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Background and purpose: Pharmacological analysis of synergism or functional antagonism between different receptors
commonly assumes that interacting receptors are located in the same cells. We have now investigated the distribution of
o-adrenoceptors, 3-adrenoceptors and cannabinoid-like (GPR55) receptors in the mouse arteries.

Experimental approach: Fluorescence intensity from vascular tissue incubated with fluorescent ligands (ou-adrenoceptor
ligand, BODIPY-FL-prazosin, QAPB; B-adrenoceptor ligand, TMR-CGP12177; fluorescent angiotensin Il; a novel diarylpyrazole
cannabinoid ligand (Tocrifluor 1117, T1117) was measured with confocal microscopy. Small mesenteric and tail arteries of
wild-type and o.g/p-adrenoceptor-KO mice were used.

Key results: T1117, a fluorescent form of the cannabinoid CB; receptor antagonist AM251, was a ligand for GPR55, with low
affinity for CB, receptors. In mesenteric arterial smooth muscle cells, a1a-adrenoceptors were predominantly located in different
cells from those with B-adrenoceptors, angiotensin receptors or cannabinoid-like (GPR55) receptors. Cells with 3-adrenoceptors
predominated at arterial branches. Endothelial cells expressed B-adrenoceptors, o-adrenoceptors and cannabinoid-like recep-
tors. Only endothelial o-adrenoceptors appeared in clusters. Adventitia was a rich source of G protein-coupled receptors
(GPCRs), particularly fibroblasts and nerve tracts, where Schwann cells bound o-adrenoceptor, B-adrenoceptor and
CB-receptor ligands, with a mix of separate receptor locations and co-localization.

Conclusions and implications: Within each cell type, each GPCR had a distinctive heterogeneous distribution with limited
co-localization, providing a guide to the possibilities for functional synergism, and suggesting a new paradigm for synergism
in which interactions may be either between cells or involve converging intracellular signalling processes.
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Introduction

The concentration-response relationships of tissues to activa-
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generally assumed that these properties will be homogeneous
throughout a tissue. However, little is known of how homo-
geneous or otherwise are the distributions of receptors within
tissues, mainly because of the lack of spatial precision of the
methods for visualizing receptors. In turn, this is due to the
relatively low numbers of receptor molecules relative to other
proteins and the wunreliability of immunocytochemistry
(Jensen etal., 2009; Pradidarcheep etal.,, 2009). This is
compounded in tissues where different signals may be pro-
duced via receptors located on different cell types. In a first
demonstration of heterogeneity among vascular smooth
muscle cells (SMCs), we showed that the major
os-adrenoceptor-mediating contraction of small arteries, the
aga-adrenoceptor (receptor nomenclature follows Alexander
et al., 2008), was present in only a minority of cells (Methven
et al., 2009a). This contrasts with the relatively homogeneous
distribution of the other vasoconstrictor a;-adrenoceptor, the
oyp-adrenoceptor (Methven et al., 2009b).

We have taken advantage of the availability of fluorescent
ligands for several different types of GPCR to examine the
degree of heterogeneity of receptors in small arteries, both
within each cell type and between cell types. Within each cell
type, the distribution of different receptors should inform the
possibilities for interaction between receptor types within the
cell. The possibility of examining this in different cell types
presents the additional possibility of determining whether
any variability or similarity in distribution is a general or cell
type-specific phenomenon.

In recent years, there has been a wealth of literature describ-
ing the GPCR cycle in single cells. The molecular mechanics
of agonist-induced GPCR internalization, down-regulation
and sequestration have been described for a large number of
receptor families. In addition, the importance of dimerization
of GPCRs has also been shown (Milligan, 2009). However, the
existence of these receptor translocation and dimerization
mechanisms has yet to be established in native tissues, and
whether this varies between tissues and between cell types or
whether it is homogeneous for a given cell type, is not known.
At a more fundamental level, the general distribution of dif-
ferent receptor types within the vascular wall has not been
given much attention. The technical difficulties associated
with imaging live tissue coupled with the relative lack of
specificity of some antibodies, most notably those for adreno-
ceptors and muscarinic receptors (Jensen et al., 2009; Pradi-
darcheep et al., 2009), have slowed progress in this area.

