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Previously, using artificial cell systems, we identified recep-
tor heteromers between the dopamine D, or D, receptors and
the histamine H; receptor. In addition, we demonstrated two
biochemical characteristics of the dopamine D, receptor-his-
tamine H; receptor heteromer. We have now extended this
work to show the dopamine D, receptor-histamine H; recep-
tor heteromer exists in the brain and serves to provide a novel
link between the MAPK pathway and the GABAergic neurons
in the direct striatal efferent pathway. Using the biochemical
characteristics identified previously, we found that the ability
of H; receptor activation to stimulate p44 and p42 extracellu-
lar signal-regulated MAPK (ERK 1/2) phosphorylation was
only observed in striatal slices of mice expressing D, receptors
but not in D, receptor-deficient mice. On the other hand, the
ability of both D, and H; receptor antagonists to block MAPK
activation induced by either D; or H; receptor agonists was
also found in striatal slices. Taken together, these data indicate
the occurrence of D,-H; receptor complexes in the striatum
and, more importantly, that H; receptor agonist-induced ERK
1/2 phosphorylation in striatal slices is mediated by D,-H; re-
ceptor heteromers. Moreover, H; receptor-mediated phospho-
ERK 1/2 labeling co-distributed with D, receptor-containing
but not with D, receptor-containing striatal neurons. These
results indicate that D,-H; receptor heteromers work as pro-
cessors integrating dopamine- and histamine-related signals
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involved in controlling the function of striatal neurons of the
direct striatal pathway.

The striatum is the main input structure of the basal gan-
glia, which are subcortical structures involved in the process-
ing of information related to the performance and learning of
complex motor acts. It is widely accepted that dopamine re-
ceptor subtypes, which are fundamental for motor control
and are implicated in numerous neuropsychiatric disorders,
are largely segregated in the two subtypes of medium spiny
neurons (MSNs),* the most populated neuronal type in the
striatum. Dopamine D, receptors (D,Rs) are mostly localized
in the striatopallidal MSNs, which express the peptide en-
kephalin and which gives rise to the indirect striatal efferent
pathway, whereas dopamine D, receptors (D;Rs) are mostly
expressed by the striatonigral MSNs, which express substance
P and dynorphin and constitute the direct striatal efferent
pathway (1, 2). Dopaminergic drugs activate the ERK trans-
duction pathway, which is involved in basic physiological pro-
cesses and in synaptic plasticity (3). In the dopamine-depleted
striatum, ERK signaling is implicated in the development of
L-DOPA-induced dyskinesia. Thus, in dopamine-denervated
mice, L-DOPA activates ERK signaling specifically in D;Rs
containing striatonigral MSNs but not in D,Rs containing
striatopallidal MSNs (4). This regulation may result in ERK-
dependent changes in striatal plasticity leading to dyskinesia.

Histamine is an important regulatory transmitter in the
nervous system involved in the sleep/wake cycle, attention,
memory, and other functions. Four histamine receptor types
(H,R-H,4R) have been cloned. H;Rs are expressed in abun-
dance in the brain and high densities are particularly found in
the striatum (5-7). H3Rs were first identified as autoreceptors
(8), but they were later found to act as heteroreceptors (9).

*The abbreviations used are: MSN, medium spiny neurons; D,R, dopamine
D, receptor; H;R, histamine H, receptor; D,R, dopamine D, receptor;
RAMH, R(—)-a-methylhistamine dihydrochloride.
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The major localization of striatal H;Rs is postsynaptic (5, 10),
and most probably in both subtypes of MSNs (6, 10). Hista-
mine, by means of interactions with striatal H;Rs, plays an
important role in the modulation of dopamine neurotrans-
mission (11-14). At the behavioral level, it was shown that
stimulation of postsynaptic H;R counteracts the motor acti-
vation induced by D;R and D,R agonists in reserpinized mice
(14). These interactions may be related to the ability of H;Rs
to form heteromers with dopamine receptors. In fact, D,R-
H,R and D,R-H,R heteromerization was demonstrated by
biophysical techniques in mammalian cells (14, 15). However,
their presence in the brain remained to be demonstrated. In
addition, if H;Rs form heteromers with both D;R and D,R, is
there a functional difference between these two receptor het-
eromer pairs? One might expect that because the D;R and
D,R receptors are found in two different neuronal pathways
that the different heteromers might confer different proper-
ties. Here, we have explored this idea by taking advantage of
unique properties of the D;R-H,R heteromers to provide evi-
dence for their presence in rodent brain. Previously, using an
in vitro cell system, we found an important feature of the
D,R-H;R heteromer is that H;R agonists only activate ERK
1/2 in a receptor heteromer context, but not in cells express-
ing H;Rs without D, R (15). Here, by taking advantage of this
distinct ERK 1/2 signaling characteristic, we demonstrate the
occurrence of D;R-H;R heteromers in rodent striatum. De-
spite H;Rs being expressed in both D;R and D,R containing
neurons, histamine-receptor-mediated phosphorylation of the
ERK 1/2 kinase occurred only in neurons expressing D;R and
not in those with D,R. Thus, D,-H; receptor heteromers con-
fer a direct link to MAPK activation within the GABAergic
neurons of the direct striatal efferent pathway.

