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[*H]WB4101 Labels the 5-HT,, Serotonin Receptor Subtype in Rat Brain
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SUMMARY

In the presence of a 30 nM 3prazosin mask, [*H]-2-(2,6-dimethoxyphenoxyethyl) amino-
methyl-1,4-benzodioxane (["THJWB4101) can selectively label 5-HT, serotonin receptors.
Serotonin exhibits high affinity (K; = 2.5 nM) and monophasic competition for [*H]
WB4101 binding in cerebral cortex. Furthermore, we have found a significant correlation
(r = 0.96) between the affinities of a number of serotonergic and nonserotonergic
compounds at [*PHJWB4101-binding sites in the presence of 30 nM prazosin and [°*H]
lysergic acid diethylamide ([*H]LSD)-labeled 5-HT), serotonin receptors in homogenates
of rat cerebral cortex. Despite similar pharmacological profiles, distribution studies
indicate that, in the presence of 5 mM MgSQ,, the B, of [P(H]WB4101 is significantly
lower than the By, of ['H]LSD in various brain regions. WB4101 competition for [*H]
LSD-labeled 5-HT, receptors fits best to a computer-derived model assuming two binding
sites, with the Ky for WB4101 being similar to the Kj of [’PH]WB4101 binding derived
from saturation experiments. This suggests that [(H]WB4101 labels only one of the
subtypes of the 5-HT, serotonin receptors labeled by [PH]LSD. Interestingly, the selective
5-HT,a serotonin receptor antagonist, spiperone, and the selective 5-HT;, agonist, 8-
hydroxy-2-(di-n- propylamino) tetraline, exhibit high affinity and monophasic competi-
tion for [’PH]WB4101 but compete for multiple [PH]LSD 5-HT, binding sites. These data
indicate that [PH]WB4101 selectively labels the 5-HT)4 serotonin receptor, whereas [*H]
LSD appears to label both the 5-HT,, and the 5-HT,3 serotonin receptor subtypes. The
divalent cations, Mn**, Mg?*, and Ca®* were found to markedly increase the affinity and
Bpax of [P(H]WB4101 binding in cerebral cortex. Conversely, the guanine nucleotides
guanylylimidodiphosphate and GTP, but not the adenosine nucleotide ATP, markedly
reduce the By,, of [FTHJWB4101 binding. These characteristics are typical of agonists
interacting with receptors which modulate cellular function via a guanine nucleotide-

regulatory subunit.

INTRODUCTION

Two distinct putative receptor populations, believed
to be specific for serotonergic systems, have been bio-
chemically characterized in radioligand binding experi-
ments in the past 10 years (1, 2). One receptor population
has high nanomolar affinity for various serotonergic
agonists and can be labeled by [*H]5-HT® and [*H]LSD.
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Additionally, these receptors have been reported to ex-
hibit lower affinity for serotonergic antagonists and have
been designated the 5-HT,; serotonin receptor subtype
(1, 2). The second population is distinguished by its
relatively lower affinity for serotonergic agonists but high
nanomolar affinity for various serotonergic antagonists.
This site has been designated the 5-HTS,, or S,, serotonin
receptor subtype and has been labeled by [3HlLSD and
[*H]spiperone (1, 2) and, more recently, by [°H]ketan-
serin (3, 4).

Detailed characterization of 5-HT, serotonin receptors
has been hampered by the lack of specific ligands. While
[*H]5-HT and [P’H]LSD have been the most widely used
ligands for the labeling of the 5-HT, serotonin receptor,
it has recently been reported that [*H]5-HT, in fact,
labels a heterogeneous population of sites. The antago-
nist spiperone competes for [*’H]5-HT binding in a shal-
low biphasic manner which has been resolved into
distinct high and low affinity components. These com-
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ponents of [*H]5-HT binding defined by the biphasic
spiperone displacement have been putatively designated
as distinct receptor subtypes based on their differential
pharmacology and regional distribution (5-8). The [*H]
5-HT-binding site having higher affinity (Kp ~30-120
nM) for spiperone has been designated the 5-HT,4 sero-
tonin receptor, while the site having lower affinity (Kp
~1-15 uM) for spiperone has been designated the 5-HTs
serotonin receptor (5).

[*H]WB4101 classically has been identified as an a-
adrenergic receptor antagonist ligand in the central ner-
vous system (9), although its selectivity has been ques-
tioned but not defined (10-12). This laboratory has re-
cently found that [P(HJWB4101 labels multiple sites in
rat hippocampus discriminated by high nanomolar affin-
ity (Kp ~0.1 nM) or low micromolar affinity (Kp ~6 uM)
for prazosin (13). The sites having high affinity for
prazosin proved to correspond to the classical a;-adre-
nergic receptor (13). Interestingly, we have found that
serotonergic compounds have high affinity for the non-
a;-adrenergic receptor component of [PHJWB4101 bind-
ing in rat cerebral cortex (14). We herein extend these
latter observations and demonstrate that [*HJWB4101
can selectively label the 5-HT;, subtype of serotonin
receptors in rat brain.

