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ABSTRACT

We have reported previously novel drug-induced inactivation
and reactivation of human 5-hydroxytryptamine, (5-HT,) recep-
tors in a recombinant cell line. To explain these novel observa-
tions, a homodimer structure displaying protomer-protomer
cross-talk was proposed. To determine whether these novel
observations and interpretations are due to an artifactual G
protein-coupled receptor (GPCR) mechanism unique to the
recombinant cell line, we explored the properties of r5-HT,
receptors expressed by cortical astrocytes in primary culture.
As in the recombinant cell line, risperidone, 9-OH-risperidone,
methiothepin, and bromocriptine were found to potently inac-
tivate r5-HT- receptors. As in the recombinant cell line, expo-
sure of risperidone-inactivated astrocyte r5-HT., receptors to
competitive antagonists resulted in the reactivation of r5-HT,
receptors. The potencies of the reactivating drugs closely cor-

related with their affinities for h5-HT, receptors. These results
indicate the novel inactivating and reactivating property of
drugs is not due to an artifact of the recombinant cell line
expressing h5-HT, receptors but is an intrinsic property of
5-HT, receptors in vitro and ex vivo. This evidence suggests
that a native (nonmutated) GPCR, in its native membrane en-
vironment (cortical astrocyte primary culture), can function as a
homodimer with protomer-protomer cross-talk. Homodimers
may be a common GPCR structure. The experimental design
used in our studies can be used to explore the properties of
other GPCRs in their native forms in recombinant cells, primary
cultures expressing the endogenous GPCRs, and possibly in
vivo. The homodimer structure and protomer-protomer cross-
talk offer new avenues of research into receptor dysfunction in
disease states and the development of novel drugs.

Introduction

The 5-HT, receptor is one of 13 serotonin GPCRs (Bard et
al., 1993; Lovenberg et al., 1993; Shen et al., 1993; Teitler
and Herrick-Davis, 1994; Hoyer et al., 2002). In a series of
studies, we have reported unusual properties of drugs inter-
acting with the h5-HT, receptor expressed in HEK293 cells
(Smith et al., 2006; Knight et al., 2009; Toohey et al., 2009).
It was first noted that the exposure of the recombinant cells
expressing the h5-HT, receptor to low levels of risperidone,
9-OH-risperidone, methiothepin, and bromocriptine resulted
in an inactivation of the receptor. This was demonstrated by
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exposing the cells to the drugs for 30 min, washing out the
drugs, then stimulating with 10 uM 5-HT. The potencies of
the four “inactivating antagonists” closely matched their af-
finities for the h5-HT, receptor (Knight et al., 2009). Radio-
ligand binding studies using [*H]5-HT revealed that risperi-
done and 9-OH-risperidone, which fully inactivate the
receptor, bind only 50% of the receptors in a “wash-resistant”
(pseudoirreversible) manner. Radioligand binding studies
using [*H]risperidone also revealed that 50% of the receptor
binding is wash-resistant. Exposing the cells to drugs that
bind but do not inactivate the receptor (competitive antago-
nists), after inactivation by risperidone or 9-OH-risperidone,
resulted in a reactivation of the receptor (Teitler et al., 2010).
These drugs also were found to “release” the wash-resistant
[®H]risperidone bound to the h5-HT, receptor. The potencies
of the “reactivating antagonists” in reactivating the h5-HT,
receptor strongly correlated with their affinities for the or-

ABBREVIATIONS: 5-HT, 5-hydroxytryptamine; GPCR, G protein-coupled receptor; HEK, human embryonic kidney; HBSS, Hanks’ balanced salt
solution; TR-FRET, time-resolved fluorescence energy transfer; MEM, minimum essential medium; PBS, phosphate-buffered saline; SB269970,
(2R)-1-[(3-hydroxyphenyl)sulfonyl]-2-[2-(4-methyl-1-piperidinyl)ethyl]pyrrolidine hydrochloride; SB270146, 5-chloro-N-[4-methoxy-3-(1-piperazi-
nyl)phenyl]-3-methyl-benzo[b]thiophen-2-sulfonamide hydrochloride; ICI169369, 2-(2-dimethylamino ethylthio)-3-phenyl quinoline.
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thosteric binding site, despite the presence of the pseudoir-
reversibly bound risperidone at the orthosteric binding site.
This indicated that an orthosteric binding site was available
to the reactivating drugs despite the presence of risperidone
occluding the orthosteric site. A homodimeric quaternary
structure for the h5-HT, receptor capable of protomer-pro-
tomer cross-talk was proposed. This implies that drugs in-
teracting with the orthosteric binding site of one protomer
allosterically modulate the binding properties and function of
the other protomer. Consistent with this hypothesis, biolu-
minescence resonance energy transfer analysis indicated
that h5-HT, receptors have a high propensity to form ho-
modimers in HEK293 cells.

