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Abstract

Members of the RGS7 (R7) family and GB5 form obligate heterodimers that are expressed
predominantly in the nervous system. R7-Gp5 heterodimers are GTPase-activating proteins (GAPS)
specific for Gi/o-class Ga subunits, which mediate phototransduction in retina and the action of many
modulatory G protein-coupled receptors (GPCRs) in brain. Here we have focused on R7BP, arecently
identified palmitoylated protein that can bind R7-GB5 complexes and is hypothesized to control the
intracellular localization and function of the resultant heterotrimeric complexes. We show that: 1)
R7-GB5 complexes are obligate binding partners for R7BP in brain because they co-
immunoprecipitate and exhibit similar expression patterns. Furthermore, R7BP and R7 protein
accumulation in vivo requires GB5. 2) Expression of R7BP in Neuro2A cells at levels approximating
those in brain recruits endogenous RGS7-GB5 complexes to the plasma membrane. 3) R7BP
immunoreactivity in brain concentrates in neuronal soma, dendrites, spines or unmyelinated axons,
and is absent or low in glia, myelinated axons, or axon terminals. 4) RGS7-GB5-R7BP complexes
in brain extracts associate inefficiently with detergent-resistant lipid raft fractions with or without G
protein activation. 5) R7BP and G5 protein levels are upregulated strikingly during the first 2-3
weeks of postnatal brain development. Accordingly, we suggest that R7-Gp5-R7BP complexes could
regulate signaling by modulatory Gi/o-coupled GPCRs in the developing and adult nervous systems.
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INTRODUCTION

G protein coupled receptors (GPCRs) regulate neuronal structure and function by controlling
ion channel activity, second messenger production and protein kinase activation (Gainetdinov
etal., 2004, Schubert et al., 2006). Modulatory GPCR signaling pathways are tightly controlled
by mechanisms such as GPCR phosphorylation and arrestin binding (Lefkowitz and Shenoy,
2005, Dhami and Ferguson, 2006).

GPCR signaling regulation also involves the action of RGS proteins (regulators of G protein
signaling), which accelerate GTP hydrolysis by Ga subunits (i.e. RGS proteins are GTPase-
activating proteins or GAPs (Berman et al., 1996, Hunt et al., 1996, Watson et al., 1996)). The
RGS7 (R7) family (RGS6, RGS7, RGS9-1, RGS9-2 and RGS11) is thought to be particularly
important for regulating GPCR function in the nervous system. R7 family members form
obligate heterodimers with G5 (Cabrera et al., 1998, Snow et al., 1998, Makino et al., 1999,
He et al., 2000, Kovoor et al., 2000, Witherow et al., 2000, Zhang and Simonds, 2000, Chen
etal., 2003), which are expressed significantly only in retina and the nervous system (Witherow
etal., 2000, Jones et al., 2004). R7-Gp5 heterodimers have GAP activity specific for Gi/o-class
a subunits (Hooks et al., 2003), which mediate phototransduction and modulatory GPCR
signaling. RGS9 is the best understood R7 family member. Genetic inactivation of RGS9 slows
the termination kinetics of phototransduction in mice (Chen et al., 2000, Krispel et al., 2003),
and causes light adaptation and contrast detection defects in humans (Nishiguchi et al.,
2004). RGS9 knockout mice also exhibit augmented response to opioids and cocaine (Rahman
et al., 2003, Zachariou et al., 2003).

The R7-family binding protein, R7BP, was identified recently as a protein that can interact
with R7-G5 heterodimers to form heterotrimeric complexes (Drenan et al., 2005,
Martemyanov et al., 2005). When palmitoylated, overexpressed R7BP directs R7-Gp5-R7BP
heterotrimers to the plasma membrane, whereas when depalmitoylated it shuttles them into the
nucleus of transiently transfected cells (Drenan et al., 2005, Song et al., 2006). R7BP
palmitoylation and plasma membrane targeting augment the ability of RGS7-Gp5-R7BP
complexes to accelerate the kinetics of Gi/o-mediated signaling (Drenan et al., 2005, Drenan
et al., 2006).

Despite such information, little is known about the function of R7BP in the nervous system.
For example, it is unknown whether R7-G5 complexes are obligate binding partners for R7BP
in vivo, whether R7BP is expressed in neurons and/or glia, or whether expression of R7BP at
normal levels in neuronal cells is sufficient to recruit endogenous R7-GB5 complexes to the
plasma membrane. Likewise, little is known about the regional, subcellular or developmental
expression of R7BP in brain, which would suggest when or where R7-GB5-R7BP complexes
could regulate signaling by modulatory GPCRs. Here we have addressed these questions in
order to better understand the function of R7-GB5-R7BP complexes in brain.

EXPERIMENTAL PROCEDURES

Vertebrate animals

All procedures involving vertebrate animals were performed in strict accord with the NIH
Guide for the Care and Use of Laboratory Animals and approved by the Animal Study
Committees of Washington University School of Medicine, Emory University School of
Medicine and the University of Miami School of Medicine. Mice were housed in animal
facilities with free access to water and food, and with a 12-h light/dark cycle. A breeding pair
of G5 -/+ mice in a mixed genetic background was generously provided to one of us (V.S.)
by Dr. Jason Chen (Virginia Commonwealth University). These mice were backcrossed with
C57BL/6J mice until the F3 generation of GB5-/+ mice was obtained. GB5-/+ mice were
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interbred to obtain Gf5-/-, GB5-/+ and wild type mice. Neonatal rat pups were obtained by
purchasing timed pregnant Sprague Dawley rats (Charles River Laboratories, Inc.). Except for
studies involving GB5-/- mice, all wild type mice used were of the pure C57BL/6 (Taconic
Labs) strain.

Generation of affinity purified chicken and rabbit anti-R7BP antibodies

MBP and GST fusion proteins bearing full-length mouse R7BP at their C-termini were
expressed and purified from derivatives of pMAL-C2H10T and pGEX-2T in E. coli strain
BL2DE3-pLysS. MBP-R7BP (>90% purity) was used to immunize chickens (Aves
Laboratories) and rabbits (Zymed Laboratories). The resultant antibodies were affinity purified
by the commercial antibody providers on columns coupled to GST-R7BP. The concentrations
of affinity-purified R7BP antibody stocks were 0.7 mg/ml (chicken antibody) and 0.21 mg/ml,
(rabbit antibody); these stocks were diluted as described below for use in various experiments.