EXPERIMENTAL PROCEDURES

Materials. [*H]WB4101 (19.8 Ci/mmol) and [*H]LSD (46.0 Ci/
mmol) were purchased from New England Nuclear Corp. (Boston,
MA). 5-Hydroxytryptamine creatine sulfate, 5-methoxy-N,N-di-
methyltryptamine, 5-methoxytryptamine, dopamine, (—)-epinephrine,
(—=)-norepinephrine, Gpp(NH)p, GTP, and ATP were purchased from
Sigma Chemical Co. (St. Louis, MO). WB4101 was purchased from
Amersham Corp. (Arlington Heights, IL). 8-OH-DPAT and TFMPP
were purchased from Research Biochemicals, Inc. (Wayland, MA).
LSD was purchased from Alltech/Applied Science (Deerfield, IL).
Haloperidol, ketanserin, and spiperone were donated by Janssen Phar-
maceutica N.V. (Beerse, Belgium). Prazosin hydrochloride was donated
by Pfizer (Brooklyn, NY). Phentolamine hydrochloride was donated
by Ciba-Geigy (Summit, NJ). Lisuride hydrogen maleate was donated
by Schering A.G. (Berlin, Germany). Dihydroergocryptine was donated
by Sandoz (E. Hanover, NJ). Metergoline was donated by Farmitalia
(Milan, Italy) and Dr. David Nelson (University of Arizona, Tucson,
AZ). Chlorpromazine was donated by Smith, Kline and French (Phil-
adelphia, PA). (—)-Sulpiride was donated by Ravizza (Milan, Italy).

Procedures. Male Sprague-Dawley rats (Simonsen Laboratories, Gil-
roy, CA; 180-220 g) were used for all experiments. Rats were decapi-
tated and the brains immediately removed into ice-cold saline. Brain
regions were rapidly dissected, placed into plastic vials, frozen in liquid
nitrogen, and stored at —70° until use. Tissue was homogenized in 50
volumes of ice-cold 50 mM T'ris buffer (pH 7.7 at 25°) using a Tekmar
Tissuemizer (setting 7, 10 sec) and centrifuged twice (48,000 X g for 10
min, 4°) with resuspension of the pellet in fresh buffer. The final pellet
was resuspended in 50 mM Tris, 5 mM MgSO,, 0.5 mM EDTA buffer
(pH 7.4 at 37°) except for [PH]WB4101 saturation experiments
investigating the effect of ions, where the MgSO, was omitted from
the resuspension buffer. Competition experiments with dopamine, (—)-
epinephrine, and (—)-norephinephrine also contained 0.02% ascorbic
acid. This concentration of ascorbic acid had no effect on serotonin
competition for [*(HJWB4101. [*'H]WB4101 and [*H]LSD competition
curves were generated using three intermediate concentrations of in-
hibitor per log unit and a concentration of 3.0 nm [*(HJWB4101 or 1.0
nM [*H]LSD. Saturation experiments employed a concentration range
of 0.5-8 nM for both radioligands. Tissue (7.5 mg/tube and 5 mg/tube
for [*H]WB4101 and [*H]LSD binding, respectively) was added to a

total assay volume of 2.5 ml for both competition and saturation
experiments in cortex. [PH]WB4101 binding assays were conducted in
the presence of a 30 nM prazosin mask unless stated otherwise. All
[*H]LSD binding experiments were conducted in the presence of a 40
nM ketanserin mask to block 5-HT; serotonin receptor binding of the
radiogland. WB4101 competition curves for [*H]LSD binding in the
striatum also were generated in the presence of 200 nM (—)-sulpiride
and 100 mM NaCl to selectively preclude binding of [PH]LSD to D,
dopamine receptors (the presence of 100 mM NaCl and 200 nM (—)-
sulpiride reduced the affinity of [*H]LSD for 5-HT, serotonin receptors
in the striatum less than 2-fold). Nonspecific binding was defined using
0.5 or 1 uM serotonin unless stated otherwise. [*H]LSD binding assays
were covered with aluminum foil to prevent photodecomposition of the
radioligand. The glass test tubes were incubated at 37° for 40 min and
then filtered under vacuum through Whatman GF/C filters and washed
three times with 5 ml of ice-cold Tris buffer using a modified Brandel
cell harvester. Filters were placed in plastic mini-scintillation vials and
4 ml of Cytoscint (Westchem) were added. Radioactivity trapped on
the filters was counted using a Beckman LS7500 scintillation spectrom-
eter at an efficiency of 52%.

Data analysis. The computer analyses employed the weighted, non-
linear least squares curve fitting program, LIGAND (15, 16), using a
general model for complex ligand-receptor binding systems (17). The
exact treatment of experimental data has previously been described in
detail (18). Briefly, competiton curves were first analyzed according to
a four-parameter logistic equation, and the slope factor (pseudo-Hill
coefficient, designated ny) was derived. The curves were then analyzed
according to a model for the binding of the radioligand and competing
drug to one, two, or more binding sites. Deviation of the observed
points from the predicted values were weighted according to the recip-
rocal of the predicted variance (19, 20). Testing for statistical difference
between models was obtained by comparing their residual variances of
fits to the data by an F test (15), and p < 0.05 was taken as indicating
a significant difference. A model for two binding sites was retained
only when it fitted the data significantly better than a model for a
single binding site. Saturation curves were analyzed by Scatchard
analysis (21). In some experiments, statistical significance was deter-
mined using a two-tailed Student’s ¢ test for comparison of means.

RESULTS

This laboratory has previously shown that [*H]
WB4101 labels multiple sites in rat hippocampus having
differential affinity for [*HJWB4101 (13). LIGAND anal-
ysis of [PH]WB4101 saturation data using 10 uM phen-
tolamine to define nonspecific binding demonstrated the
presence of two distinct binding sites with Kp values of
approximately 0.35 nM and 1.8 nM for [P H]WB4101.