EXPERIMENTAL PROCEDURES

Animals—Sprague-Dawley male rats, 7-9 weeks old and
weighing 200-250 g, were provided by the Animal Service of
the Universidad Auténoma de Barcelona (Barcelona, Spain).
Six-to-eight-month-old wild-type littermates and dopamine
D, receptor knock-out C57BL6 male mice, weighing 25-30 g,
were provided by Instituto Cajal (Consejo Superior de Investi-
gaciones Cientificas; Madrid, Spain) and generated by homol-
ogous recombination as described previously (16). Rats (2 per
cage) or mice (five per cage) were housed in a temperature
(21 = 1 °C) and humidity-controlled (55 = 10%) room with a
12:12 h light/dark cycle (light between 08:00 and 20:00 h) with
food and water ad libitum. Animal procedures were con-
ducted according to standard ethical guidelines (European
Communities Council Directive 86/609/EEC) and approved
by the local (Universidad Auténoma de Barcelona or Consejo
Superior de Investigaciones Cientificas) ethical committee.

Cell Culture and Membrane Preparation—SK-N-MC/H,
cells were grown in Eagle’s minimal essential medium, supple-
mented with 10% FBS, 50 units/ml penicillin, 50 ug/ml strep-
tomycin, nonessential amino acids, 2 mmol/liter L-glutamine,
and 50 pg/ml sodium pyruvate at 37 °C in a humidified atmo-
sphere of 5% CO,, to 80% confluence. The SK-N-MC cells
stably expressing the human H;R (SK-N-MC/H;) were pro-
vided by Johnson & Johnson Pharmaceutical Research & De-
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velopment, L.L.C. Cells were disrupted with a Polytron ho-
mogenizer (PTA 20 TS rotor, setting 3; Kinematica, Basel,
Switzerland) in 50 mm Tris-HCI buffer, pH 7.4, containing a
protease inhibitor mixture (1/1000; Sigma). The cellular de-
bris was removed by centrifugation at 13,000 X g for 5 min at
4. °C, and membranes were obtained by centrifugation at
105,000 X g for 1 h at 4 °C. Membranes were lysed in 50 mm
Tris-HCI, pH 7.4, containing 50 mm NaF, 150 mm NaCl, 45
mM B-glycerophosphate, 1% Triton X-100, 20 uM phenylars-
ine oxide, 0.4 mmM NaVO,, and protease inhibitor mixture to
be processed by Western blot.

Brain Slice Preparation—Rats and mice were decapitated
with a guillotine, and the brains were rapidly removed and
placed in ice-cold oxygenated (O,/CO,: 95/5%) Krebs-HCO
buffer (124 mm NaCl, 4 mm KCI, 1.25 mm NaH,PO,, 1.5 mMm
MgCl,, 1.5 mm CaCl,, 10 mm glucose, and 26 mm NaHCO,,
pH 7.4). The brains were sliced at 4 °C in a brain matrix (Zivic
Instruments, Pittsburgh, PA) into 0.5-mm coronal slices.
Slices were kept at 4 °C in Krebs-HCOj5 buffer during the
dissection of the striatum. Each slice was transferred into an
incubation tube containing 1 ml of ice-cold Krebs-HCO;
buffer. The temperature was raised to 23 °C and after 30 min,
the medium was replaced by 2 ml Krebs-HCO, buffer
(23 °C). The slices were incubated under constant oxygen-
ation (O,/CO,: 95/5%) at 30 °C for 45 h in an Eppendorf
Thermomixer (5 Prime, Inc., Boulder, CO). The media was
replaced by 200 ul of fresh Krebs-HCO; buffer and incubated
for 30 min before the addition of ligands.