Confocal fluorescence immunohistochemistry

Mice were anesthetized deeply (87 mg/kg ketamine HCI, 13.4 mg/kg xylazine HCI i.p.) and
perfused intracardially with PBS followed by 4% paraformaldehyde in PBS. Brain was
removed and kept overnight in 4% paraformaldehyde at 4°C. For immunohistochemistry
experiments using free floating sections (40 um-thick), brains were cryoprotected using 30%
sucrose in PBS at 4°C and sections were cut using a sliding microtome. Samples then were
processed for immunohistochemistry according to instructions provide by the manufacturer of
the Vectastain kit (VVector Labs). Briefly, tissue sections were rinsed in PBS and endogenous
peroxidase was inactivated by treating with 0.04%Triton X-100 in PBS containing 0.5%
H,0, for 1 h. To block non-specific antibody binding, sections were incubated in blocking
buffer (5% non-fat milk, 1% normal goat serum in PBS) for 1h. Sections then were incubated
at4°C overnight with affinity purified anti-R7BP antibodies (1: 2000, chicken antibody; 1:1000
rabbit antibody, each in blocking buffer). After several rinses with PBS, sections were
incubated 1 h at room temperature with biotinylated secondary anti-chicken or anti-rabbit
antibody (1:1000; Vector Labs), rinsed in PBS and incubated for 1 h with avidin-biotin-HRP
complex (ABC Vectastain kit, Vector Labs). After several rinses in TBS, sections were
incubated for 10 min in 0.05% diaminobenzidine (Sigma) and 0.015% hydrogen peroxide,
rinsed in PBS, mounted, dried, dehydrated and embedded in Cytoseal 60 medium under
coverslips. Blocked anti-R7BP antibodies were prepared by incubating affinity purified
chicken or rabbit antibodies (1ul antibody stock diluted in 1-200ul of blocking buffer) with
MBP-R7BP fusion protein (16.5ug) for 2h at 37°C. Regional distribution of R7BP was
analyzed with the aid of the rodent brain atlas (Paxinos and Watson, 1982). For experiments
using thin (10 um) sections of brain, we embedded tissue in paraffin before sectioning. For
immunofluorescence labeling, paraffin-embedded sections were rehydrated and permeabilized
for 25 min with trypsin (Img/ml trypsin tablet for immunohistochemistry; Sigma) in PBS.
Sections were washed with PBS and incubated at 4°C overnight with chicken or rabbit anti-
R7BP antibody (1:100 in blocking buffer) and co-stained overnight with monoclonal mouse
anti-neuronal nuclear antigen (NeuN, Chemicon International Inc.; 1:100) or with polyclonal
rabbit anti-glial fibrillary acidic protein (GFAP) antibody (1:150). After several rinses in PBS,
sections were incubated 1 h at room temperature with biotinylated secondary anti-chicken,
anti-rabbit and/or anti-mouse antibodies (Vector Labs) diluted 1:1000 in PBS, rinsed in PBS
and incubated for 1h in avidin-biotin-HRP complex (ABC Vectastain kit, Vector Labs).
Sections were visualized by using the TSA Plus amplification system (NEN Life Science
Products), which converts an HRP substrate to a fluorescent product. Sections were mounted
on slides for confocal microscopy (model LSM-510; Carl Zeiss Microlmaging, Inc.). In each
experiment we used sections from brain obtained from at least three animals.
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Electron microscopic immunocytochemistry

Five adult rats were perfusion-fixed with a mixture of 4% paraformaldehyde/0.1%
glutaraldehyde and used for electron microscopic localization of R7BP protein in the striatum
and the thalamus, two brain regions significantly enriched in R7BP immunoreactivity.
Following perfusions, brains were removed from the skull, post-fixed in 4% paraformaldehyde
for 2 - 24 h, cut into 60-pm-thick sections using a vibrating microtome and stored in PBS at
4°C until processed for immunocytochemistry. Prior to immunocytochemical processing, all
sections were put into a 1% sodium borohydride solution for 20 minutes and then washed with
PBS. Following sodium borohydride treatment, sections were placed in a cryoprotectant
solution (0.05M Na-phosphate, pH 7.4, 25% sucrose, and 10% glycerol) for 20 min, frozen at
-80°C for 20 min, returned to a decreasing gradient of cryoprotectant solutions, and rinsed in
PBS. Sections were then incubated in primary and secondary antibody solutions, identical to
those used for light microscopy, with two exceptions: 1) the omission of Triton X-100 and 2)
incubation in primary antibody for 48 hours at 4°C. After the DAB reaction, the tissue was
rinsed in PB (0.1M, pH 7.4) and treated with 1% OsQO4 for 20 min. It was then returned to PB
and dehydrated with increasing concentrations of ethanol. When exposed to 70% ETOH, 1%
uranyl acetate was added to the solution for 35 min to increase the contrast of the tissue in the
electron microscope. Following dehydration, sections were treated with propylene oxide and
embedded in epoxy resin for 12 h (Durcupan ACM, Fluka, Buchs, Switzerland), mounted onto
slides and placed in a 60°C oven for 48 h. Separate samples of the dorsal striatum and the
ventrobasal thalamic nuclei were cut out of the larger sections, mounted onto resin blocks and
cut into 60-nm sections using an ultramicrotome (Leica Ultracut T2). The 60-nm sections were
collected on Pioloform-coated copper grids, stained with lead citrate for 5 min to enhance tissue
contrast and examined on the Zeiss EM-10C electron microscope. Electron micrographs were
taken with a CCD camera (DualView 300W; Gatan, Inc., Pleasanton, CA) controlled by
DigitalMicrograph software (Gatan, Inc.). Although the overall quality of immunostaining was
very similar across these five rats, three animals (DT9, DT12 and DN19) were chosen for
quantitative analysis because of their optimal ultrastructural preservation.

From each of these rats, one block of tissue was taken at the level of the dorsolateral striatum
and the ventrolateral thalamus. Ultrathin sections taken from the first 5-7 um of each block
were examined and 150 electron micrographs (50 micrographs/block) of randomly selected
immunoreactive elements were digitized at 25,000X. Labeled elements were categorized as
dendrites, spines, unmyelinated axons, myelinated axons, and axon terminals on the basis of
established ultrastructural features (Peters et al., 1991). The relative percentages of labeled
elements were calculated by dividing the number of immunoreactive elements of a specific
category by the total number of labeled elements in the striatum and thalamus. The same
material was used to quantify the relative percentage of immunoreactive and non-
immunoreactive spines in the striatum. From each micrograph, spine heads were categorized
as labeled or unlabeled based on the presence or not of the DAB amorphous deposit. The
respective values for each group were then divided by the total number of spines counted in
the striatal tissue and expressed as the percentage of labeled spines in the striatum.