As seen in Fig. 1, prazosin displacement of 3.0 nM [*H]
WB4101 binding is biphasic. Thus, for computer-assisted
two-site analysis of prazosin competition for [*H]
WB4101 binding (Fig. 1), using a Kp value of 0.35 nM
for [PHJWB4101 at the site having high affinity for

prazosin and a K, value of 1.8 nM for the site having low .

affinity for prazosin yielded respective K; values for the
two components of prazosin competition of approxi-
mately 0.2 nM and 5.3 uM. The high affinity «;-adrenergic
receptor component of [PTH]WB4101 binding, which like-
wise exhibits high affinity for prazosin, has been shown
to have a pharmacological profile consistent with the a;-
adrenergic receptor (13). As prazosin displays a greater
than 1000-fold difference in its affinity for the two com-
ponents of [PTH]WB4101 binding, a concentration of pra-
zosin (30 nM) in the plateau region of its competition
curve (see Fig. 1) will selectively block binding to all of
the high affinity component of [*H]WB4101 binding
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F1G. 1. Prazosin competition for 3.0 nM [*H] WB4101 binding in the
rat cerebral cortex
Data shown represent the mean of 4 separate experiments with
duplicate determinatons at each concentration of inhibitor. Competi-
tion curves were generated in 50 mM Tris, 5 mM MgS0,, 0.5 mm EDTA
buffer (pH 7.4 at 37°). Competition curves were analyzed by the
computer program LIGAND. Data fit best to a model assuming two
binding sites, Ky = 0.2 + 0.03 nM, %Ry = 39% + 2; K, = 5.3 £ 0.7 uM.
For data analysis the affinities of [PHJWB4101 for its high and low
affinity binding sites were assigned values of 0.35 nM and 1.8 nM,
respectively. Nonspecific binding was defined by 10 uM phentolamine.
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F1G. 2. Competition of serotonin (D), dopamine (A) and (—)-norepi-
nephrine (O) for 3.0 nM [*H] WB4101 binding in rat cerebral cortex
The assays were conducted in 50 mM Tris, 5 mM MgSO,, and 0.5
mM EDTA buffer containing 0.02% ascorbic acid (pH 7.4 at 37°). All
assays were conducted in the presence of 30 nM prazosin. Nonspecific

_ binding was defined by 500 nM serotonin. All competition data fit to a

computer-derived model assuming a single binding site, and the fit was
not significantly improved by a model assuming two binding sites.
Serotonin: K; = 2.5 + 0.3 nM, pseudo-Hill coefficient (ny) = 1.08;
dopamine: K; = 2.6 + 0.8 uM, ny = 0.98; (—)-norepinephrine: K; = 40.5
+ 12 uM, ny = 1.03.

while having no effect on binding to the low affinity
component.

In order to characterize the non-adrenergic component
of [PH]WB4101 binding, all subsequent assays were thus
carried out in the presence of a 30 nM prazosin mask. As
seen in Fig. 2, the neurotransmitter serotonin had a very
high nanomolar affinity, (K; ~2.5 nM), while the neuro-

transmitters dopamine and (—)-norepinephrine ex-
hibited markedly lower affinity for [*H]WB4101 binding
sites (K; = 2.6 uM and 40.5 uM, respectively). Since the
5-HT, serotonin receptor is the only receptor for which
serotonin has been shown to exhibit high nanomolar
affinity, these data suggest that the site labeled by [*H]
WB4101 under these assay conditions may represent the
5-HT, serotonergic receptor. Competition by serotonin,
(=)-norepinephrine, and dopamine for [*H]WB4101
binding were best described by a computer-derived model
assuming a single population of binding sites with
pseudo-Hill coefficients not significantly different from
1 (Fig. 2). Since the maximal inhibition by serotonin of
[*H]WB4101 binding was obtained at a concentration of
500 nM and this was comparable to the inhibition by 10
uM phentolamine, this concentration of serotonin was
used to define nonspecific binding in all further experi-
ments. In the presence of 30 nM prazosin, Scatchard
analysis of [(H]WB4101 saturation data using a 500 nM
serotonin baseline demonstrated the presence of only a
single saturable binding site in hippocampus, cerebral
cortex, and striatum having B, values of approximately
25.8, 8.9, and 1.9 pmol/g of tissue, respectively, and a K
of approximately 1.4-2.1 nM (Table 1, Fig. 3). Under the
conditions employed in competition assays the mean
total and nonspecific binding of 2.8-3.2 nM [PH]WB4101
(19.8 Ci/mmol) was 1998 and 948 cpm, respectively, in
cerebral cortex (7.5 mg of tissue) and 2885 and 939 cpm
in hippocampus (5 mg of tissue). Thus, specific binding
constitutes approximately 53% and 68% of total binding
in cortex and hippocampus, respectively. At these con-
centrations of [’ H]WB4101, the majority of nonspecific
binding is to the GF/C filters rather than the tissue.