A major challenge in the field of GPCR oligomer structure
and function is to demonstrate the presence of oligomers in
primary cell culture preparations or in vivo (Pin et al., 2007).
This is because the strategies being used to detect dimers and
higher-order structures involve mutating the GPCRs and
transfecting them into cells and/or solubilizing receptors
from recombinant cell lines and performing Western blot
analysis. Thus, although the literature suggests the possibil-
ity of oligomer formation for GPCRs in vivo, there has been
no report of an experimental design that can be used to detect
the structure and function of endogenously expressed GPCR
oligomers in primary culture. Biochemical and biophysical
techniques inevitably involve conditions that leave doubt as
to the relevance of the findings to the in vivo situation.

Therefore, a major question concerning our observations of
the 5-HT, receptor’s properties in HEK293 cells was whether
we could observe similar effects in a primary cell culture
expressing the 5-HT, receptor. We decided to explore the
possibility of using rat cortical astrocytes in primary culture
to investigate whether these properties would be observed in
the native 5-HT, receptor endogenously expressed in a brain
cell. Rat cortical astrocytes have been shown to produce a
robust 5-HT-induced stimulation of cAMP production (Hirst
et al., 1997; Shimizu et al., 1998). This response is mediated
through the r5-HT, receptor, as determined by pharmacolog-
ical analysis and detection of r5-HT, receptor mRNA in rat
cortical astrocytes (Hirst et al., 1997, 1998). Therefore, we
endeavored to establish the 5-HT, receptor nature of the
cAMP stimulation in rat cortical primary culture using (2R)-
1-[(3-hydroxyphenyl)sulfonyl]-2-[2-(4-methyl-1-piperidinyl)
ethyllpyrrolidine hydrochloride (SB269970), a selective 5-HT,
receptor antagonist that was not available at the time of the
original reports on the rat cortical astrocytes, and to determine
whether the r5-HT,, receptor expressed in rat cortical primary
astrocytes displays the same or similar novel regulatory prop-
erties observed in the recombinant cell lines. Given that the
radioligand binding and signal transduction studies in the re-
combinant cell lines strongly indicate a homodimeric structure
with protomer-protomer cross-talk, similar results in the astro-
cyte primary culture would be the first demonstration of a
native GPCR endogenously expressed in its native cellular
environment displaying homodimeric protomer-protomer
cross-talk.

Materials and Methods

Reagents

Risperidone and 9-OH-risperidone were purchased from Research
Diagnostics (Flanders, NJ); bromocriptine, clozapine, and SB269970
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were from Sigma-Aldrich (St. Louis, MO). Mianserin and cyprohepta-
dine were from Sigma/RBI (Natick, MA). 5-Chloro-N-[4-methoxy-3-(1-
piperazinyl)phenyl]-3-methyl-benzo[b]thiophen-2-sulfonamide hydro-
chloride (SB270146) was from Tocris Bioscience (Ellisville, MO);
mesulergine was generously provided by Novartis Pharmaceuticals
(East Hanover, NJ), and 2-(2-dimethylamino ethylthio)-3-phenyl quin-
oline (ICI169369) was provided by Dr. Bryan Roth (University of North
Carolina, Chapel Hill, NC). All other reagents were of analytical grade
and were obtained from various suppliers.
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Fig. 1. 5-HT stimulation of cAMP in rat cortical astrocytes is mediated by
r5-HT, receptors. A, 5-HT potently stimulates cAMP production in rat
cortical astrocytes (EC;, = 36 nM). B, potent competitive antagonism of
5-HT-mediated stimulation of cAMP by SB269970, a selective 5-HT,
antagonist. Treatment with SB269970 results in potent and complete
inhibition of 50 nM or 10 uM 5-HT. Increasing the 5-HT concentration
from 50 nM to 10 uM results in a parallel, rightward shift in the
SB269970 inhibition curve, consistent with competitive antagonism. Re-
sults are the means = S.E.M. of three independent experiments per-
formed in triplicate.
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Fig. 2. Competitive effects of clozapine and noncompetitive effects of
risperidone on 5-HT stimulation of cAMP production in rat cortical as-
trocytes. 5-HT stimulates cAMP production potently, with an EC, value
of 45 nM, similar to previous results (Fig. 1A). Coincubation with 3 pM
clozapine produced a surmountable rightward shift in the 5-HT concen-
tration-response curve with an EC,, value of 4 puM, consistent with
competitive antagonism by clozapine. Coincubation of astrocytes with 20
nM risperidone produced a complete, insurmountable (noncompetitive)
inhibition of 5-HT stimulation of cAMP production. Results are the
means = S.E.M. of three independent experiments performed in tripli-
cate; n.d., not determinable.
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Cell Culture