Tissue fractionation, immunoblotting and immunoprecipitation

Two sets of procedures were used. The first set was employed for analysis of wild type and
Gp5-/-littermates. Adult wild type and GB5-/- littermates were sacrificed by inhalation of
carbon dioxide vapor. Brains were removed and homogenized in 4 ml of TEBS buffer (20 mM
Tris-HCI, pH 7.5, 1mM EDTA, 50 mM NaCl, 2 mM B-mercaptoethanol, and protease inhibitor
cocktail). The total brain homogenate was centrifuged at 150,000g for 1.5 h at 4°C. The
supernatant fraction (cytosolic extract) was collected, and the pellet fraction containing
membrane proteins was washed twice in ice cold TEBS buffer. The pellet was suspended in
4ml TEBS buffer containing 1% sodium cholate and left on ice for 15 min. The detergent
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extract was centrifuged at 150,000g for 45 min and the supernatant was retained as the
membrane detergent extract. A second set of methods was used for all other fractionation and
immunoprecipitation experiments. For subcellular fractionation of whole brain tissue, we used
a Dounce homogenizer to disrupt tissue in homogenization buffer (25 mM Tris pH 7.4, 150
mM NaCl, 5 mM EDTA supplemented with protease inhibitors (Roche) and 1mM PMSF).
The homogenate was passed through a 22 gauge needle at least 5 times. Brain lysates were
centrifuged at 1000 g for 15 min to remove cell debris and then at 200,000g for 30 min to pellet
membranes. The membrane pellet was washed twice in homogenization buffer, and suspended
in detergent solubilization buffer (50 mM sodium phosphate, 150 mM NaCl, 1% Triton X-100,
protease inhibitor tablets (Roche) and 1 mM PMSF) and incubated for 1 h at 4°C. The detergent
extract was centrifuged at 200,000g for 30 min to remove insoluble matter. The detergent
extract supernatant was used for immunoprecipitation. Immunoprecipitation of cytosolic and
membrane fractions was performed using chicken or rabbit anti-R7BP antibodies, as follows.
Briefly, tissues were homogenized in Triton buffer (50mM sodium phosphate, 150 mM NaCl,
1% Triton X-100, protease inhibitor tablets (Roche) and 1mM PMSF). Detergent insoluble
material was removed by centrifugation (10,000g) for 20 min at 4°C. The resultant tissue
extracts or membrane detergent extracts were pre-cleared by incubating 1h with PrecipHen
agarose (Aves Labs) or Protein G Sepharose (Amersham Biosciences) beads according to the
manufacturer’s instructions and then centrifuged at 1000g for 10 min. We then added 5 pl of
affinity purified chicken R7BP antibody or 7 ul of anti- GB5 antibody to 1 mg of cleared protein
extract. After a 2h incubation at 4°C, we added 50 pl of PrecipHen agarose or 70 pl of Protein
G Sepharose (50% slurry) and incubated samples with gentle agitation overnight at 4°C. Beads
were harvested by centrifugation at 1000g for 2 min and washed three times with 500 pl of
Triton buffer. Proteins were eluted by adding SDS-PAGE sample buffer and boiling, and then
resolved and detected by western blotting. For immunoblotting whole tissues, we homogenized
intact tissue in RIPA buffer supplemented with protease inhibitor tablets (Roche) and 1mM
PMSEF. Cell debris and unbroken tissues were pelleted by centrifugation (15,000g) for 10 min
at 4°C. Supernatant fractions were used directly for western blotting. For all immunoblotting
procedures, blots were blocked for 1 h in 5% milk/TBST followed by overnight incubation
with primary antibodies (anti-R7BP diluted 1:7000, anti-actin diluted 1:1000, affinity purified
anti GB5 antibodies, generously provided by Dr. William Simonds (Zhang and Simonds,
2000), diluted 1:1000). Blots were washed and incubated for 1 h with HRP-conjugated
secondary antibodies. Signals were detected with an ECL reagent kit (Amersham Biosciences).

Isolation of detergent resistant membrane fractions

We adapted published methods of isolating detergent resistant membranes (Shogomori et al.,
2005) for use with mouse brain. For each experiment, two mouse brains were homogenized in
TNE buffer (25 mM Tris-HCI, 150 mM NaCl, 5 mM EDTA, pH 7.4 containing 1 mM PMSF
and protease inhibitor tablets (Roche)) using a Dounce homogenizer and several passes through
a 22-gauge needle. To prepare detergent resistant membrane fractions, we added brain (2 mg
of protein in 500 pl) to an equal volume of 2% Triton X-100 and mixed the samples by end-
over-end agitation for 1 h at 4°C. We then added 2 ml of TNE buffer plus 80% sucrose (all
sucrose solutions contained protease inhibitors) in an ultracentrifuge tube, overlaid this solution
with 6 ml of TNE containing 38% sucrose and then 3 ml of TNE containing 5% sucrose.
Gradients were subjected to centrifugation for 14 h at 200,000g at 4°C using an SWA41Ti rotor.
Beginning from the top, 10 fractions (1.2 ml each) were harvested. Aliquots of equal volume
(15 pl) from each fraction were analyzed by SDS-PAGE and Western blotting using antibodies
against the following proteins: caveolin (BD Biosciences; diluted 1:1000 in TBST plus 5%
non-fat milk), flotillin (BD Biosciences; 1:2000), transferrin receptor (Zymed; 1:1000), PSD95
(Affinity Bioreagents; 1:2500), Gi,, (B087 (Linder etal., 1993); 1:5000); GB5 (ATDG antibody
(Zhang and Simonds, 2000); 1: 2500); RGS7 ((Levay et al., 1999); 1:1000); R7BP (chicken
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1: 7500); rabbit anti-chicken HRP-conjugate (Pierce, 1:5000); goat anti-mouse HRP-conjugate
(Pierce, 1:5000) and goat anti-rabbit HRP-conjugate (Pierce, 1:5000).

Culturing primary neurons and generating N2a cells stably expressing FLAG-R7BP

Primary neurons were cultured essentially according to published protocols (Mao and Wang,
2001). Sprague Dawley rat pups (postnatal day 1-15) were sacrificed by decapitation. Brains
were excised and placed separately in Petri dishes containing sterile PBS. Striatum,
hippocampus and thalamus were isolated according to published procedures (Miller and Vogt,
1984, Misgeld and Dietzel, 1989), and placed in a dish containing ice-cold PBS for removal
blood vessels and meninges. Tissue was cut in approximately 1 mm square pieces, incubated
in sterile PBS containing 0.25% trypsin for 30 min at 37°C, and centrifuged for 2 min at
200g. Cells were dissociated mechanically by gentle trituration through fire-polished Pasteur
pipettes (bore diameter: ~0.4 mm) in sterile PBS containing bovine serum albumin (1 mg/ml),
DNase I (10 pg/ml), and soybean trypsin inhibitor (Sigma; 0.5 mg/ml). After centrifugation
for 5 min at 1000g, cells were suspended in DMEM/F12 medium containing 10% fetal bovine
serum, B27 supplement (Invitrogen), glucose (10 g/l), gentamicin (10 mg/l), and penicillin/
streptomycin (10 mg/l), stained with Trypan Blue and counted on a hemocytometer. Cell death,
as assessed by Trypan Blue exclusion, was less than 5%, and the average yield was
0.9-1.2x106 cells per neonatal striatum. Cells were diluted to a final concentration of 3x10°
cells/ml and plated in 0.01% poly-D-lysine-coated 6 well plates containing glass cover slides
and incubated at 37°C in a 5% CO, and humidified atmosphere. After 4 d, the medium was
replaced by adding one-half volume of Neurobasal media (Invitrogen) containing B27
supplement and 5 uM cytosine arabinoside (Ara-c). The medium was changed every 3-5 d with
Neurobasal media containing B27 supplement but lacking Ara-c.