ERK Phosphorylation Assays—Striatal slices were incubated
in the presence of the indicated concentrations of histamine
H; or dopamine D, receptor ligands, prepared in Krebs-
HCOj buffer. After the indicated incubation period, the solu-
tion was discarded, and slices were frozen on dry ice and
stored at —80 °C. Slices were lysed by the addition of 500 ul of
ice-cold lysis buffer (50 mm Tris-HCI pH 7.4, 50 mm NaF, 150
mMm NaCl, 45 mm B-glycerophosphate, 1% Triton X-100, 20
uM phenylarsine oxide, 0.4 mm NaVO,, and protease inhibi-
tor mixture). Cellular debris was removed by centrifugation at
13,000 X g for 5 min at 4 °C, and protein was quantified by
the bicinchoninic acid method using bovine serum albumin
dilutions as standard. To determine the level of ERK1/2 phos-
phorylation, equivalent amounts of protein (10 ug) were sepa-
rated by electrophoresis on a denaturing 10% SDS-polyacryl-
amide gel and transferred onto PVDF-FL membranes.
Odyssey blocking buffer (LI-COR Biosciences, Lincoln, Ne-
braska) was then added, and membranes were rocked for 90
min. Membranes were then probed with a mixture of a mouse
antiphospho-ERK 1/2 antibody (1:2500, Sigma) and rabbit
anti-ERK 1/2 antibody (1:40,000, Sigma) for 2—3 h. The 42
and 44 kDa bands corresponding to ERK 1 and ERK 2 were
visualized by the addition of a mixture of IRDye 800 (anti-
mouse) antibody (1:10,000, Sigma) and IRDye 680 (anti-rab-
bit) antibody (1:10,000, Sigma) for 1 h and scanned by the
Odyssey infrared scanner (LI-COR Biosciences). Bands densi-
ties were quantified using the scanner software and exported
to Microsoft Excel. The level of phosphorylated ERK 1 and
phosphorylated ERK 2 was normalized for differences in load-
ing using the total ERK 1/2 protein band intensities.
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Immunohistochemistry—Striatal slices were incubated with
the indicated HR ligands in Krebs-HCO; buffer for 10 min
and fixed with 4% paraformaldehyde solution (Antigenfix,
DiaPath) for 1 h at room temperature with gentle agitation.
The slices were then washed in TBS (50 mm Tris-HCI, 0.9%
NaCl, pH 7.8), treated 5 min with 1% Na,BH, dissolved in
TBS, followed by successive TBS washes until all Na,BH, was
eliminated. Finally, the slices were cryopreserved in a 30%
sucrose solution overnight at 4 °C and stored at —20 °C until
sectioning. 15-um-thick coronal sections were cut on a freez-
ing cryostat (Leica Jung CM-3000) and mounted on slide glass
(three control and three treated coronal sections in each slide;
STAR FROST PLUS, DELTALAB). Coronal sections were
thawed at 4 °C, washed in TBS, and rocked in 7% normal don-
key serum (SND, Sigma) in TBS for 1 h at 37 °C in a humidi-
fied atmosphere. Coronal sections were then incubated over-
night at 4 °C in a humidified atmosphere with the primary
antibodies: rabbit antiphospho-Thr*°?/Tyr?** ERK 1/2 anti-
body (1:300, Cell Signaling Technology, Danvers, MA), guinea
pig anti-D; antibody (1:100, Frontier Institute, Ishikari, Hok-
kaido, Japan) or guinea pig anti-D, antibody (1:100, Frontier
Institute, Ishikari, Hokkaido, Japan) alone or in combination
in a solution with 0.1% TBS-Tween, 0.1% BSA-acetylated (Au-
rion), 7% SND (250 wl per slide). The specificity of these do-
pamine receptor antibodies has been previously shown by
preabsorption tests with the antigen peptides and by mutually
exclusive pattern and triple labeling in immunohistochemis-
try (17) and by Western blot (see “Results”). Coronal sections
were washed in 0.05% TBS-T and left for 2 h at room temper-
ature in a humidified atmosphere with the corresponding sec-
ondary antibodies: chicken anti-rabbit (1:200, Alexa Fluor
594, Invitrogen) and goat anti-guinea pig (1:200, Alexa Fluor
488, Invitrogen) in a solution with TBS-Tween 0.1%, BSA
acetylated 0.1%, SND 7%, and then washed in TBS-T 0.05%,
followed by a single wash in TBS before mounting in Mowiol
medium (Calbiochem), covered with a glass, and left to dry at
4 °C for 24 h. Single and double immunostained slices were
observed and imaged in a Leica SP2 confocal microscope
(Leica Microsystems, Mannheim, Germany). Images were
opened and processed with Image] confocal microscopy pro-
gram and a Adobe Photoshop program (version 5.5; Seattle,
WA). Double-labeled cells (cells stained for phospho-ERK 1/2
and D, or D, receptors) were counted in a total of two to
three nonoverlapping fields of 45 coronal sections from 4 to 5
slices treated with medium (control), 1 um RAMH, or 1 uM
imetit.