Astrocytes were cultured as described previously (Kaech and
Banker, 2006). The protocol used to prepare and maintain rat pri-
mary cortical astrocyte cultures yields nearly pure astrocytes as
demonstrated by glial fibrillary acidic protein immunostaining.
Brains from postnatal day 1 rat pups were placed in a dish contain-
ing calcium- and magnesium-free Hanks’ balanced salt solution
(HBSS), cerebral hemispheres were removed, and meninges were
stripped away. Hemispheres were chopped, and cells were dissoci-
ated and finally plated in complete glial MEM (MEM supplemented
with 0.6% glucose, 100 U/ml penicillin, 100 pg/ml streptomycin, and
10% horse serum) at a density of 7.5 X 10° cells per 75-cm? flask and
maintained at 37°C (5% C0%95% air), with media changes every 3 to
4 days, until confluence. At confluence, astrocytes were frozen in
cell-freezing medium at 2 X 10° cells/ml. Cells used in these exper-
iments were thawed from a frozen state and plated at a density of
1.8 X 10° cells per 100-mm tissue culture dish and maintained as
above until confluence, generally 2 to 3 weeks. The day before the
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Fig. 3. Effects of pretreatment, followed by washout, of four “inactivating
antagonists” and six noninactivating antagonists (Knight et al., 2009).
Risperidone, 9-OH-risperidone, bromocriptine, and methiothepin inacti-
vate 5-HT,-mediated cAMP production in astrocytes (one-way analysis of
variance with Dunnett’s post test, p < 0.0001). Clozapine, cyprohepta-
dine, IC1169369, mesulergine, mianserin, and SB269970 did not inacti-
vate the receptor. Results are the means + S.E.M. of three independent
experiments performed in triplicate.
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assay, media were changed to a serum-free medium (MEM supple-
mented with 0.6% glucose).

cAMP Accumulation

Concentration-Response Curves. Astrocytes were lifted in 1
ml of diluted trypsin/EDTA (1:3 in PBS) followed by the addition of
5 ml/dish HBSS. Cells were centrifuged at 330g for 3 min. The pellet
was resuspended in LANCE stimulation buffer (PerkinElmer Life
and Analytical Sciences, Waltham, MA), containing 500 uM 3-isobu-
tyl-1-methylxanthine, and cells were counted, added to tubes con-
taining stimulation buffer with or without antagonists, and incu-
bated for 30 min. Pargyline (10 uM) was tested and found to have no
effect on the potency of 5-HT-stimulated activity and therefore was
not included. Cells were added to a 96-well opaque plate containing
5-HT and incubated for 30 min. The reaction was terminated, and
cells were lysed with the addition of LANCE cAMP Detection Mix
(PerkinElmer Life and Analytical Sciences), and time-resolved fluo-
rescence resonance energy transfer (TR-FRET) was measured by the
Victor3 1420 plate-reader as reported previously (Knight et al.,
2009). Data were analyzed using Prism (version 5.0; GraphPad Soft-
ware Inc., San Diego, CA).

Wash-Resistant Drug Effects. Astrocytes were lifted in 1 ml of
diluted trypsin/EDTA (1:3 in PBS) followed by the addition of 5 ml
per dish of HBSS buffer. Astrocytes were centrifuged at 330g for 3
min, and the pellet was resuspended in fresh HBSS buffer. Cells
were counted and added to tubes containing 1 uM drug. Cell sus-
pensions were incubated for 30 min at 37°C and thoroughly washed
three times: tubes were centrifuged at 330g for 3 min, and the pellet
was resuspended in fresh HBSS buffer and incubated for 10 min.
After the final wash, cells were resuspended in stimulation buffer.
Cells were counted and added to a 96-well opaque plate containing
stimulation buffer in the absence or presence of 10 uM 5-HT, incu-
bated for 30 min, followed by the addition of Detection Mix. TR-
FRET was measured, and data were analyzed as above.