As shown in Fig. 4, the affinities (i.e., IC5 values) of
various serotonergic and nonserotonergic compounds for
[*H]WB4101 binding in cerebral cortex indicate that the
pharmacological profile of this site is clearly serotonergic.
Compounds such as 5-methoxytryptamine, 5-methoxy-
N,N-dimethyltryptamine, LSD, and lisuride exhibit high
nanomolar affinities for this binding site. Interestingly,
the selective 5-HT'; serotonin receptor antagonist ketan-
serin had low affinity for the [PH]WB4101 binding site
(Fig. 4), precluding the possibility that this binding site
may represent the 5-HT, serotonin receptor. Addition-
ally, a significant correlation (r = 0.96, p < 0.001) was
found between the affinities (ICs values) of numerous
serotonergic and nonserotonergic compounds for the site
labeled by [PH]WB4101 and 5-HT, serotonin receptor-
specific [*H]LSD binding (defined as the binding of [*H]
LSD in the presence of a 40 nM ketanserin mask to
preclude [PH]LSD binding to the 5-HT; serotonin recep-
tor). These data demonstrate that, in the presence of 30
nM prazosin, the binding of [PHJWB4101 has a phar-
macological profile consistent with its labeling 5-HT,
serotonin receptors.

Although the majority of compounds listed in Fig. 4
displayed monophasic competition and inhibited [°H]
WB1401 binding to a similar degree as serotonin, some
compounds (WB4101, chlorpromazine, and clozapine)
inhibited below the serotonin baseline at higher concen-
trations. This could indicate the presence of an addi-
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TABLE 1
Regional distribution of [*H] WB4101 and [*H]LSD binding to 5-HT) serotonin receptors in rat brain
[*H]WB4101 and [*H]LSD saturation assays were conducted in the presence of 30 nM prazosin or 40 nM ketanserin, respectively, in 50 mm
Tris, 5 mM MgSO,, 0.5 mM EDTA buffer (pH 7.4 at 37°). Nonspecific binding was defined by 500 nM serotonin in all experiments. For [°H]
WB4101 and [*H]LSD binding, 7.5 mg and 5 mg of tissue per replicate were used, respectively, and a concentration range of 0.5 to 7 nM was
used for both radioligands. By, and K, values were determined from Scatchard analysis of saturation data. Values represent the mean + SE of

the number of separate experiments shown in parentheses.

[*H]WB4101 [*H]LSD
Boax Kp B Kp
pmol/g tissue nM pmol/g tissue nM
Hippocampus (n=11) 258+ 1.3 1.4 +0.2 (n=3) 35.5+ 1.0 1.8+0.3
Cortex (n=9) 89+03 1.8+0.1 (n=17) 240+1.1 29+ 0.3
Striatum (n=23) 19+05 21+04 (n=3) 154 £ 1.7 36108
-3
1S < 1 - Lisuride
~ £ 2-LsD
= 2 -4 3 - 8-Hydroxy DPAT
[« g 4 - WB4101
B @ 5 - 5-Hydroxytryptamine
~ X _g 6 - Metergoline
=10t b3 7 - 5-Methoxy-N, N-DMT
g g 8 - Spiperone )
o HIPPOCAMPUS T _g 9 - 5-Methoxytryptamine
v hat 10 - Chlorpromazine
w a 11 - Clozapine
by, 9 12 - TEMPP
@ = - 13 - Phentolamine
“ s I 14 - Haloperidol
B - 15 - Ketanserin
5 CORTEX ¢ -8 16 - Quipazine
=2 - 17 - Dopamine
Q (.)S Slope = 0.98 18 - Prazosin
o = -9 19 - (-) Norepinephrine
g 20 - () Epi ’
0 \immun S (-) Epinephrine
| 1 L 1 1

(% 4 8 12 16 20 24

BOUND (pmol/g tissue)

F1G. 3. Scatchard analysis of [°H] WB4101 binding to membranes of
rat hippocampus, cerebral cortex, and striatum

Assays were conducted in 50 mM Tris, 5 mM MgSO,, and 0.5 mM
EDTA buffer (pH 7.4 at 37°) in the presence of 30 nM prazosin.
Nonspecific binding was defined by 500 nM serotonin. The amounts of
tissue used were 7.5 mg of tissue per replicate for cortex and striatum
and 5 mg of tissue per replicate for hippocampus. The concentration
range of [PHJWB4101 was 0.5-8 nM. B,,. and Kp values of these
representative experiments were: hippocampus (O), 22.3 pmol/g of
tissue and 1.4 nM; cortex (A), 8.9 pmol/g of tissue and 1.8 nM; striatum
(0), 2.7 pmol/g of tissue and 2.2 nM.

tional component of [PH]WB4101 binding not corre-
sponding to either o;-adrenergic receptors or 5-HT, sero-
tonin receptors. It was found, however, that this was the
result of a small degree of inhibition of nonspecific [°H]
WB4101 binding from GF/C filters which could be dem-
onstrated in the absence of tissue.

Heterogeneity of [PH]5-HT-labeled 5-HT,; serotonin
receptors based on the biphasic competition of spiperone
has been reported. The [*H]5-HT-binding site having
highest affinity (~30-120 nM) for spiperone has been
designated the 5-HT;s receptor, while the site having
lower affinity (~1-15 uM) for spiperone has been desig-
nated the 5-HTp receptor (5). As shown in Fig. 5A, the
antagonist spiperone reveals a similar heterogeneity in
competition for [PH]LSD-labeled 5-HT, receptors. Com-
petition for [PH]LSD binding by the selective 5-HT;x
receptor agonist 8-OH-DPAT (22) is likewise biphasic
and the high affinity component of spiperone and 8-OH-
DPAT for [)H]LSD binding is similar to their reported

1
"0 -9 -8 -7 8 -5 -4 -3
Log ICgq vs. [3H] WB4101 (+ 30 nM prazosin)

F1G. 4. Correlation of the potencies of various serotonergic and non-
serotonergic compounds for 3.0 nM [*H]WB4101 and 1.0 nM [*H]LSD
binding in rat cerebral cortex