Mouse Neuro2a (N2a) neuroblastoma cells were obtained from Dr. David Harris (Washington
University, St. Louis, MO) and cultured in Dulbecco’s minimal essential media supplemented
with 10% fetal bovine serum. N2a cell lines stably expressing mouse FLAG-R7BP were
generated as described previously (Gorodinsky and Harris, 1995), with minor modifications.
N2a cells, grown to 70% confluence in 6-well plates, were transfected using 2 ug of plasmid
DNA expressing FLAG-tagged wild type R7BP (Drenan et al., 2005) and Effectene (QIAGEN)
according to the manufacturer’s protocol. Colonies surviving selection (21 d) in Geneticin (500
ng/ml) were expanded, purified by limited dilution (10-20 cells/well in a 24-well plate), and
analyzed for FLAG-R7BP expression by western blotting using chicken anti-R7BP antibodies
and an anti-FLAG-M2 HRP conjugate (Sigma-Aldrich; 1:5000). Stable clones expressing
FLAG-R7BP at levels similar to endogenous R7BP in mouse brain were maintained in
Dulbecco’s minimal essential media supplemented with 10% fetal bovine serum and Geneticin.
N2a cells were differentiated into neuron-like cells by serum starvation for 48 h. For confocal
immunofluorescence microscopy, N2a cells were plated on cover slips, differentiated or not
as described above and prepared for microscopy as described previously (Drenan et al.,
2005). Confocal fluorescence microscopy was performed with a laser scanning confocal
microsope (model LSM-510; Carl Zeiss Microimaging, Inc.), and the following antibodies:
chicken anti-R7BP (1:1000), rabbit anti-R7BP (1:250), rabbit anti-Gp5 (1:200 (Zhang and
Simonds, 2000)), anti-FLAG-M2 FITC conjugate (Sigma-Aldrich; 1:500), and Alexa 488-
conjugated goat anti-chicken and goat anti-rabbit (Molecular probes; 1:100). Nuclei were
stained with DAPI (0.5 pg/ml).

RESULTS

Generation and characterization of R7BP antibodies

To analyze the expression and localization of endogenous R7BP and its ability to interact with
R7-GB5 complexes in brain, we generated affinity-purified polyclonal anti-R7BP antibodies

Neuroscience. Author manuscript; available in PMC 2008 April 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Grabowska et al.

Page 7

in chickens and rabbits. Previously described R7BP antibodies were unsuitable because they
could not detect endogenous R7BP in Western blots of tissue extracts (Song et al., 2007). In
contrast, our affinity-purified chicken R7BP antibody recognized a single species of the MW
expected for R7BP (~30kDa), which was detected readily in Western blots of total brain, retina
and spinal cord extracts from mice (Figure 1A) or rats (see below), consistent with previous
Northern blotting studies (Drenan et al., 2005). The 30kDa band was not detected when chicken
antibodies were blocked with excess MBP-R7BP fusion protein. The 30kDa band in brain
extracts was also the major species recognized by the rabbit antibody (Figure 1B). However,
in both brain and retina extracts the rabbit antibody also recognized a minor species of slightly
slower mobility that appeared to be a cross-reacting molecule, because it was not recognized
when blots were stripped and reprobed with the chicken antibody (data not shown). No bands
were detected when the rabbit antibody was blocked by preincubation with an excess of MBP-
R7BP (Figure 1B). Despite some limited potential for cross-reactivity, both the chicken and
rabbit antibodies detected very similar patterns of immunoreactivity in brain at both the light
and electron microscopic levels (see below). In subsequent experiments we therefore used, as
indicated, affinity-purified chicken and/or rabbit R7BP antibodies.

R7-GB5 heterodimers are obligate binding partners of R7BP

To determine whether R7-GB5 complexes are obligate binding partners of R7BP, we used
several approaches. First, we investigated whether changes in R7BP expression affect the levels
of GB5 and RGS7. With the goal of exploring the consequences of R7BP knockdown on R7
and G5 expression, we initially isolated primary neurons from several regions of neonatal rat
brain and determined whether they express R7BP at levels similar to that in adult rat brain.
However, this approach proved unsuitable because, as shown in Figure 2A, primary striatal
neurons expressed R7BP and G5 at levels much lower than in adult brain, even when neurons
were cultured for 1, 14 or 21 days in vitro (DIV; DIV21 results were identical to DIVV14 data
and are not shown) and were morphologically well differentiated. Equivalent results were
obtained using primary neurons from hippocampus or thalamus, and when primary neurons
were co-cultured with astrocytes (data not shown).

As an alternative approach, we examined several commonly used cell lines (PC12, N2a,
NG108-15) that can be differentiated into neuronal cells. When differentiated or
undifferentiated, none of these cell lines expressed R7BP at levels detectable by
immunoblotting, although undifferentiated and differentiated N2a cells did express detectable
levels of endogenous RGS7 and G5 (Figure 2B), thereby providing an R7BP-deficient cell
type that we could stably transfect with a functional wild type FLAG-R7BP construct (Drenan
et al., 2005). We generated three stably transfected N2a lines that, when undifferentiated or
differentiated, expressed FLAG-R7BP at levels similar to endogenous R7BP in brain extracts
as indicated by immunoblotting. As shown in Figure 2B, we found that expression of FLAG-
R7BP modestly increased the levels of endogenous RGS7 in undifferentiated N2a cells. In
contrast, FLAG-R7BP expression in undifferentiated or differentiated N2a cells did not appear
to increase the levels of endogenous GB5. Therefore, in N2a cells R7BP appears to be an
accessory rather than an essential binding partner of RGS7-GB5 complexes.

Next, we determined whether endogenous R7BP, RGS7 and G5 form obligatory complexes
in vivo. We used co-immunoprecipitation of R7BP with RGS7 or Gf5 as indicators of
heterotrimeric complex formation in brain detergent extracts. As shown in Figure 2C, GB5 and
RGS7 were detected in R7BP immunoprecipitates, and R7BP was detected in GB5
immunoprecipitates, consistent with heterotrimer formation. We also determined the extent to
which endogenous R7BP, RGS7 and G5 co-fractionate in mouse brain extracts. As shown in
Figure 2D, GB5 and RGS7 were detected in both the membrane and cytosol fractions, as
reported previously (Witherow et al., 2000, Zhang and Simonds, 2000). In contrast, R7BP was
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detected only in the membrane fraction of brain extracts. Therefore, the membrane-bound but
not the cytosolic pool of R7-GB5 complexes co-fractionates with R7BP. Lastly, we analyzed
R7BP protein expression in brain extracts from wild type and Gf5-/- mice (Chen et al.,
2003). As shown in Figure 2D, R7BP and RGS7 protein levels were dramatically reduced in
brain membrane fractions isolated from Gf5-/- mice. Taken together, these lines of evidence
indicated that R7-Gf35 complexes are obligate binding partners of R7BP in vivo.

R7BP is sufficient to recruit endogenous RGS7-GB5 complexes to the plasma membrane

We hypothesized previously that palmitoylated R7BP functions as a membrane-anchoring
subunit for R7-GB5 complexes (Drenan et al., 2005). However, this hypothesis was based on
overexpression studies in non-neuronal cells. Furthermore, other processes, such as Goa.
overexpression or RGS7 palmitoylation (Rose et al., 2000, Takida et al., 2005), have also been
proposed as plasma membrane recruitment mechanisms.