Reactivation Concentration-Response Curves. Astrocytes
were lifted in 1 ml of diluted trypsin/EDTA (1:3 in PBS) followed by
the addition of 5 ml/dish HBSS buffer. Astrocytes were centrifuged at
330g for 3 min, and the pellet was resuspended in fresh HBSS buffer.
Cells were added to tubes containing HBSS or 7 nM risperidone. Cell
suspensions were incubated for 30 min at 37°C followed by the
addition of varying concentrations of a noninactivating antagonist.
Cell suspensions were incubated for 90 min at 37°C and thoroughly
washed three times: tubes were centrifuged at 330g for 3 min, and
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Fig. 4. Concentration-dependent inacti-
vation of r5-HT, receptors expressed by
rat cortical astrocytes. Thirty-minute ex-
posure of risperidone, 9-OH-risperidone,
methiothepin, or bromocriptine to rat cor-

L} L)
-10 -9 -8 -7 -10

log[Risperidone] M
125% 125%
1 oov:1

100%

pICs, = 8.0740.13

log[9-OH-risperidone] M

tical astrocytes, followed by washout of
the drugs, resulted in the concentration-
dependent loss of r5-HT', receptor activity
as defined by the ability of 10 uM 5-HT to
stimulate cAMP production. The poten-
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the pellet was resuspended in fresh HBSS buffer and incubated for
10 min. After the final wash, cells were resuspended in stimulation
buffer. Cells were counted and added to a 96-well opaque plate
containing stimulation buffer in the absence or presence of 10 uM
5-HT, incubated for 30 min, followed by the addition of detection mix.
TR-FRET was measured, and data were analyzed as above.

Results

To characterize the role of the r5-HT, receptor in the 5-HT
stimulation of cAMP in rat cortical astrocytes, basic pharma-
cological studies were performed (Figs. 1 and 2). 5-HT stim-
ulates cAMP production with an EC,, of 36 nM (Fig. 1A),
which was consistent with previous reports (Hirst et al.,
1997; Shimizu et al., 1998). The concentration-response
curve of SB269970, a potent and selective 5-HT, receptor
antagonist (Lovell et al., 2000; Thomas et al., 2000), was
right-shifted by increasing the concentration of 5-HT from 50
nM to 10 uM, indicating that the 5-HT-induced stimulation
of cAMP is mediated through the r5-HT, receptor (Fig. 1B).
Clozapine, a potent, nonselective 5-HT., receptor antagonist
(Smith et al., 2006; Knight et al., 2009), also displayed com-
petitive antagonist properties, shifting the 5-HT concentra-
tion-response curve to the right (Fig. 2). In contrast, risperi-
done, an “inactivating antagonist” at h5-HT, receptors in
HEK293 cells (Smith et al., 2006; Knight et al., 2009), dis-
played noncompetitive antagonist properties, eliminating
any 5-HT-stimulated cAMP production (Fig. 2). Taken to-
gether, the results in Figs. 1 and 2 indicate the 5-HT-stimu-
lated cAMP production in rat cortical astrocytes is mediated
by the r5-HT, receptor, SB269970 and clozapine are compet-
itive antagonists at the r5-HT, receptor, and risperidone is a
noncompetitive antagonist at the r5-HT, receptor. Hirst et
al. (1998) reported the detection of mRNA for the 5-HTq
receptor, which has been shown to couple to G,, and might
play a role in the stimulation of cAMP in the astrocytes. The
results in Fig. 1 indicate that this is unlikely because the
selective 5-HT', receptor antagonist SB269970 completely an-
tagonizes the 5-HT-induced stimulation of cAMP. In addi-
tion, the 5-HTg-selective antagonist SB270146 (Routledge et
al., 2000) produced no inhibition of 50 nM 5-HT at concen-
trations ranging from 107 ° to 10 °M (data not shown).
Therefore, it seems that the r5-HTg receptor is not involved
in the 5-HT-induced stimulation of cAMP observed in these
studies.

Ten 5-HT, antagonists were screened for their ability to
inactivate the r5-HT, receptor using 1 uM concentrations
(Fig. 3). Risperidone, 9-OH-risperidone, methiothepin, and
bromocriptine produced a wash-resistant inhibition of 10 uM
5-HT-stimulated cAMP production. Clozapine, mesulergine,
mianserin, IC1169369, SB269970, and cyproheptadine did
not produce a wash-resistant effect on the r5-HT., receptor,
displaying no significant inhibition of 5-HT-stimulated cAMP
production after washout. These results are consistent with
similar results observed in h5-HT, receptor-expressing
HEK?293 cells (Knight et al., 2009).