All [’H]WB4101 and [*H]LSD competition assays were conducted
in the presence of 30 nM prazosin and 40 nM ketanserin, respectively.
All assays were conducted in 50 mM Tris, 5 mm MgSO,, 0.5 mm EDTA
buffer (pH 7.4 at 37°). Nonspecific binding was defined by 500 nM
serotonin. Points represent the mean of ICs values from 2-8 separate
experiments.

affinities for the 5-HT; 5 serotonin receptor subtype. This
suggests that [’H]LSD, like [*H]5-HT, labels both sub-
types of 5-HT, serotonin receptors. Additionally, we
found that computer assisted analysis of the shallow
WB4101 competition curve for [*H]LSD binding to 5-
HT, receptors was best described by a computer-derived
model assuming two binding sites which have differential
affinity for WB4101 (Fig. 5B, Table 2). Scatchard anal-
ysis of saturation data, from experiments using the same
tissue preparation, demonstrated that B, values for
[PH]WB4101 binding were significantly less than the
Bauax value of [PH]LSD binding to 5-HT, serotonin recep-
tors in all brain regions examined (Table 1). These data
support the contention that [PH]JWB4101 labels a sub-
population of the 5-HT,; receptors labeled by [*H]LSD.
The computer analysis of WB4101 competition for [*H]
LSD binding to 5-HT, receptors in the cortex (Fig. 5B)
demonstrated that the high affinity component of
WB4101 competition had similar affinity to the Kp of
[*CH]WB4101 binding as determined in the saturation
studies (Table 1). Furthermore, the percentage of [*H]
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F16. 5. Competition of 8-OH-DPAT and spiperone (A) or WB4101
(B) for 1.0 nM [*H]LSD binding in rat cerebral cortex

All assays were conducted in the presence of 40 nM ketanserin in 50
mM Tris, 5 mm MgSO,, 0.5 mM EDTA buffer (pH 7.4 at 37°). Nonspe-
cific binding was defined by 500 nM serotonin. The curves represent
the mean of 4 (8-OH-DPAT) and 6 (spiperone and WB4101) separate
experiments with duplicate determinations at each concentration of
inhibitor. Competition data were analyzed by the computer program
LIGAND. All competition curves were best described by a model
assuming two binding sites. A, 8-OH-DPAT (0O): Ky = 1.1 + 0.1 nMm,
K;= 281.5 + 48.5 nM, %Ry = 67 % 3; spiperone (A): Ky = 36.1 + 4.1
nM, K; = 5901.0 + 2082, %Ry = 68 + 3. B, WB4101: Ky = 2.1 + 0.4
nM, K; = 241.0 + 21.5 nM, %Ry =62 + 2.

TABLE 2
Computer-derived binding parameters of WB4101 competition for [*H]
LSD-labeled 5-HT, serotonin receptors in various brain regions

Competition data were analyzed using the computer program LI-
GAND. All competition curves for 1.0 nM [PH]LSD were generated as
described in “Experimental Procedures.” Nonspecific binding was de-
fined by 0.5 uM serotonin. Values represent the mean + SE of the
number of separate experiments shown in parentheses.

Ky Ry K,

nM % nM
Hippocampus (n=3) 20+07 76+1 243.1+81.6
Cortex (n=6) 2104 62+2 241.0+215
Striatum (n=3) 33+09 13+6 3101+755

LSD-binding sites having high affinity (%Ry) for
WB4101 in the cortex (Fig. 5B) was similar to the %Ry
of spiperone or 8-OH-DPAT for their respective com-
petition for [PH]LSD binding (Fig. 5A). However, in
contrast to the biphasic competitions of spiperone and
8-OH-DPAT for [*H]LSD binding (Fig. 5A), the com-
petition for [P(HJWB4101 binding by both the 5-HT,-
selective antagonist spiperone and the selective agonist
8-OH-DPAT, as well as serotonin (Fig. 2), was ade-
quately described by a computer-derived model assuming
a single binding site (Fig. 6). That these compounds
exhibit nanomolar affinity for a homogeneous population
of 5-HT, serotonergic sites labeled by [F(HJWB4101 in-
dicates that [PH]JWB4101 can selectively label the 5-
HT 4 serotonin receptor subtype.

In support of the contention that [PH]WB4101 selec-
tively labels the putative 5-HT serotonin receptor sub-
type, the regional distribution of [*H]JWB4101 binding
(Table 2) in brain was found to parallel the regional
distribution of the 5-HT;, serotonin receptor previously
reported (6, 7, 23). Additionally, the overall ICs, of
WB4101 competition for [PH]LSD-labeled 5-HT, sero-
tonin receptors was lowest in the hippocampus and high-
est in the striatum, and LIGAND analysis of these
competition curves demonstrated that a low affinity
WBA4101 binding site was predominant in the striatum
while a high affinity binding site was predominant in the
hippocampus (Table 2). This corresponds with the higher
B of [PHJWB4101 binding in the hippocampus com-
pared to the markedly lower B, of [°’H]WB4101 binding
in the striatum (Table 1).