We therefore used confocal immunofluorescence microscopy of N2a cells described above
that do or do not stably express wild type FLAG-R7BP to assess the ability of R7BP to function
as a membrane anchoring protein for endogenous RGS7-Gp5 complexes. First, we determined
whether R7BP antibodies from chicken and/or rabbit could detect the subcellular localization
of FLAG-R7BP expressed in N2a cells at levels approximating those of endogenous R7BP in
brain. As shown in Figure 3A, extensive co-staining with R7BP and FLAG antibodies indicated
that FLAG-R7BP is present mainly on the somatic plasma membrane and processes of
differentiated N2a cells. Weak cytoplasmic staining was also observed but intranuclear staining
was not, indicating that FLAG-R7BP is efficiently palmitoylated and membrane targeted in
N2a cells. Staining obtained with R7BP antibodies from chicken or rabbit was specific because
it was not detected when the antibodies were blocked or when cells lacking FLAG-R7BP were
probed (Figure 3).

Next, because GB5 and R7BP interact indirectly by binding independently to different domains
of the R7 subunit (Drenan et al., 2005, Martemyanov et al., 2005, Drenan et al., 2006, Song et
al., 2006), and because we showed above that RGS7-G5 complexes co-immunoprecipitate
with R7BP, we could use G5 localization as a specific assay for recruitment of endogenous
RGS7-GB5 complexes to the plasma membrane by FLAG-R7BP. By using G5 antibodies in
confocal immunofluorescence microscopy experiments, we found that GB5 was cytoplasmic
in differentiated N2a cells lacking FLAG-R7BP (Figure 3B). However, in differentiated N2a
cells expressing FLAG-R7BP, G5 co-localized extensively with FLAG-R7BP on the somatic
plasma membrane and cell processes, and also apparently on intracellular membranes (Figure
3B). Therefore, expression of FLAG-R7BP at levels approximating those of endogenous R7BP
in brain tissue was sufficient to recruit endogenous RGS7-Gp5 complexes in neuronal N2a
cells mainly to the plasma membrane, and also possibly to intracellular organelles.

Analysis of R7BP association with detergent-resistant lipid “rafts”

Many palmitoylated signaling and scaffold proteins in the nervous system associate with
specialized domains of the plasma membrane enriched in cholesterol and sphingolipids that
can be isolated as detergent-resistant membrane (DRM) or lipid “raft” fractions on sucrose
density gradients. Therefore, we determined whether R7-GB5-R7BP complexes co-fractionate
as DRM-associated proteins in mouse brain extracts. We analyzed the fractionation of R7BP,
G5, RGS7, several palmitoylated DRM marker proteins (PSD-95, flotillin, caveolin, Gi,
subunits), and a non-DRM marker (transferrin receptor) on sucrose gradients of total brain
membranes extracted at 4°C with 1% Triton X-100. Low or undetectable amounts of the total
R7BP, RGS7 and G5 pool co-fractionated with palmitoylated DRM marker proteins (Figure
4). In contrast, nearly all of the total R7BP, RGS7 and G35 pool co-fractionated with a non-
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raft marker (transferrin receptor) under the conditions employed. Similar results were obtained
when the detergent:membrane protein ratio was varied (data not shown).

We also investigated the effects of G protein activation on the association of RGS7-Gp5-R7BP
complexes with lipid raft-enriched fractions of brain membranes. We did so because in retinal
rods an analogous heterotrimeric complex containing RGS9-1, GB5 and the R7BP-like protein
ROAP exhibits augmented association with detergent-resistant lipid raft fractions following
light stimulation or G protein (transducin) activation in vitro with Mg-GDP and AlF4~ (Nair et
al., 2002). We therefore determined whether the distribution of R7-Gp5-R7BP complexes
between raft and non-raft fractions in brain membrane extracts was affected when detergent
extraction and fractionation experiments were performed in the presence versus the absence
of Mg-GDP and AlF4". No difference in the distributions of RGS7, GB5 or R7BP between raft
and non-raft fractions was apparent under these two conditions (data not shown), even though
endogenous Gi/o was activated by Mg-GDP and AlF,” treatment as indicated by its ability to
co-immunoprecipitate with R7BP-containing complexes (data not shown). Therefore, under
the conditions employed, R7-GB5-R7BP complexes associated inefficiently with lipid raft
fractions whether their substrate G proteins were inactive or active.

R7BP and G5 protein levels are upregulated during postnatal brain development

One potential reason why we noted above that R7BP is expressed at low levels in cultured
primary neurons relative to adult brain is that R7BP expression may be developmentally
regulated, which may occur inefficiently in vitro. Therefore, we analyzed R7BP and GB5
protein expression by performing Western blots of brain extracts obtained from embryonic,
postnatal and adult mice. We also analyzed expression of PSD-95 (a marker of postnatal
nervous system development (Sans et al., 2000)), Gi,, subunits (substrates of R7-G5
complexes (Hooks et al., 2003)), and actin as controls. As shown in Figure 5, R7BP and GB35
were not detected at E14.5. Low-level expression of GB5 and R7BP was first detected at E17.5
and P1, respectively. Later during postnatal brain development (P16 and P24) G5 and R7BP
increased to near-adult levels. Upregulation of R7BP and G5 was observed earlier in postnatal
brain development than PSD-95, and was in marked contrast to the relatively constant
expression of Gia subunits. These results therefore indicated that induction of R7-GB5-R7BP
complexes is a previously unrecognized feature of postnatal brain development.

R7BP is expressed in neurons throughout much of the CNS

Although previous studies have shown that R7BP mRNA is widely expressed in brain (Drenan
et al., 2005), the detailed regional, cellular and subcellular localization of R7BP protein in
intact brain has yet to be reported. Accordingly, we used R7BP antibodies in
immunohistochemistry and immunoelectron microscopy experiments to assess the distribution
of R7BP immunoreactivity. We employed several specificity controls, including the use of
affinity-purified R7BP antibodies from both chicken and rabbit, blocked antibodies, as well as
developmental (embryonic E19.5 brain) and genetic (GB5-/- mice) controls where R7BP is
absent or poorly expressed, as established by results presented above.

To analyze the regional expression of R7BP in brain, we probed free-floating frozen sections
of adult mouse brains from three animals with affinity purified chicken or rabbit R7BP
antibodies followed by DAB staining. With both antibodies, R7BP immunoreactivity was
detected in many brain regions (Figure 6A and B; Table 1), including cerebral cortex,
hippocampus, striatum, thalamus and cerebellum. In contrast, low background staining with
either antibody was observed in all brain regions under all negative control conditions,
including adult brain probed with blocked antibodies, adult brain from GB5-/- mice probed
with blocked or unblocked antibodies, and E19.5 brains stained with unblocked antibodies.
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The intensity of R7BP immunoreactivity differed from region to region (Figure 6A and B;
Table 1), in a pattern similar to that of GB5 (Brunk et al., 1999, Liang et al., 2000). R7BP
staining appeared to be most intense in the Purkinje cell layer of the cerebellum, which was
used as a reference for other brain regions. Dense R7BP immunoreactivity was observed in
the subthalamic nucleus, thalamus, hippocampus, cerebellum, cerebral cortex, striatum and
olfactory bulb. In hippocampus, strong immunoreactivity was found in all CA fields (CA1-
CAB3) and in the dentate gyrus. Analysis of the thalamus revealed moderate to high R7BP
expression level in most regions examined, except for midline and anterior nuclei that had
significantly less immunoreactivity than other nuclear groups. In contrast, the ventrobasal
nuclei and geniculate bodies were the most strongly labeled thalamic structures (Figure 6B).
In the cerebellum, the Purkinje and granule cell layers exhibited intense R7BP staining,
whereas the molecular layer stained less strongly. Within the basal ganglia and associated
regions, intense R7BP antibody staining was observed in the caudate putamen, but significantly
less labeling was found in the ventral striatum. The subthalamic nucleus was also intensely
labeled, while weaker immunoreactivity was found in the substantia nigra pars reticulata and
the globus pallidus (Figure 6B). In the olfactory bulb, R7BP expression was detected
predominantly in the olfactory nerve layer; other areas of the olfactory bulb showed weaker
expression of R7BP. R7BP immunoreactivity was intense in all layers of cerebral cortex, except
for moderate labeling in layers 1V and V. The white matter was devoid of R7BP
immunoreactivity.