Coronal sections from nontreated slices (six control coro-
nal sections in each slide) were used for double-immunohisto-
chemistry using rabbit anti-H,R antibody (1:200, Chemicon,
Billerica, MA) and guinea pig anti-D,R antibody or guinea pig
anti-D,R antibody as primary antibodies and goat anti-rabbit-
peroxidase (1:200, Thermo Scientific, Fremont, CA) and goat
anti-guinea pig (1:200, Alexa Fluor 488, Invitrogen) as second-
ary antibodies by the same procedure as described above. In
this case, the amplification system for the red fluorophore,
TSA-cyanine 3 (1:100, Tyramide Signal Amplification,
PerkinElmer Life Science) was used as described in the TSA
Plus fluorescence amplification kit, before mounting in
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Mowiol medium. Double-labeled cells (cells stained for H,
and D, or D, receptors) were counted in a total of two to
three nonoverlapping fields of 15 coronal sections from four
to five slices. In all cases, we did not observe staining in the
absence of the primary antibodies.

Coimmunoprecipitation—The rat striatal tissue was dis-
rupted with a Polytron homogenizer in 50 mm Tris-HCI
buffer, pH 7.4, containing a protease inhibitor mixture (1/
1000, Sigma). The cellular debris was removed by centrifuga-
tion at 13,000 X g for 5 min at 4 °C, and membranes were ob-
tained by centrifugation at 105,000 X gfor 1 hat4 °C.
Membranes were washed two more times at the same condi-
tions and were solubilized by homogenization in ice-cold im-
munoprecipitation buffer (phosphate-buffered saline, pH 7.4,
containing 1% (v/v) Nonidet P-40) and incubated for 30 min
on ice before centrifugation at 105,000 X g for 1 h at 4 °C. The
supernatant (1 mg/ml of protein) was processed for immuno-
precipitation as described in immunoprecipitation protocol
using a Dynabeads® Protein G kit (Invitrogen). Protein was
quantified by the bicinchoninic acid method (Pierce) using
bovine serum albumin dilutions as standard. Immunoprecipi-
tates were carried out with rat anti-D, receptor antibody (1:
1000, Sigma) or rabbit anti-D, receptor antibody (1:1000, Mil-
lipore, Billerica, MA) As negative control anti-calnexin
antibody was used (1:1000, BD Biosciences Pharmingen). Im-
munoprecipitates were separated on a denaturing 10% SDS-
polyacrylamide gel and transferred onto PVDF membranes.
Membranes were proved with the primary antibodies guinea
pig anti-D, antibody (1:1000, Frontier Institute, Ishikari, Hok-
kaido, Japan), guinea pig anti-D, antibody (1:1000, Frontier
Institute) or goat anti-H;R antibody (1:500, Santa Cruz Bio-
technology, Santa Cruz, CA) and the secondary antibodies
goat anti-guinea pig-peroxidase (1:20,000, Sigma) and donkey
anti-goat-peroxidase (1:20,000, Jackson ImmunoResearch
Laboratories, West Grove, PA). Bands were visualized with a
LAS-3000 (Fujifilm). Analysis of detected bands was per-
formed by Image Gauge software (version 4.0) and Multi
Gauge software (version 3.0).

RESULTS

D,R and H;R Are Functionally Coupled to MAPK Signaling
Pathway in Brain Striatal Slices—To establish whether D;R
and H;R are functionally coupled to the MAPK pathway in rat
striatum, slices were treated with a D;R or an H;R agonist,
and ERK 1/2 phosphorylation was assayed as described under
“Experimental Procedures.” The time response curve ob-
tained after treatment with 10 um SKF 38393 (D, R agonist) or
0.1 um imetit (H;R agonist) showed that phosphorylation
peaked at 10 min (Fig. 1a). Therefore, all subsequent assays
were analyzed at 10 min of drug treatment. Dose-response
curves for different DR or H;R agonists are displayed in Fig.
1b. Both SKF 81297 and SKF 38393 (full and partial D,R ago-
nists, respectively) were able to increase ERK 1/2 phosphory-
lation; SKF 81297 was more potent than SKF 39393. RAMH
and imetit (H;R agonists) also increased ERK 1/2 phosphory-
lation, with imetit being more potent than RAMH. The re-
sults show that striatal slices contain D;R and H;R function-
ally coupled to MAPK signaling.
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(top).