Risperidone, 9-OH-risperidone, methiothepin, and bro-
mocriptine were tested for their potencies in producing the
wash-resistant inactivation of the rat cortical astrocyte
5-HT, receptor (Fig. 4). Varying concentrations of these four
inactivating antagonists were incubated with the rat cortical
astrocytes, washed out, and the cells stimulated with 10 uM

321

Inactivation of Cortical r5-HT, Receptors

5-HT. The four inactivating antagonists displayed potencies
indistinguishable from those determined using the recombi-
nant cell line (Table 1) (Smith et al., 2006; Knight et al.,
2009).

To determine whether the inactivating effects of risperi-
done, 9-OH-risperidone, and methiothepin could be reversed
by a 5-HT, competitive antagonist, the cells were exposed to
1 uM mesulergine after exposure to the inactivating antag-
onists (Fig. 5). Mesulergine was capable of reactivating the
partially inactivated r5-HT, receptor expressed on rat corti-
cal astrocytes. The potencies of other 5-HT, competitive an-
tagonists in reactivating the inactivated r5-HT, receptor were
then examined (Fig. 6). Clozapine, mesulergine, SB269970,
cyproheptadine, and mianserin, in a concentration-dependent
manner, reactivated the risperidone-inactivated r5-HT, recep-
tors expressed in rat cortical astrocytes. The potencies of these
drugs in reactivating the inactivated r5-HT, receptor correlated
closely with the pK,, values for these drugs in antagonizing 50
nM 5-HT stimulation of cAMP in the rat cortical astrocytes (Fig. 7
and Table 2).

Figure 8 is a schematic (originally presented by Teitler et

TABLE 1

Inactivation potencies of “inactivating antagonists” at r5-HT, receptors
in rat cortical astrocytes and at h5-HT, receptors in HEK293 cells

Two-way analysis of variance with Bonferroni post test determined no significant
potency differences between cell types (p = 0.816).

Potency of Inactivation (pICs,)

Drug
Rat Cortical Astrocytes HEK293 Cells
M
Risperidone 9.23 = 0.14 8.88 = 0.14¢
9-OH-risperidone 8.55 = 0.20 8.41 = 0.19*
Methiothepin 8.07 £ 0.13 8.52 = 0.19*
Bromocryptine 7.17 £ 0.17 7.10 = 0.14¢

@ pICs, values are from Knight et al. (2009).
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Fig. 5. Reversal of risperidone, 9-OH-risperidone, or methiothepin-in-
duced partial inactivation of r5-HT, receptors in rat cortical astrocytes by
mesulergine. Mesulergine (1 uM) was applied to cells that had been
partially inactivated by previous exposure to 7 nM risperidone, 7 nM
9-OH-risperidone, or 16 nM methiothepin (drug concentrations are dou-
ble their K; values for the receptor). After 90-min mesulergine exposure,
10 uM 5-HT was applied for 30 min, and cAMP production was measured.
These results indicate that exposure of competitive antagonists to inac-
tivated r5-HT; receptors in astrocytes reverses the inactivation. Results
are the means + S.E.M. of four independent experiments performed in
triplicate.
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al., 2010) depicting 5-HT, receptor function that seems to
explain the anomalous results reported herein using primary
cultures of rat cortical astrocytes and previous studies using
HEK293 cells expressing h5-HT, receptors. The similarity of
the data in the two systems (i.e., the inactivation produced by
risperidone, 9-OH-risperidone, methiothepin, and bromocrip-
tine) and the reversal of this inactivation by competitive
antagonists through the 5-HT, receptor seems to indicate
that the receptor is operating as a homodimer in both cell
types. In the recombinant cells, we were able to use radioli-
gand binding studies to demonstrate that a maximum of 50%
of the h5-HT, receptors were occupied by risperidone or
9-OH-risperidone in a pseudoirreversible manner, yet these
drugs can completely inactivate h5-HT,-dependent cAMP
production in these cells. This is a key observation, indicating
that the binding of these drugs to one receptor orthosteric
binding site is producing an allosteric effect on another re-
ceptor’s orthosteric binding site and function. This, in turn,
strongly indicates a homodimeric structure. The ability of
competitive antagonists to release the bound risperidone,
returning the receptor to an activated state, is consistent and
supportive of the homodimer model. The competitive antag-
onists seem to be binding to the second protomer, producing
an allosteric effect on the first risperidone-bound protomer,
resulting in the decreased affinity of that protomer for ris-
peridone. The release of the pseudoirreversibly bound ris-

PECs, = 7.2240.22

peridone restores the receptor to its initial state that can be
stimulated by 5-HT (Teitler et al., 2010).