To determine whether R7BP is expressed in neurons, we co-stained paraffin-embedded brain
sections from three mice with R7BP chicken antibodies and an antibody for the neuron-specific
marker NeuN, followed by incubation with fluorescent secondary antibodies and visualization
by confocal fluorescence microscopy. This approach proved to be somewhat difficult because
conditions that resulted in strong NeuN staining reduced the intensity of R7BP staining, and
vice versa. We therefore used conditions that preserved specific R7BP staining, which reduced
the intensity of NeuN staining. Under these conditions, the clearest results were obtained with
cerebral cortical sections including lamina I-111, possibly due to a combination of the lamellar
organization and relatively high levels of R7BP expression in this region. As shown in Figure
7A, fluorescence confocal microscopy indicated that R7BP immunoreactivity was detected in
soma. Analysis of R7BP and NeuN co-staining indicated that 98% of all cells that were NeuN-
positive (n=100) were also R7BP-positive. Because under the conditions employed NeuN
staining was relatively weak, we could not accurately quantify the fraction of all R7BP-positive
cells that were also NeuN-positive. However, it was clear that not all cells in this region of the
cerebral cortex expressed R7BP, because only 60% of all cells (n=115; marked by the DNA
dye; Figure 7C) displayed R7BP-positive staining. itive cells failed to stain with an antibody
specific for GFAP (Figure 7B), an astrocyte-specific markeresults indicated that R7BP in
cortex is expressed mainly and perhaps exclusively in neurons, and not in astrocytes.

Analysis of sections from cerebral cortex, hippocampus and midbrain (Figure 7) indicated
strong somatic R7BP staining. In no case did we detect R7BP staining within the nucleus, even
at high magnification (Figure 7C and data not shown). Because R7BP staining was diffuse,
the results could not address whether R7BP localizes to the somatic plasma membrane,
neuronal processes or intracellular organelles.

Analysis of R7BP localization by immunoelectron microscopy

To determine the subcellular pattern of R7BP labeling at higher resolution, we used
immunoelectron microscopy to analyze the ultrastructural localization of R7BP
immunoreactivity in adult rat brain sections. Rats were used because we have extensive
experience with this system, because our affinity purified polyclonal antibodies can specifically
detect rat R7BP in Western blots (Figure 2A), and because the regional pattern of R7BP
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immunoreactivity in rat brain (data not shown) proved to be the same as described above in
mice (Figure 6).

At the electron microscopic level, we focused on R7BP-immunoreactive elements in the
striatum and ventrolateral thalamus. R7BP-positive elements were easily differentiated from
unlabeled structures by the presence of amorphous peroxidase deposit (Figure 8). In general,
the DAB deposit homogeneously filled labeled structures without obvious association with the
plasma membrane, synapses or specific intracellular organelles (Figure 8). Labeling was
present within somatic and non-somatic neuronal structures. In perikarya, labeling was diffuse
but undetectable within the nucleus (data not shown), similar to the results of
immunofluorescence experiments described above. Excluding somatic elements, quantitative
data collected from three rats showed that dendrites (42%) and unmyelinated axons (37%)
accounted for the largest pool of R7BP-immunoreactive elements in the striatum (Figure 8).
R7BP immunoreactivity was also detected significantly in spines (19%), whereas axon
terminals and myelinated axons were largely devoid of labeling (Figure 8).

Knowing that striatal spines display a significant level of neurochemical specificity and receive
glutamatergic inputs from different sources (Lei et al., 2004, Raju et al., 2006), we assessed
the degree of heterogeneity of R7BP expression associated with striatal spines through
quantitative analysis of the relative percentages of immunoreactive and non-immunoreactive
spine heads in the rat caudate-putamen complex. The analysis of 521 spines in striatal tissue
from three rats revealed that 46% of striatal spines displayed R7BP immunoreactivity, while
54% were non-immunoreactive. Each of the R7BP-positive spines received asymmetric
synapses from non-immunoreactive axon terminals (Figure 8C and D). In some instances
where single terminals formed synapses with two spines, one spine displayed strong R7BP
labeling while the other was devoid of immunoreactivity (Figure 8C and D), clearly indicating
a high degree of specificity in striatal R7BP distribution. In contrast, thalamic R7BP labeling
was found exclusively in dendrites of projection neurons (Figure 8E), some of which were
heavily contacted by putative glutamatergic inputs.

Due to the limited spatial resolution of the immunoperoxidase deposit, these findings did not
provide detailed information about the subsynaptic localization of R7BP. However, in both
striatal and thalamic tissue, glial processes were devoid of R7BP labeling, reinforcing the
conclusion that R7BP is expressed only in neurons.

DISCUSSION

Members of the RGS7 (R7) family and G5 form heterodimeric complexes that are required
for normal regulation of GPCR function in retina and the central nervous system (Chen et al.,
2000, Chen et al., 2003, Krispel et al., 2003, Rahman et al., 2003, Zachariou et al., 2003,
Keresztes et al., 2004, Nishiguchi et al., 2004, Krispel et al., 2006). To advance understanding
of R7-GpB5 complexes in brain, we have focused on R7BP, a recently identified palmitoylated
protein that, in heterologous expression systems, binds to and regulates the localization and
function of R7-Gf5 complexes (Drenan et al., 2005, Drenan et al., 2006, Song et al., 2006).
Here we have provided evidence indicating that R7 proteins, G5 and R7BP form obligate
heterotrimers in vivo, that R7BP is sufficient for targeting endogenous RGS7-GB5 complexes
to membranes of neuronal cells, that R7BP and G5 are strikingly upregulated during postnatal
brain development, and that R7BP is present principally in neuronal soma, dendrites and axons,
but is present at low levels or absent in nerve terminals, glia and detergent-resistant lipid raft
fractions. These findings and their implications for understanding the roles of R7-Gp5-R7BP
complexes in brain are discussed below.
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R7-GB5 complexes appear to be obligatory binding partners of R7BP in brain, because we
have found that: 1) R7BP and RGS7 protein expression is dramatically reduced in GB5-/- mice,
probably due to proteolytic degradation (Chen et al., 2003); 2) R7BP in brain membrane
extracts co-immunoprecipitates with RGS7 and G5; and 3) the regional distributions of R7BP,
Gp5 and the combined R7 family are highly coincident (Gold et al., 1997, Brunk et al., 1999,
Liang et al., 2000). However, it also appears that R7-Gp5 dimers free of R7BP also exist in
brain, because we found that R7BP associates with brain membrane fractions, whereas RGS7
and G5 are readily detected in both membrane and cytoplasmic fractions. Indeed, we found
in neuronal N2a cells, which do not express endogenous R7BP, that endogenously expressed
Gp5 is cytoplasmic, indicating that R7BP is not an essential binding partner of R7-Gf5
complexes. Consistent with this hypothesis, R7-GB5 complexes can function in heterologous
expression systems as G protein regulators with or without R7BP (Drenan et al., 2005, Drenan
et al., 2006, Narayanan et al., 2007). Therefore, it is possible that R7-GB5 complexes in brain
may function with R7BP on the membrane and free of R7BP in the cytoplasm.