As shown in Table 3, the binding of [*PH]WB4101 to
the putative 5-HT;, serotonin receptor in rat cortex in
50 mM Tris, 0.5 mM EDTA buffer had a K, of approxi-

100} A
80 A

60t
-
40+

201

3

oF

PERCENT SPECIFIC BINDING

i i e

-1 -186 -9 -8 -7 -6 -5 -4
logCCOMPETING DRUG] (M)

FiG. 6. Competiton of 8-OH-DPAT (D) and spiperone (2) for 3.0
nM [*H]WB4101 binding in rat cerebral cortex

Both curves represent the mean of 3 separate experiments with
duplicate determinations at each concentration of inhibitor. All assays
were conducted in the presence of 30 nM prazosin in 50 mM Tris, 5 mM
MgSO,, 0.5 mM EDTA buffer. Nonspecific binding was defined by 500
nM serotonin. Competition data were analyzed by the computer pro-
gram LIGAND. Both curves were adequately described by a model
assuming a single binding site, and the fit was not significantly im-
proved by a model assuming two binding sites. 8-OH-DPAT: K; = 0.8
+ 0.1 nM, ny = 1.02; spiperone: K; = 29.9 + 6 nM, ny = 0.90.
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TABLE 3

Effect of monovalent and divalent cations on the binding of [*H]
WB4101 to 5-HTa serotonin receptors in rat cerebral cortex

All saturation assays were conducted in the presence of 30 nM
prazosin in 50 mM Tris, 0.5 mM EDTA buffer in the presence or
absence of appropriate ions. Nonspecific binding was defined by 500
nM serotonin. B, and K, values represent the mean + SE of the
number of separate experiments shown in parentheses and were deter-
mined from Scatchard analysis of saturation data using a concentration
range of 0.5-7 nM [*H]WB4101.

Brax Kp
pmol/g tissue nM
Control (n=17) 69 +0.4 59+08
Monovalent cations
100 mM NaCl (n = 3) 62+0.3 49+04
100 mMm KCl (n = 3) 69+0.3 50+14
5 mM LiCl (n =3) 6.7+ 0.4 6.1 £1.0
Divalent cations
5 mM MnCl, (n = 3) 12 +£0.3° 1.9+0.1°
5 mMm MgSO, (n=9) 89 +0.3%¢ 1.8 +0.1°
5 mM CaCl; (n =4) 7.9 +0.4%¢ 20+0.1°

° Significantly different from control values, p < 0.005, two-tailed ¢
test.

® Significantly different from control values, p < 0.01, two-tailed ¢
test.

¢ Significantly different from the B, in the presence of 5 mM
MnCl,, p < 0.005, two-tailed ¢ test.

TABLE 4

Effects of guanine nucleotides and adenosine nucleotides on the binding
of [*H]WB4101 to 5-HT\a serotonin receptors in rat cerebral cortex

All saturation assays were conducted in the presence of 30 nM
prazosin in 50 mM Tris, 5 mM MgSO,, 0.5 mM EDTA buffer (pH 7.4
at 37°). Nonspecific binding was defined by 0.5 uM serotonin. B,, and
K values represent the mean + SE of the number of separate experi-
ments shown in parentheses and were determined from Scatchard
analysis of saturation data using a concentration range of 0.5-7 nM
[*H]WB4101.

By Kp
pmol/g tissue nM
Control (n =9) 89+03 1.8+0.1
100 uM ATP (n = 3) 85+ 0.5 24 %05
100 uM GTP (n=4) 43 +0.7° 2.6 £0.4°
100 uM Gpp(NH)p (n = 5) 3.8+0.8° 3.3+05°

° Significantly different from control value (p < 0.01, two-tailed ¢
test).

mately 6 nM. The monovalent cations Na*, K*, and Li*
were found to have no significant effect on the By, or
Kp of [P(H]WB4101 in the cortex. Mn?*, Mg?*, and Ca?*,
at a concentration of 5 mM, increased the affinity of [*H]
WB4101 binding to a similar extent (Table 3). However,
significant differences in the By, of [PH]WB4101 bind-
ing were observed in the presence of these divalent
cations. The B, of PHJWB4101 binding was signifi-
cantly greater in the presence of 5 mM Mn?* than in the
presence of 5 mM Mg?* or 5 mM Ca®* (p < 0.005, two-
tailed t-test, Table 3). This difference in B, in the
presence of Mn?* and Mg?* was not due to submaximal
concentrations of Mg?* ions being employed, as 5 mM
Mg?* was found to be a maximally effective concentra-
tion (data not shown). As seen in Table 4, the guanine
nucleotides GTP and Gpp(NH)p at a concentration of

100 uM were found to markedly reduce the By, of [°H]
WB4101 binding. A small (less than 2-fold) but signifi-
cant (p < 0.01, two-tailed ¢-test) decrease in the affinity
of [PH]WB4101 binding was also observed in the pres-
ence of these guanine nucleotides. That these effects
were specific for guanine nucleotides is demonstrated by
the finding that equimolar concentrations of ATP were
found to have no significant effect on either the B, or
the Kp of [PH]WB4101 binding (Table 4).

DISCUSSION

We have demonstrated that prazosin can discriminate
two [*(H]WB4101-binding sites in homogenates of rat
cerebral cortex (Fig. 1). The site having high nanomolar
affinity for prazosin has previously been shown to rep-
resent binding to «;-adrenergic receptors in rat hippo-
campus (13). We have recently reported that the second
[*H]WB4101-binding site has a pharmacology similar to
that of the 5-HT, serotonin receptor (14). We report
here that the detailed pharmacology of [PHJWB4101-
labeled 5-HT, serotonin receptors demonstrates: 1) that
the site with lower affinity for both [PH]WB4101 (Kp =
1.8 nM) and prazosin (K; = 5.6 uM) exhibits a pharma-
cology consistent with the putative 5-HT;, serotonin
receptor subtype, and 2) that this site exhibits divalent
cation and guanine nucleotide sensitivity.