H3R Agonist-induced ERK 1/2 Phosphorylation in Striatal
Slices Is Mediated by D,;R-H;R Heteromers—A cross-antago-
nism between D;Rs and H;Rs has been demonstrated previ-
ously in heterologous cell systems. This cross-antagonism
only occurs in D;R-H;R-heteromer-containing cells and con-
sists of both the ability of D;R antagonists to block the effect
of H;R agonists and, conversely, the ability of H;R antagonists
to block the effect of DR agonists (15). To test whether this
phenomenon also occurs in vivo, rat striatal slices were incu-
bated with D, R or H;R agonists (SKF 81297 or RAMH, re-
spectively) in the presence of either D, R or H;R antagonists
(SCH 23390 or thioperamide, respectively). The results repro-
duced the cross-antagonism found in the heterologous cell
system (Fig. 2). ERK 1/2 phosphorylation induced by RAMH
(0.1 um) was not only blocked by thioperamide (10 um) but
also by SCH 23390 (10 um) (Fig. 24). Similarly, ERK 1/2 phos-
phorylation induced by SKF 81297 (0.1 um) was blocked by
both SCH23390 and thioperamide (10 wMm in both cases) (Fig.
2b). As a control, activation of striatal serotonin receptors
(with 0.2 uM of serotonin) significantly induced ERK 1/2
phosphorylation, but the effect was not modified by either
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SCH23390 or thioperamide (10 um in both cases) (Fig. 2, ¢
and d). These results provide evidence for the expression
D,R-H,R heteromers in the striatum. Another characteristic
of the D;R-H,R heteromer is that it allows H;R agonists to
activate MAPK signaling (15). We decided to investigate
whether this heteromer characteristic persisted in vivo us-
ing transgenic mice lacking D;Rs. When H,;R-mediated
MAPK signaling was investigated in striatal slices from
transgenic mice lacking the D;Rs and in wild-type litter-
mate controls displaying the same genetic background,
RAMH (0.1 um) was unable to induce ERK 1/2 phosphory-
lation, whereas a strong signal was obtained in slices from
wild-type littermate controls displaying the same genetic
background (Fig. 3). In addition in wild-type animals, RAMH-
induced ERK 1/2 phosphorylation was blocked by both thiop-
eramide (10 um) and SCH 23390 (10 um) (Fig. 3). These re-
sults indicate that H3R agonist-induced ERK 1/2
phosphorylation in striatal slices is mediated by D;R-H;R
heteromers.

To provide further insight on the function of striatal D;R
and H;R receptors coexpressed in striatal neurons, ERK 1/2
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FIGURE 2. Effect of H;R and D, R antagonists on agonist-induced ERK 1/2 phosphorylation in rat striatal slices. Slices were preincubated with medium
or with 10 um thioperamide, 10 um SCH 23390, or both for 20 min prior to the addition of 0.1 um RAMH (a) or 0.1 um SKF 81297 (b) followed by a further
incubation of 10 min. In c and d, slices were preincubated for 20 min with medium or with 10 um thioperamide (c) or 10 um SCH 23390 (d) prior to the addi-
tion of 0.2 um serotonin followed by a further incubation of 10 min. ERK1/2 phosphorylation was determined as described under “Experimental Proce-
dures.” The immunoreactive bands from 12 to 21 (a and b) or 10 to 14 (c and d) slices obtained from 8 to 10 (a and b) or 4 to 6 (c and d) animals were quanti-
fied, and values represent the mean * S.E. of the percentage of phosphorylation relative to basal levels found in untreated slices (100%). Significant
differences were calculated by one-way analysis of variance with post hoc Bonferroni’s multiple tests (***, p < 0.001, as compared with the first treatment in
aand b, or to the basal in c and d). A representative Western blot is shown in each panel (top).

activation was studied in rat striatal slices in the presence of
agonists for the two receptors. This would mimic the situa-
tion when the two neurotransmitters histamine and dopa-
mine are simultaneously impacting a given GABAergic neu-
ron. Interestingly, the effect of the D;R agonist SKF 81297 (10
uM) was significantly counteracted by the H;R agonist,
RAMH (1 uMm). Furthermore, the combination of RAMH (10
um) and SKF 81297 (1 um) produced a significantly weaker
effect than that of either drug alone (Fig. 4), indicating the
existence in striatal neural circuits of an agonist-induced D, R-
H;R reciprocal negative cross-talk.