A second main conclusion is that R7BP is sufficient for plasma membrane recruitment of
endogenously expressed RGS7-GB5 complexes in neuronal cells. This conclusion is supported
by our finding that expression of FLAG-R7BP in neuronal N2a cells at levels approximating
that of endogenous R7BP in adult brain was sufficient to recruit endogenous RGS7-Gf5
complexes to the plasma membrane and also possibly to intracellular organelles.

Although R7BP is a membrane-bound protein that can be palmitoylated, we found that RGS7-
GB5-R7BP complexes in brain extracts associate inefficiently with detergent-resistant lipid
raft fractions. Furthermore, G protein activation did not promote raft association of RGS7-
GB5-R7BP heterotrimers. These findings are in contrast to the properties of complexes in retina
containing RGS9-1, GB5 and the R7BP-like protein ROAP, which exhibit lipid raft association
that is augmented following activation of the G protein transducin (Nair et al., 2002). The
properties of complexes containing R7BP also appear to be in contrast to many palmitoylated
proteins in brain, including PSD-95 and Gi/o-class a subunits, which are enriched in lipid rafts
(reviewed in (Pike, 2004, Smotrys and Linder, 2004)). The mechanism responsible for the
apparently inefficient association of RGS7-GB5-R7BP complexes with raft fractions is unclear.
One possibility is that R7BP in brain is not palmitoylated, but instead is modified by unsaturated
fatty acids, which are known to reduce protein association with lipid rafts (Liang et al., 2001,
Zacharias et al., 2002). Regardless of the mechanism, the association of R7-Gp5-R7BP
complexes with non-raft domains would not preclude their interaction with raft-associated G
protein substrates, because lipid rafts are thought to be dynamic rather than static structures
and proteins can shuttle between raft and non-raft domains (Kenworthy et al., 2004, Nicolau
et al., 2006).

Although many GPCRs and Gi/o-class Ga subunits that can be regulated by the GAP activity
of R7-GB5-R7BP complexes are well expressed in brain both before and after birth (Turgeon
and Albin, 1994, Wang et al., 2003a, Wang et al., 2003b, Lopez-Bendito et al., 2004, Bianchi
et al., 2005, Lujan and Shigemoto, 2006), we found that R7BP and G5 proteins are not
expressed significantly in embryonic brain. Instead, R7BP and G5 protein levels in brain are
strikingly upregulated to near-adult levels during the first two to three weeks of postnatal life.
R7 proteins would also be expected to be upregulated postnatally because their stable
accumulation requires Gp5 (He et al., 2000, Witherow et al., 2000, Chen et al., 2003). Postnatal
induction of R7-GB5-R7BP complexes may occur at the level of mMRNA accumulation, as
suggested by studies of GB5 (Zhang et al., 2000). We speculate that R7-GB5-R7BP complex
induction is functionally important because it occurs during the same time period in which
Gp5-/- mice fail to gain weight (postnatal day 15-20 (Chen et al., 2003).
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Our immunofluorescence and immunoelectron microscopic analyses in brain have revealed
diverse patterns of R7BP immunoreactivity. Both approaches indicated that R7BP is expressed
in neurons but not glia. Immunoelectron microscopy indicated that R7BP staining is readily
detected in neuronal soma, dendrites, spines and unmyelinated axons, but not in myelinated
axons and axon terminals. This pattern is consistent with that described for many Gi/o-coupled
GPCRs in the striatum (Smith et al., 2000, Smith et al., 2001, Galvan et al., 2006). Interestingly,
less than half of all spines in the striatum appeared to be R7BP-positive, possibly resembling
the overall distribution of D1 and D2 dopamine receptors in striatal spines which mark,
respectively, direct and indirect pathway neurons (Gerfen et al., 1990). In this case, we
speculate that R7BP might associate preferentially with one striatofugal pathway versus
another.

Another notable finding of our ultrastructural studies is that R7BP immunoreactivity was
detected in striatal but not thalamic axons. This pattern suggests that R7-Gp5-R7BP complexes
could have different roles in striatum vs. thalamus, which express various Gi/o-coupled
receptors pre- or post-synaptically (Charara et al., 2000, Charara et al., 2004, Galvan et al.,
2004, Galvanetal., 2006, Villalba et al., 2006). The mechanisms that determine the differential
targeting of R7BP to certain axons, dendrites or spines remain to be elucidated.

In conclusion, our findings suggest that R7-GB5-R7BP complexes in brain have the potential
to regulate signaling by modulatory GPCRs. Further work promises to establish the precise
physiologic and mechanistic roles of R7 family members, GB5 and R7BP in brain development
and/or function.
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Figure 1.

Characterization of anti-R7BP antibodies. Immunoblots of mouse tissue extracts (25ug/lane)
that were probed with affinity purified anti-R7BP antibodies from chicken (A) and rabbit (B)
that were unblocked or blocked by preincubation with an excess of GST-R7BP fusion protein.
Results shown are representative of four independent experiments.
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Figure 2.

Expression, subcellular fractionation and complex formation by R7BP, RGS7 and Gf5 in
differentiated N2a cells and brain. A) Immunoblot of R7BP, GB5 and f-actin expression in
adult rat brain as compared to primary rat striatal neurons isolated at postnatal day P1, P8 or
P15 and cultured 1 or 14 days in vitro (DIV). B) Immunoblots detecting expression of R7BP,
RGS7, GB5 and B-actin in undifferentiated or differentiated N2a cells stably transfected or not
with wild type FLAG-tagged R7BP. Results shown are representative of those obtained with
three independently derived N2a cell lines stably expressing FLAG-R7BP. C) Reciprocal co-
immunoprecipitation of R7BP, GB5 and RGS7 from detergent-extracted mouse brain
membranes. The indicated R7BP (chicken), GB5 or RGS7 antibodies were used for
immnoprecipitation and subsequent immunoblotting of the immunoprecipitates. The
proportion of the total extract (T), immunoprecipitated material (IP), and non-
immunoprecipitated material (S) analyzed in each lane was 6%, 25% and 6%, respectively.
D) Immunoblots detecting expression of R7BP, G5 and RGS7 in brain cytosol (C) and
membrane (M) fractions from wild type and Gf5-/- mice. Results shown in each panel are
representative of 2-5 independent experiments.