Although the selectivity of [PH]WB4101 for «;-adre-
nergic receptors has been questioned in previous studies
(10-12), we are now in a position to clarify the binding
characteristics of this radioligand. In saturation studies
employing 30 nM prazosin to define nonspecific binding,
[*H]WB4101 will selectively identify «,-adrenergic re-
ceptors. In typical competition experiments using con-
centrations of [PHJWB4101 at the K, of this ligand for
the a;-adrenergic receptor (~0.3 nM), which is approxi-
mately 7-fold lower than its K, at the putative 5-HT, 5
receptor, [*(H]WB4101 will label less than 10% of the 5-
HT,A receptor population. Thus, only in tissues which
have a large density of 5-HT, receptor-binding sites will
this component become significant. If the binding of [*H]
WB4101 is conducted in the absence of divalent cations,
the binding of [P(H]WB4101 to the 5-HT;4 receptor will
be markedly reduced and the ligand will be even more
selective at low concentrations for the «;-adrenergic re-
ceptor since the binding of [P(H]WB4101 to the a;-adre-
nergic receptor is not affected by 5 mm MgSO, (data not
shown).

In brain, serotonin receptors have been subdivided into
two major subtypes designated 5-HT, and 5-HT; sero-
tonin receptors (1, 2). 5-HT, receptors exhibit high na-
nomolar affinity for serotonin derivatives and lower af-
finity for antagonists. 5-HT, receptors exhibit lower
affinity for serotonin and serotonergic agonists and high
affinity for antagonists such as ketanserin, which has
nanomolar affinity for this receptor. We have found that,
in the presence of 30 nM prazosin, the site labeled by
[*H]WB4101 exhibits nanomolar affinity for serotonin
and serotonergic agonists. That the selective 5-HT sero-
tonin receptor antagonist ketanserin was found to have
very low affinity for [PH]WB4101 binding precludes the
possibility that [PH]WB4101 could be labeling 5-HT,
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serotonin receptors. The significant correlation found
between the affinities (ICs values) of various compounds
for [PH]LSD-labeled 5-HT, receptors and this [*H]
WB4101-binding site indicated that the overall phar-
macology of this site was consistent with that of the 5-
HT, serotonin receptor.

5-HT,; serotonin receptors have more recently been
subdivided into putative 5-HT;, and 5-HT,p receptor
subtypes on the basis of shallow spiperone competition
curves for [*H]5-HT binding in various regions of the rat
brain (6, 7). In the present study, competition of spipe-
rone for [P(H]JWB4101 binding was monophasic and was
described by a computer-derived model assuming a single
binding site with a K; of approximately 30 nM (Fig. 6).
This is consistent with the affinity of spiperone for the
5-HT\, site labeled by [PH]5-HT (6-8). These data sug-
gested that [*PH]WB4101 was selectively labeling a single
homogeneous population of binding sites corresponding
to the 5-HT;s serotonin receptor subtype. To further
test the selectivity of [’ H]WB4101 as a label for the 5-
HT,, site, we investigated in detail the competition of a
number of selective and nonselective serotonergic ago-
nists for [’H]WB4101 binding. We found that the selec-
tive 5-HT,, receptor agonists, 8-OH-DPAT (22) and 5-
methoxy-N,N-dimethyltryptamine (8), exhibited na-
nomolar affinities and monophasic competition for [*H])
WB4101 binding. It was of significant interest that all of
these compounds, as well as serotonin itself and various
antagonists, were best described by a computer-derived
model assuming a single homogeneous population of
binding sites. In contrast, the sites labeled by [*H]LSD,
in the presence of a 40 nM ketanserin mask to preclude
5-HT; serotonin receptor binding, appear to be hetero-
geneous with respect to the selective 5-HT,4 antagonist
spiperone and agonist 8-OH-DPAT (Fig. 5A). That sero-
tonin competition for [PH]LSD binding is of high affinity
and not heterogeneous (data not shown) suggests that
[*H]LSD labels the same 5-HT, serotonin receptor sub-
types labeled by [*H]5-HT. Consistent with this hypoth-
esis, we found that WB4101 can discriminate between
the two subtypes of 5-HT), receptors labeled by [*H]LSD:
WB4101 competition for [PH]LSD binding was shallow,
and computer-assisted analysis demonstrated that the
high affinity component of WB4101 competition had an
affinity similar to the Kp of [(H]WB4101 for the putative
5-HT,, serotonin receptor. Therefore, these data dem-
onstrate that [*’H]LSD-labeled 5-HT, serotonin recep-
tors (in the presence of 40 nM ketanserin mask to pre-
clude the possibility of labeling 5-HT, serotonin recep-
tors) represents a heterogeneous population of binding
sites, one of which corresponds to the novel [P H]WB4101
binding site. That the overall pharmacology of the sites
labeled by 3.0 nM [*H]WB4101 and 1.0 nM [*H]LSD
correlate so closely (Fig. 4) despite the subtype selectivity
of some compounds (e.g., 8-OH-DPAT, spiperone,
WB4101) can be explained by our finding that, at 1.0 nM
[CH]LSD in the cortex, 60-70% of the binding is to the
5-HT,s serotonin receptor subtype (Fig. 5 A and B).
Furthermore, most of the compounds used in this study
have similar affinities for the putative 5-HT, serotonin
receptor subtypes.

