgado-Bernal, 2011) as well as alertness and mood (Camp-
bell and Macqueen, 2004); and hyperactivity in the hippoc-
ampus has been linked to temporal lobe epilepsy (Chang and
Lowenstein, 2003; Sloviter, 2005). The expression of 5-ht;
receptors in the DG may suggest an important role for this
receptor in regulating these hippocampal functions. In
general, the classical tri-synaptic circuit of the hippocampal
structure is comprised of three interconnected regions: the
DG, the CA3-CA2 region and the CA1 region. Afferent, exci-
tatory projections from the enterorhinal cortex (the perforant
pathway) cross the hippocampal fissure to synapse on the
apical dendrites of granule cells in the external two thirds of
the DG molecular layer (Amaral and Lavenex, 2007): the
molecular layer of the DG is where 5-ht;;; receptors are found
to be most densely expressed. Being upstream of the CA
regions, 5-htyy receptor activity in the DG may influence
overall hippocampal activity. Figure 6 demonstrates that
5-hty; receptors mediate the inhibition of adenylate cyclase
activity in DG membranes. Theoretically, stimulation of this
receptor should decrease activity of perforant pathway-
granule cell synapses through the inhibition of cAMP accu-
mulation and subsequent decrease in the cAMP-dependent
responses, such as PKA activity, CREB-mediated gene tran-
scription and neurite outgrowth. If this is the case, the 5-ht;g



receptor may function as an important negative modulator of
long-term potentiation or promote long-term depression in
the DG by this means. Hence, selective inhibitors of 5-ht;
receptors might counter this effect and enhance hippocampal
activity, which could be an extremely useful modality in the
treatment of clinical depression or mental disorders charac-
terized by memory deficits, such as Alzheimer’s disease. The
hippocampus is one of the first regions of the brain that
suffers damage in the pathogenesis of Alzheimer’s disease
(Burke and Barnes, 2006; Hampel et al., 2008), and none of
the currently available therapeutics aimed at ameliorating the
cognitive deficits associated with Alzheimer’s disease focuses
specifically on enhancing hippocampal activity (Blennow,
2011; Delrieu et al., 2011; Herrmann et al., 2011). If 5-hty
receptors function as we speculate, selective 5-hty; inhibitors
might represent a new drug development avenue for the
treatment of Alzheimer’s disease. Conversely, 5-ht;g-selective
agonists may be effective in the treatment of temporal lobe
epilepsy by reducing hippocampal hyperexcitability. These
hypotheses can be assessed in future electrophysiological
studies using currently available pharmacological tools. The
expression of 5-HTyr receptors is insignificant in the guinea
pig hippocampus (Lucaites et al., 2005), and no 5-HT; recep-
tor activity was observed in the DG (Figure 6C). Thus, as
shown in the olfactory bulb, the 5-ht;:/5-HT;-selective
agonist BRL54443 could be used to selectively assess the neu-
rophysiological functions of the 5-ht;; receptor in the hip-
pocampus. Ultimately, the identification of highly selective
pharmacological tools will be needed to fully explore the
functions of 5-hty; receptors in the brain.

Apart from the olfactory bulb and hippocampus, the only
tissue found to express 5-ht;; receptors at levels high enough
to be detected were cerebral arteries (Figure 8A,B). This was an
unexpected observation that suggests a role for 5-ht;; recep-
tors in modulating vascular tone or other arterial events. The
staining for 5-ht;; receptors appears exclusive to the adventi-
tial layer, the outermost layer of arteries, populated by fibro-
blasts and containing perivascular nerve endings. This
suggests that 5-ht;; receptors may function as autoreceptors
on perivascular nerve terminals (Silberstein, 2004) or may be
expressed on fibroblasts and indirectly regulate vascular tone
via fibroblast signalling to the smooth muscle cells (Majesky
etal., 2011). In this way, 5-ht;; receptors might play a role in
the pathogenesis of migraine, and like the 5-HT;3, 5-HT;p and
5-HT;r receptors, may be a potential target for new anti-
migraine drugs (Classey et al., 2010). If 5-ht;; receptors are
involved in regulating vascular tone, migraine or other vas-
cular events, it appears the role of 5-ht;; receptors would be
limited to the cerebral arteries, as 5-ht;; receptors staining was
not identified on other large calibre arteries (Figure 8C,D).

In summary, the identification of 5-ht; receptors in the
olfactory bulb glomeruli and the DG molecular layer suggests
critical roles for the 5-htyy receptors in the functions associ-
ated with these brain regions. Olfactory bulb activity is
tightly associated with the limbic system, of which the hip-
pocampus is a central part. This interconnectedness of brain
regions expressing S-ht;; receptors may reflect an evolution-
ary importance of the 5-ht;; receptor, and the lack of 5-ht;
receptors in rodent species (Bai et al., 2004) and high degree
of conservation of the receptor’s structure in humans
(Shimron-Abarbanell ef al., 1995) makes the question of this
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receptor’s evolutionary importance all the more pertinent.
Drugs that can modulate the activity of 5-ht;; receptors may
have significant effects on limbic-associated brain functions;
including memory and learning, and may represent a class of
drugs with new and potentially powerful clinical benefits in
the treatment of cognitive disorders and memory deficits.
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