Neuroscience. Author manuscript; available in PMC 2008 April 14.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Grabowska et al.

Page 20

A R7BP R7BP
blocked

(chicken) FLAG Merge

R7BP R7BP
(rabbit) FLAG Mer blocked

+FLAG-R7BP
differentiated

R7BP
B (chicken) GB5

-FLAG-R7BP
(differentiated)

+FLAG-R7BP
(undifferentiated)

+FLAG-R7BP
(differentiated)

+FLAG-R7BP
(differentiated
processes)

Figure 3.

R7BP recruits endogenous RGS7-G5 complexes to the plasma membrane in differentiated
N2a cells. A) R7BP antibodies from chicken or rabbit specifically detect FLAG-R7BP
expressed in differentiated N2a cells, as indicated by co-staining with FLAG antibodies. B)
R7BP recruits endogenous RGS7-Gp5 heterodimers to the plasma membrane and dendrites in
N2a cells. Undifferentiated or differentiated N2a cells stably transfected or not with FLAG-
R7BP were stained with R7BP chicken antibodies, GB5 antibodies, and DAPI to detect nuclei.
Results shown are representative of at least three independent experiments. Scale bars (5 or
10um) are indicated.
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Figure 4.

R7BP, RGS7 and G5 in brain associate inefficiently with detergent-resistant lipid raft
fractions. Immunoblot analysis of sucrose gradient fractions derived from total mouse brain
membranes following extraction with Triton X-100. Blots were probed with antibodies for
palmitoylated marker proteins (PSD95, Gia. flotillin and caveolin) known to associate with
detergent-resistant lipid rafts, a non-lipid raft marker protein (transferrin receptor), as well as
R7BP, GB5 and RGS7. The results shown are representative of three independent experiments.
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Figure 5.

R7BP and Gj5 protein expression in developing mouse brain. Immunaoblots of total protein
(25pg/1ane) extracts from whole mouse brains prepared at the indicated stages of embryonic
or postnatal development were probed with antibodies directed against R7BP (chicken
antibody), Gia, PSD95, G5, and B-actin. Results shown are representative of three
experiments using five mouse pups for each developmental stage.

Neuroscience. Author manuscript; available in PMC 2008 April 14.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

yduasnuey Joyiny vd-HIN

Grabowska et al.

blocked Ab

GP5 -/~

Gp5-/-
blocked Ab

Page 23

rabbit anti-R7BP chicken anti-R7BP

Figure 6.

Regional distribution of R7BP protein expression in adult mouse brain. Free-floating frozen
sections of brain were probed as indicated with unblocked or blocked anti-R7BP antibodies
(chicken), followed by anti-chicken-HRP conjugates and visualization by DAB staining. A)
Specificity of R7BP antibody staining. Sagittal sections of brains from adult wild type mice
that express R7BP were compared with sections from brains of adult GB5-/- mice or E19.5
wild type mice, which do not express R7BP. B) Anti-R7BP antibody staining of sagittal
sections and a series of coronal sections (0.5 mm to 3.28 mm from the bregma suture).
Abbreviations: ec, cerebellum; CPu, caudate-putamen; cx, cortex; hip, hippocampus; th,
thalamus; LGP, lateral globus pallidus; sth, subthalamic nucleus; hth, hypothalamus; PAG,
periaqueductal grey; MG, medial geniculate nucleus; SN, substantia nigra; Ip, interpeduncular
nucleus. Results shown are representative of more than five independent experiments in which
sections of brains from 3 animals were used.
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Figure 7.

R7BP is expressed in neurons but not astrocytes. R7BP protein expression in neurons or
astrocytes was analyzed by performing fluorescence confocal microscopy of sections co-
stained with chicken anti-R7BP antibody (green) and NeuN antibody (red; panel A), which
specifically marks neuronal cell bodies, or GFAP antibody (red; panel B), which s astro
Adjacent cortical sections stained with blocked R7BP antibodies are shown. C) High
magnification images of R7BP immunoreactivity detected in hippocampal, midbrain, and
cerebellar sections stained with chicken anti-R7BP antibodies (green), and the DNA dye DAPI
(blue). Scale bars =20 um (A and B), 10 um (C). Results shown are representative of 2-5
independent experiments in which sections of brains from 3 animals were used.
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Figure 8.

Ultrastrutctural analysis of R7BP-immunoreactive neuronal elements in the rat striatum (A-
D) and ventrolateral thalamus (E). A) Immunoreactive dendritic shaft (Den) from which grows
a dendritic spine (Sp). Note the increased R7BP expression in the spine head (Sp.h.) compared
to the relatively low level of labeling along the neck (Sp.n.). B) Examples of immunoreactive
unmyelinated axons (Ax). A labeled dendrite is seen in the same field. C-D) Examples of
immunoreactive spines (Sp) contacted by putative unlabeled glutamatergic terminals (u.Te).
Note that the same terminals also contact non-immunoreactive spines (u.Sp). An
immunoreactive unmyelinated axon is depicted in D. E) Typical example of R7BP labeling in
the ventrolateral thalamus. Dendritic shafts (Den) contacted by a multitude of non-
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immunoreactive boutons that form asymmetric synapses (u.Te) account for most of R7BP-
immunoreactive elements in the thalamus. Scale bars: 0.5 um in panels A (also valid for panel
B); 0.5 um in panels C-E. F) Histogram showing the relative percentage of R7BP-
immunoreactive neuronal elements in the rat striatum. A total of 1262 immunoreactive
elements were photographed in the dorsolateral striatum of three rats. Abbreviations: Den,
dendrites; U.Ax, unmyelinated axons; Term, terminals.
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Table 1

Expression pattern of R7BP in adult mouse brain detected by DAB staining

Neocortex

Layer I/ 1I/111 o+
Layer IV ++
Layer V ++
Layer VI .
Basal ganglia

Caudate-putamen +++
Globus pallidus +
Subthalamic nucleus +++
Ventral striatum +
Brainstem

Periagueductal grey +
substantia nigra pars reticulate ++

Ventral tegmental area

substantia nigra pars compactal -

Hippocampus

CA1/CA2 +++
CA3 +++
DG +++
Thalamus

Ventrobasal nuclei +++
Geniculate bodies +++
Anterior nuclei +
Midline nuclei +
Hypothalamus +
Cerebellum

Purkinje cells ++++]
Granular cell layer +++
Molecular cell layer ++
Olfactory bulb

Olfactory nerve layer +++
Glomerular layer ++
Mitral cell layer ++
Granular cell layer ++
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Semi-quantitive evaluation of R7BP staining was done by visual inspecting serial coronal and sagittal sections probed with anti-R7BP antibodies, followed
by anti-chicken-HRP conjugates and visualized by DAB staining. Two investigators independently scored the same immunohistochemical sections.

Staining intensities relative to the highest level observed (Purkinje cell layer) are indicated as follows: very dense (equivalent to that in the Purkinje cell
layer), ++++; dense, +++; moderately dense, ++; light (visible above background), +; not detectable (indistinguishable from nonspecific background), -.
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