Selective D ,R-H 3R Heteromer-mediated Effects only in Stri-
atal Neurons of Direct Pathway—Dopamine receptors are
segregated in the two main types of GABAergic striatal effer-
ent neurons: dynorphinergic neurons of the direct pathway
expressing D;Rs and enkephalinergic neurons of the indirect
pathway expressing dopamine D,Rs. Evidence supporting the
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presence of H;R in both types of neurons had been obtained
previously by autoradiography and lesion studies (5) and by in
situ hybridization (10). Accordingly, by double immunohisto-
chemistry using H;R and either DR or D,R antibodies, we
found H;R immunostaining in cells labeled with either D;R or
D,R antibodies (Fig. 5). In fact, 95 = 12% of D; R stained neu-
rons or 89 * 15% of D,R stained neurons showed H;R stain-
ing (Fig. 6a). Thus, co-expression of D, R and H3R in
GABAergic neurons of the direct pathway and co-expression
of D,R and H;R in GABAergic neurons of the indirect path-
way was found. We have described previously that both D;R
and D,R may form heteromers with H;R in living cells (14,
15). To test D;R-H;R and D,R-H;R heteromer expression in
the rat striatum, co-immunoprecipitation experiments were
carried out. The immunoprecipitates with the anti-D; R anti-
body (Fig. 7a) or with the anti-D,R antibody (Fig. 7b) were
not stained in a Western blot using anti-D,R or anti-D;R anti-
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bodies respectively, showing the specificity of the antibodies.
Interestingly, specific H;R staining was detected by Western
blot in both immunoprecipitates using anti-D;R or anti-D,R
antibodies but not with an irrelevant antibody (Fig. 7c). These

P-Erk-1/2 —_--—;—;——

TOMAl EK112 e s S o - S — — —

250 1 [ Wt mice
Rkk
Il KO mice
-
c 200 1
2
=
8
o=
S8 150
55
§ 8
-
S5 6
o 100 4+ O N R -
=<
X
4
4o 50 4
0
RAMH - + + + +
THIOPERAMIDE - - + - +
SCH 23390 - - - + +

FIGURE 3. H;R agonist-induced ERK 1/2 phosphorylation in striatal
slices from wild-type and dopamine D, R knock-out mice. Wild-type
(white) or D,R knock-out mice (black) slices were treated for 10 min with 0.1
um RAMH or for 10 min with 10 um thioperamide and/or 10 um SCH 23390
prior to the addition of 0.1 um RAMH and incubation for further 10 min. ERK
1/2 phosphorylation was determined as described under “Experimental
Procedures.” For each treatment, the immunoreactive bands from four to
six slices from a total six wild-type and nine knock-out animals were quanti-
fied, and values represent the mean = S.E. of the percentage of phosphory-
lation relative to basal levels found in untreated slices (100%). No significant
differences were obtained between the basal levels of the wild-type and
the D, R knock-out mice, and no significant differences were observed be-
tween basal and slices treated (20 min) with 10 um thioperamide or 10 um
SCH 23390. Significant treatment and genotype effects were analyzed by a
bifactorial analysis of variance followed by post hoc Bonferroni’s tests.
There were significant genotype, treatment, and interaction effects, ex-
plained by the ability of RAMH to strongly and selectively induce ERK 1/2
phosphorylation in wild-type mice (***, p < 0.001, as compared with knock-
out mice). A representative Western blot is also displayed (top).
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results corroborate the expression of D;R-H;R heteromers in
the neurons of the direct pathway and suggest the expression
of D,R-H;R heteromers in the neurons of the indirect
pathway.

In striatal slices incubated with 1 ™ imetit and subjected
to immunohistochemistry, we observed that imetit-induced
ERK 1/2 phosphorylation occurs in a high number of neurons
stained using the anti-D, R antibody, but only in a small num-
ber of neurons stained using the anti-dopamine D,R antibody
(Fig. 8). In fact, 85 = 7% of phospho-ERK 1/2-positive neu-
rons displayed specific D, receptor immunostaining, whereas
only 23 = 5% of phospho-ERK 1/2-positive neurons were pos-
itive for D, receptor labeling (Fig. 6b). It should be noted that
despite D,R-H;R heteromers may play a role in this signaling
pathway, neurons containing both the D;R and D,R may exist
in the striatum (18). Similar results were obtained in striatal
slices incubated with 1 uM RAMH (results not shown). Fur-
thermore, the effect of H,R agonists in striatal slices was inde-
pendent of changes in presynaptic neurotransmitter release
(e.g. dopamine or histamine), which could potentially contrib-
ute to trigger ERK 1/2 phosphorylation in D;R-expressing
cells. In fact, the presence of 1 uMm tetrodotoxin affected nei-
ther the D;R agonist nor the H;R agonist-induced ERK 1/2
phosphorylation (supplemental Fig. 1). Collectively, these re-
sults demonstrate that histamine-induced MAPK pathway
activation in striatal slices is specifically mediated by the D;R
and H3R heteromers present in neurons of the direct path-
way, but not by the H;Rs localized in the indirect pathway or
as autoreceptors or heteroceptors in neighboring nerve
terminals.