Discussion

In previous studies, we have reported apparently anoma-
lous effects of antagonists on the activity of the h5-HT,
receptor expressed in HEK293 cells (Smith et al., 2006;
Knight et al., 2009; Toohey et al., 2009). The key finding of
those studies was that risperidone binds to 50% of the h5-
HT, receptors in a pseudoirreversible manner, causing com-
plete inactivation of the receptor after washing out risperidone.
9-OH-risperidone displayed similar properties. Methiothepin
and bromocriptine also inactivated the h5-HT, receptor; how-
ever, they were shown to occupy all receptors pseudoirrevers-
ibly after exposure to the drug and the washout procedure.
Exposure of risperidone-inactivated h5-HT., receptor-express-
ing cells to competitive antagonists resulted in the release of the
pseudoirreversibly bound risperidone and the reactivation of
the receptor (Teitler et al., 2010). Competitive antagonists could
not reverse the effects of saturating concentrations of methio-
thepin or bromocriptine after washout of these two drugs.

Two fundamental principles were necessary to interpret
those results. First, drugs bind to unoccupied binding sites
(i.e., the presence of pseudoirreversibly bound risperidone
should prevent the subsequent binding of another drug to the
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Fig. 6. Concentration-dependent reversal
of risperidone-induced partial inactiva-
tion of r5-HT, receptors in rat cortical
astrocytes by competitive antagonists.
Rat cortical astrocytes were exposed to 7
nM risperidone and then exposed to in-
creasing concentrations of the competi-
tive antagonists clozapine, mesulergine,
SB269970, cyproheptadine, and mian-
serin for 90 min. Cells were washed thor-
oughly, followed by the addition of 10 uM
5-HT. The potencies of the competitive
antagonists to reverse r5-HT, inactiva-
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same orthosteric binding site of the h5-HT, receptor). Sec-
ond, orthosteric binding sites and allosteric binding sites
display distinctly different pharmacological profiles (.e.,
drugs that bind to the orthosteric binding site with high
affinities do not bind to allosteric sites on a GPCR monomer
with high affinities, and vice versa). Therefore, the ability of
h5-HT, receptor antagonists to potently reactivate the recep-
tor, despite the presence of the pseudoirreversibly bound
risperidone occluding the orthosteric binding site, presented
an anomaly.

A monomeric model of h5-HT, receptor function could not
reasonably account for these observations. However, a ho-
modimeric structure, in which the binding of risperidone to
one protomer allosterically changes the properties of the
other protomer, can account for these observations. The ho-
modimeric structure can explain risperidone’s ability to bind
only 50% of 5-HT, receptors in a pseudoirreversible manner:
the risperidone-occupied protomer allosterically modulates
the affinity of risperidone for the second protomer, allowing
risperidone to bind reversibly at the second protomer’s ortho-
steric site. With this second orthosteric site available to bind
other ligands, competitive antagonists are able to bind to the
risperidone-inactivated h5-HT, receptor dimers and cause
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Fig. 7. Correlation of competitive antagonists’ potencies to reactivate
risperidone-inactivated r5-HT, receptors (ordinate) and potencies to in-
hibit 5-HT-stimulated cAMP production in rat cortical astrocytes (ab-
scissa). The correlation is highly significant (r> = 0.92, p < 0.01), and the
points define a line with slope and intercept not significantly different
from 1 and 0, respectively. This indicates that the reversal of risperi-
done’s inactivating effect is occurring through the r5-HT,, receptor ortho-
steric binding site. Results are the means + S.E.M. of three independent
experiments performed in triplicate.

TABLE 2

Potencies of drugs as r5-HT, receptor antagonists versus potencies as
reactivators of risperidone-inactivated r5-HT, receptors
Concentration-response curves for the inhibition of 50 nM 5-HT-stimulated cAMP in
rat cortical astrocytes were generated for each drug (data not shown). The ICjy,
values of these curves were used to calculate pKj, values. The potencies are highly
correlated (> = 0.92; Fig. 7).