5-HT,a- and 5-HT;p-binding sites have been reported
to display marked regional variations in density (6, 7,
23). There is much more high affinity spiperone compe-
tition for [*H]5-HT binding in the frontal cortex than in
the striatum, where spiperone displacement is essentially
all low affinity. This indicates that the striatum contains
largely 5-HT,z-binding sites, whereas the cortex contains
a significantly greater proportion of 5-HT;a-binding
sites. Likewise, we have found the regional distribution
of [*H]WB4101 binding to display a marked regional
variation which parallels the distribution of the putative
5-HT;4 serotonin receptors.

5-HT, serotonin receptors have been hypothesized to
mediate the effects of serotonin on the stimulation of
adenylate cyclase in the rat brain (24, 25). Adenylate
cyclase-coupled receptors generally display very charac-
teristic binding properties. For *H-antagonist-labeled re-
ceptors the population appears homogeneous with re-
spect to antagonists, whereas agonists display biphasic
competition with high and low affinity binding compo-
nents. These components represent the high and low
affinity agonist-binding states of these receptors which
have been shown to be interconvertible by divalent cat-
ions and guanine nucleotides (15, 26). Consistent with
this, *H-agonists label only the high affinity agonist
component of the receptor population, and, therefore,
competition for H-agonist binding is homogeneous with
respect to both agonists and antagonists as demonstrated
by pseudo-Hill coefficients which are not significantly
different from 1. That serotonin and 8-OH-DPAT, two
agonists, competed for [PH]JWB4101 binding with
pseudo-Hill coefficients not significantly different from
1 suggested that [PHJWB4101 could not be labeling these
binding sites in a manner characteristic of typical antag-
onists at adenylate cyclase-coupled receptors. Alterna-
tively, the 5-HT,, serotonin receptors labeled by [*H]
WB4101 may not represent the subtype of 5-HT, sero-
tonin receptor mediating stimulation of adenylate cy-
clase by serotonergic agonists. We therefore investigated
the regulation by cations and guanine nucleotides of [*H]
WB4101 binding to determine the sensitivity of the
putative 5-HT;, subtype to these modulators. That sig-
nificant increases in the B, of [P H]WB4101 binding
were observed in the presence of Ca’?*, Mg?*, and Mn?*
suggests that these cations induce formation of the high
affinity state of this receptor. Additionally, we have
found that the increase in the B, of [PHJWB4101
binding by 5 mM Mn?* was significantly greater than the
maximal increase elicited by Mg?*, indicating that if the
5-HT)a serotonin receptor indeed represents a two-state
receptor, the formation of high affinity [*H]WB4101-
labeled sites is differentially regulated by these divalent
cations. Furthermore, in the presence of 5 mM MgSO,
there is a selectivity for the guanine nucleotides, GTP
and Gpp(NH)p, to significantly reduce the By., of [*H]
WB4101 binding, whereas ATP at equimolar concentra-
tions was ineffective (Table 4). Thus, although WB4101
is an antagonist at «;-adrenergic receptors (9), our data
indicate that [*H]WB4101 has binding characteristics
consistent with it acting as an agonist at the putative 5-
HT, A serotonin receptor subtype.
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A recent report by Hall et al. (27) demonstrates that
the binding of [°’H]8-OH-DPAT has a pharmacological
profile similar to that demonstrated for [PH]WB4101
binding. However, it is interesting to note that competi-
tion of various compounds for [*H]8-OH-DPAT binding
in the cerebral cortex demonstrated pseudo-Hill coeffi-
cients significantly less than 1, indicating the labeling of
multiple sites by [*H]8-OH-DPAT. Furthermore, the
Brax of [PH]8-OH-DPAT binding in the striatum (which
contains mainly the putative 5-HT;g- rather than the 5-
HT4-binding site (7, 23)) was 64% of that in the cerebral
cortex, while in the present study the B,., of [°*H]-
WB4101 binding in the striatum was only approximately
21% of that found in the cerebral cortex. It is therefore
possible that [PH]WB4101, under the conditions em-
ployed in the present study, is a more selective radioli-
gand for the 5-HT), receptor subtype than was [*H]8-
OH-DPAT.

In conclusion, these data clearly indicate that [*H]
WB4101, in the presence of 30 nM prazosin, is a selective
radioligand for the putative 5-HT,, receptor-binding
site. Thus, [FH]WB4101 may be useful in the classifica-
tion of multiple 5-HT, serotonin receptor subtypes, es-
pecially in light of recent reports (28) of multiple 5-HT,
serotonin receptors distinct from the 5-HT;4 and 5-HTp
serotonin receptors identified by Nelson and coworkers
(5-7, 23). The 5-HT,;, serotonin receptor subtype iden-
tified in this study would appear to possess multiple
affinity states which may be discriminated by WB4101
and differentially regulated by divalent cations and gua-
nine nucleotides. Thus, the 5-HT,, serotonin receptor
appears to have binding characteristics consistent with
a receptor which modulates cellular function via a gua-
nine nucleotide-regulatory subunit. This could reflect
coupling of the receptor to either adenylate cyclase or
phosphoinositide metabolism. Indeed, both of these ef-
fectors have been proposed to be coupled to 5-HT), sero-
tonin receptors (24, 25, 29). Furthermore, the 5-HT;a
serotonin receptor subtype has recently been shown to
be linked to the stimulation of adenylate cyclase (30).
Whether the 5-HT4 receptor subtype is also associated
with the stimulation of phosphoinositide metabolism
remains to be elucidated.
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