DISCUSSION

We have previously described that not only D;R but also
D,R may form heteromers with H;R in living cells (14, 15).
Here, it is demonstrated that both D;R and D,R co-immuno-
precipitate H;R from rat striatum supporting the expression
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FIGURE 4. Negative cross-talk between D,Rs and H;R receptors on ERK 1/2 phosphorylation in rat striatal slices. Slices were treated for 10 min with 10
um SKF 81297 and/or 1 um RAMH (a) or 10 um RAMH and/or 1 um SKF 81297 (b). ERK 1/2 phosphorylation was determined as described under “Experimen-
tal Procedures.” The immunoreactive bands from 10 to 24 (a) or eight to 23 (b) slices obtained from four to six animals were quantified, and values repre-
sent the mean = S.E. of the percentage of phosphorylation relative to basal levels found in untreated slices (100%). Significant differences were calculated
by one-way analysis of variance with post hoc Bonferroni’s multiple tests. (** and ***, p < 0.01 and p < 0.001, respectively, as compared with 10 um SKF

81297 in (a) or 10 um RAMH in (b)).
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a..
b..

FIGURE 5. Co-localization between H;R and D,R or D,R in striatal MSNs. Confocal microscope representative images of coronal sections from striatal
slices are shown. Slices were labeled with anti-H;R antibody (red). Labeling (green) using an anti-D,R antibody (a) or an anti-D,R antibody (b) is also shown.

In a and b, colocalization is shown in yellow. Scale bars, 60 um.

of D;R-H;R and D,R-H,R heteromers in the neurons of the
direct and indirect striatal efferent pathways, respectively.
From our earlier work, it was unclear whether D;R-H3R and
D,R-H;R heteromers were engaging similar signaling path-
ways in the two different neuronal populations or whether
there was a functional difference that might help delineate the
direct and indirect pathways of the striatum via the existence
of these heteromers. The data presented in this paper indicate
that D;R-H;R heteromers in the striatonigral GABAergic
neurons of the direct pathway, but not the H;R receptors in
the indirect pathway, allow direct histaminergic activation of
the MAPK pathway.

Biophysical techniques can provide strong support for the
existence of receptor heteromers in artificial cell systems (19,
20), but, as these techniques are difficult to perform in intact
tissues, obtaining evidence for naturally occurring heteromer
expression remains a significant challenge. For many receptor
heteromers, we depend on an indirect approach for their
identification in native tissues, which relies on the discovery
of a characteristic signature of the heteromer. This character-
istic, which is usually identified in a heterologous cell system,
may be then used as a “fingerprint” to demonstrate the pres-
ence of the heteromer in the native tissue (21-24). A specific
characteristic of the D;R-H4R heteromer, previously identi-
fied in transfected cells is cross-antagonism (15), i.e. the abil-
ity of both D;R and H3R antagonists to block the effect of ei-
ther D;R or H;R agonists. This phenomenon, in which an
antagonist of one of the receptor units in the receptor hetero-
mer blocks signaling originated by ligand binding to the other
receptor unit in the heteromer, has also been observed with
other receptor heteromers, such as the cannabinoid CB;-
orexin OX receptor heteromer (25). Significantly, the same
D,R-H;R cross-antagonism on MAPK signaling, which was
described in transfected cells (15), was observed in rat striatal
slices (Fig. 2), strongly supporting the occurrence of D;R-H;R
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heteromers in the rodent striatum. Of note, a further charac-
teristic of the D;R-H;R heteromer is its ability to allow the
activation of the MAPK cascade by H;R-selective agonists,
which otherwise cannot drive this signaling pathway (15). In
fact, H;R agonist-induced ERK 1/2 phosphorylation was dem-
onstrated in striatal slices of wild-type but not of D;R knock-
out mice, indicating the occurrence of D;R-H;R heteromers
in the rodent striatum. As the H;R agonist was unable to acti-
vate MAPK signaling in slices from D, R-deficient mice (Fig.
3) it is likely that only neurons containing both H;R and
DR are able to link histaminergic neurotransmission to
the MAPK cascade. Interestingly, although H;R were found
to be co-expressed with D;R- and D,R-containing neurons,
the H;R-mediated phospho-ERK labeling only co-distrib-
uted with D;R- but not with D,R-containing neurons (Figs.
5 and 8) and was not dependent on neurotransmitter re-
lease from neighboring cells.