Rat Cortical Astrocytes

Drug
Antagonism of 5-HT (pK;) Potency of Reactivation (pEC5,)
Clozapine 6.77 = 0.170 6.86 = 0.18
Mesulergine 7.32 £0.16 7.22 = 0.22
SB269970 9.14 = 0.25 8.62 = 0.17
Cyproheptadine 6.36 = 0.12 5.73 = 0.15
Mianserin 6.70 = 0.14 6.60 = 0.14

Inactivation of Cortical r5-HT, Receptors 323

the release of risperidone and the concomitant reactivation of
the receptor (Teitler et al., 2010). This model includes the
concept that the inactivation of one protomer fully inacti-
vates the homodimer. These results are similar to results
observed with the 5-HT, receptor (Herrick-Davis et al.,
2005). These data demonstrate a native (nonmutated), ho-
modimeric GPCR displaying protomer-protomer cross-talk
in live cells. Using the ability of competitive antagonists to
reverse the effects of a pseudoirreversible antagonist rep-
resents a novel, noninvasive experimental design to inves-
tigate the presence and properties of endogenous GPCR
homodimers.

The observations reported previously involved experi-
ments using a recombinant cell line expressing the h5-HT,,
receptor (Teitler et al., 2010). The presence of a native GPCR
homodimer in primary culture displaying protomer-protomer
cross-talk has not been reported (Pin et al., 2007). The pres-
ence of homodimers in recombinant cell lines can be detected
using various techniques, but evidence for the presence of
GPCR homodimers in an in vivo situation has remained
elusive. Protomer-protomer cross-talk has also not been con-
vincingly demonstrated for a GPCR homodimer in any cell
culture system.

Expose to risperidone,
risperidone binds one site
pseudo-irreversibly

I

Washout drug, both sites
available to agonist
(“re-activated receptor”)

GDGHD

Washout drug, only one
site available to agonist
(“inactivated receptor”)

(No cAMP Production)

4

Expose to re-activator,
pseudo-irreversibly bound
risperidone dissociates

it it

1)~ [

Stimulation
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Fig. 8. Schematic presentation of a homodimeric receptor model consis-
tent with the anomalous effects of drugs on the 5-HT, receptor (Teitler et
al., 2010). An inactivating antagonist, risperidone (Risp), binds to the
orthosteric binding sites of a 5-HT', receptor homodimer (depicted as two
adjacent cylinders). This results in a pseudoirreversible complex between
risperidone and one protomer, the inactivation of the 5-HT, receptor, and
the inability of the second protomer to bind risperidone pseudoirrevers-
ibly. The second protomer retains reversible drug binding properties,
indicated by equilibrium double arrows. The binding of a noninactivating
antagonist, such as mesulergine (Mesul), to the second protomer releases
the pseudoirreversibly bound risperidone from the first protomer, leaving
a reactivated receptor capable of binding agonists, such as serotonin
(5-HT), at both protomers. [Reproduced from Teitler M, Toohey N, Knight
JA, Klein MT, and Smith C (2010) Clozapine and other competitive
antagonists re-activate risperidone-inactivated h5-HT7 receptors: radio-
ligand binding and functional evidence for GPCR homodimer protomer
interactions. Psychopharmacology (Berl) 212:687—697. Fig. 10. Copyright
© Springer-Verlag Berlin Heidelberg. Used with permission.]
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To determine whether the properties of the h5-HT,, recep-
tor expressed in HEK293 cells are relevant to the in vivo
situation, we used rat cortical astrocytes in primary culture.
Astrocytes express a functional 5-HT, receptor that produces
a robust cAMP stimulation upon exposure to 5-HT (Hirst et
al., 1997; Shimizu et al., 1998). We first demonstrated that
the 5-HT response is due to the r5-HT, receptor by using the
5-HT,-selective antagonist SB269970. This selective antago-
nist completely inhibits the 5-HT-induced stimulation of
cAMP in a competitive manner, with a potency consistent
with its affinity for the 5-HT, receptor (Fig. 1). The nonse-
lective antagonist clozapine also produced a potent competi-
tive antagonism of the 5-HT-induced stimulation of cAMP,
indicating that this response does not involve another 5-HT
receptor (Fig. 2).

Risperidone, 9-OH-risperidone, methiothepin, and bro-
mocriptine were found to potently inactivate the r5-HT, re-
ceptor (Figs. 3 and 4; Table 1). Clozapine, mesulergine, cypro-
heptadine, SB269970, and mianserin did not inactivate the
receptor, although they are antagonists at the 5-HT, receptor
with moderate to high affinity (Fig. 3). These results are
indistinguishable from those observed in the HEK293 cells
expressing the h5-HT, receptor (Table 1) (Knight et al.,
2009).

Clozapine, mesulergine, cyproheptadine, SB269970, and
mianserin were found to reactivate the risperidone-inacti-
vated receptor (Figs. 5 and 6; Table 2). The potencies of these
drugs in reactivating the receptor closely correlate with their
potencies as antagonists of 50 nM 5-HT-induced stimulation
of cAMP in rat cortical astrocytes (Fig. 7 and Table 2). Again,
these results are very similar to the results observed in the
HEK293 cells expressing the h5-HT, receptor (Teitler et al.,
2010).

Given the fundamental principles that drugs bind to unoc-
cupied binding sites and that orthosteric and allosteric bind-
ing sites display distinctly different pharmacological profiles,
the same conclusions drawn from the work on the HEK293
cells can be drawn from the work presented herein using rat
cortical astrocytes. As shown in Fig. 8, we propose a model in
which the binding of one risperidone molecule to a r5-HT,
homodimer results in pseudoirreversible binding to that pro-
tomer, inactivation of the receptor dimer, and the inability of
the second protomer to bind risperidone pseudoirreversibly,
although other binding properties of that protomer are pre-
served. The orthosteric binding site on the second protomer
remains available to bind 5-HT, receptor antagonists, thus
explaining the ability of the apparently occupied 5-HT, re-
ceptor orthosteric site to interact with other competitive an-
tagonists. The binding of a competitive antagonist to the
second (non-risperidone-bound) protomer induces an alloste-
ric effect on the first protomer that results in the release of
risperidone, allowing the reactivation of the receptor. This
model and its schematic representation in Fig. 8 have been
presented previously (Teitler et al., 2010). Methiothepin and
the other inactivating antagonists that bind both protomers
pseudoirreversibly do not provide competitive antagonists
with access to unoccupied protomers, and thus the receptors
cannot be reactivated. However, when nonsaturating levels
of methiothepin are used to partially inactivate receptors,
competitive antagonists can bind to unoccupied protomers
and reactivate the receptors. This is demonstrated in Figs. 4
and 5, in which 16 nM methiothepin, which partially inacti-

vates the receptor (Fig. 4), was used to inactivate r5-HT,
receptors and mesulergine treatment recovered 5-HT activity
(Fig. 5).

This model is strongly based on the work in the recombi-
nant cell line (Smith et al., 2006; Knight et al., 2009; Teitler
et al., 2010). Although being able to demonstrate the unusual
regulation of the 5-HT, receptor by drugs in a primary cul-
ture is critical, there are drawbacks to using this system,
relative to the recombinant cell line. The low expression
levels of the r5-HT,, receptor have not allowed the detection
of a radioligand binding signal in our laboratory or the lab-
oratories of groups previously reporting 5-HT,, receptor func-
tion in cultured astrocytes (Hirst et al., 1997). The ho-
modimer model presented in Fig. 8 does depend on data from
the recombinant cell line (Teitler et al., 2010); however, the
reversal of the inactivating effect of risperidone by 5-HT,
competitive antagonists is difficult to interpret without a
dimer model.

The biochemical mechanism responsible for the pseudoir-
reversible binding of the “inactivating antagonists” observed
in the astrocyte studies, as well as the studies on the h5-HT,
receptor, is beyond the scope of this investigation. There is no
scaffolding protein known to bind the inactivating (or nonin-
activating antagonists) with the high affinities and the order
of affinities observed in these studies.

In summary, the observations that provide evidence for the
h5-HT, receptor existing as a homodimer and displaying
protomer-protomer cross-talk in a recombinant cell line are
also evident in rat cortical astrocytes. This is an important
step in developing evidence for the existence of GPCR ho-
modimers in vivo and identifying the function of protomer-
protomer interactions. The strategy of finding pseudoirre-
versible drugs that inactivate GPCRs and reactivating the
receptors with competitive antagonists is a novel one and can
lead to the demonstration of other receptors displaying ho-
modimeric behavior (i.e., protomer-protomer cross-talk). If
many GPCRs do exist as homodimers, there is a great deal of
information to be learned regarding the purpose of the ho-
modimeric structure, the possible role of homodimer dysfunc-
tion in disease states, and the possible development of novel
drugs that produce different protomer-protomer effects at the
receptor.
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