The results obtained with co-administration of D, R and
H,R agonists suggest that the D;R-H;R heteromer works as a
processor that integrates dopamine and histamine-related
signals, and its output consists of quantitatively different acti-
vation of the MAPK pathway. Strong MAPK signaling was
obtained with either DR or H4R activation, but a significantly
weaker MAPK signaling was obtained upon co-activation of
both receptors. Thus, at very low dopamine concentrations,
histamine can foster MAPK signaling by activating H;Rs in
D,R-H;R-coexpressing neurons. In contrast, when the two
neurotransmitters are present, the MAPK activation in the
striatonigral MSN would be repressed. Because the MAPK
pathway is considered critical to activity-dependent
changes underlying synaptic strengthening (26), our results
predict that not only dopamine but also histamine plays an
important role in MAPK-dependent neuroplasticity in the
striatonigral MSN.
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FIGURE 6. Quantification of colocalization in confocal microscope images.
Quantification of H3R expression (a) or 1 um imetit-induced ERK 1/2 phospho-
rylation (b) in neurons expressing D;R (D, neurons) or D,R (D, neurons). Values
are mean = S.E. of the percentage of double-labeled cells (cells stained for
H;Rand D,Ror D,R in a or cells stained for imetit-induced phospho-ERK 1/2 and
D,Ror D,R in b) were counted in a total of two to three nonoverlapping fields of
15 (a) or 45 (b) coronal sections from four to five slices.

A negative cross-talk between striatal D;R and H;R has also
been described for the adenylyl cyclase-induced signaling
pathway, as histamine H;R activation inhibits D;R-mediated
cAMP accumulation in striatal slices (27). Additional exam-
ples of H;R-mediated responses able to inhibit D;R-mediated
effects are the ability of H;R agonists to inhibit the effects of
D, R agonists on GABA release in striatal slices (12) and mo-
tor activation in reserpinized mice (14). Overall, these results
are consistent with an antagonism at the level of adenylyl
cyclase between H;R and D, R that would not require het-
eromer formation. In fact, it is known that H;R and D;R
couple to G; and G, respectively (9, 28 =30). Although it is
difficult to confirm these results in living animals, studies
in transfected cells indicate that D;R-H;R heteromers cou-
ple to G;, but not to G, to direct histaminergic input to-
ward the MAPK pathway.

Taken together, it appears that histamine and dopamine
antagonism mediated by D;Rs and H;Rs may rely on bal-
ancing ERK activation in GABAergic neurons where D;R
and H,R are co-expressed and where D, R-H;R heteromer-
ization is likely occurring. Heteromers not only allow neu-
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FIGURE 7. Co-immunoprecipitation of H;R and D, R or D,R. Rat striatal
membranes were solubilized and processed for immunoprecipitation as
described under “Experimental Procedures” using rat anti-D,R antibody,
rabbit anti-D,R antibody, or rabbit anti-calnexin antibody as negative con-
trol. As positive controls and to test the specificity of dopamine receptors
antibodies, immunoprecipitates were analyzed by SDS-PAGE and immuno-
blotted using guinea pig anti-D,R antibody (a) or guinea pig anti-D,R anti-
body (b). To test the co-immunoprecipitation, immunoprecipitates were
blotted with goat anti-H;R antibody (c). The right panel in ¢ corresponds to
solubilized membranes from SK-N-MC and SK-N-MC/H; cells analyzed by
SDS-PAGE and blotted with anti-H;R antibody to test the specificity of the
antibody. IP, immunoprecipitation; MW, molecular mass.
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FIGURE 8. Imetit-induced ERK 1/2 phosphorylation in rat striatal
GABAergic neurons. Confocal microscopy images of coronal sections from
striatal slices were treated with medium (a) or treated with 1 um imetit (b-
d). Slices were labeled with antiphospho-ERK 1/2 antibody (red). Labeling
(green) using an anti-D, receptor antibody (c), or an anti-D, receptor anti-
body (d) is also shown. Insets in c and d are 2 X magnification of the indi-
cated parts of the figure. Scale bars, 100 um (a and b) or 80 um (c and d).
Representative images of coronal sections are displayed.

rons to differentially “sense” a given neurotransmitter, but
they serve to process the different signals impacting them
at a given time frame (31, 32). Therefore D,R-H;R receptor
heteromers would be actively involved in controlling the re-
sponse of striatal neurons of the direct striatal efferent pathway.
The qualitative and quantitative output on ERK 1/2 phosphor-
ylation would largely depend on the concentrations of histamine
and dopamine impacting neurons expressing D;R-H;R
complexes.
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