We have previously described the advantages and disadvan-
tages of using fluorescent ligands for examining receptor dis-
tribution in segments of small artery (McGrath et al., 1996;
Daly and McGrath, 2003; Methven etal.,, 2009a,b), and
believe that, on balance, there is significant gain in using
fluorescent drugs, imaged at a known concentration, in equi-
librium with their binding sites. The pharmacology of two
such fluorescent ligands for oy-adrenoceptors (BODIPY
FL-Prazosin; aka QAPB) and f-adrenoceptors (TMR-
CGP12177) has been fully characterized (Daly et al., 1998;
Baker et al., 2003; Briones et al., 2005). A recently developed
fluorescent form of the cannabinoid CB;-receptor antagonist
AM251 has just become commercially available. Presently,
there are no published data on either its affinity at CB recep-
tor subtypes or its fluorescence characteristics. Therefore, we
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report an initial assessment of the pharmacology and cellular
labelling characteristics of this novel fluorescent ligand.

In this paper, we also describe the binding of four dissimi-
lar fluorescent ligands (for oy-, B-, angiotensin II and can-
nabinoid receptors), and report the distribution of binding
sites in various vascular cell types of mouse mesenteric
artery (MMA) and rat tail artery. This is discussed in relation
to the implications for the mechanisms underlying interac-
tions between receptor types and the physiological roles of
the receptors.

Methods

Animals

All animal experiments were performed at Glasgow Univer-
sity, and conformed to the UK Animals Act 1986 (scientific
procedures). Mice were bred in-house at the University of
Glasgow. The ougp-knockout mice were created by cross-
breeding single knockout strains (o-KO and o4p-KO).
Control [wild type (WT)] mice and knockout strains were
maintained on a C57Bl6/] background. Male mice (4 months
old) were used throughout. Mouse weight varied between 25
and 36 g for all strains with no apparent difference between
strains. The mice were killed by CO, inhalation. In one set of
experiments, tail and mesenteric arteries from male Wistar
rats (250 g) were used for comparison.

Preparation of vascular tissue

Segments of tail artery and mesenteric artery were dissected
free from connective tissue, and placed in physiological salt
solution (see below for composition) previously gassed with
95% 0O, 5% CO,, at room temperature, and divided into
segments of 3-4 mm length. Artery segments were incubated
in Eppendorf tubes containing 0.3-1 uM each of varying
combinations of Syto 61 (nuclear stain), BODIPY FL-
prazosin (QAPB, oy-adrenoceptor ligand), TMR-CGP12177
(B-adrenoceptor ligand), TMR-angiotensin II (AT, and AT,
receptor ligand) or T1117 (cannabinoid ligand). Artery seg-
ments were incubated in dark conditions for 1 h before being
mounted on glass slides, along with the incubation medium,
including fluo-ligands, and sealed under a coverslip (no. 1.5).

Microscopic examination

Vessels were imaged using a Bio-Rad Radiance 2100 (Bio-Rad
Laboratories Ltd., Hemel Hempstead, UK) (Nikon mounted,
Nikon UK Ltd., Kingston Upon Thames, UK) confocal laser
scanning microscope (CLSM) using either an oil immersion
20x (NA 0.75) or 40x objective (NA 1.0). The CLSM was fitted
with a 50 mW argon ion, Green HeNe and red diode laser.
Vessels were scanned using lambda strobing to reduce bleed-
through on individual channels. Kalman frame averaging
varied between 3 and 6. In any comparative tests, laser inten-
sity and PMT settings were identical. Each fluorescent probe
was imaged as close as possible to its excitation and emission
maxima: QAPB (ex 488 nm, em 515 nm); TMR CGP12177,
TMR angiotensin and T1117 (ex 543 nm, em 590 nm); Syto
61 (ex 637 nm, em 660 nm LP).



Single optical slices or z-series (1 um in z) were collected for
each fluorescent channel, taking care to avoid saturation and
ensure that each channel contained data in the 8-bit (0-255)
range. Multi-channel images are displayed as merged
channels.

For comparison of fluorescent binding in image volumes, a
histogram method was used as previously described (Miquel
et al., 20035). Briefly, histograms describing fluorescence inten-
sity within a collection of data volumes (image z-series) were
collected and averaged. These data describe the number of
voxels achieving a particular intensity value in the 8-bit
range. The data are then normalized to 100% showing which
intensity value has the maximum number of voxels. Thus, an
image volume with mainly dark voxels (low intensity) will lie
to the left and will move right on the graph as the intensity
within the volume increases.

Equilibrium binding assays

Binding assays were performed with the CB; receptor agonist,
[PH]CP55940 (0.7 nM), 1 mg-mL™" BSA and 50 mM Tris buffer
containing 0.1 mM EDTA and 0.5 mM MgCl, (pH 7.4), total
assay volume 500 pL. Binding was initiated by the addition of
WT mouse brain membranes (30 pg). Assays were carried out
at 37°C for 60 min before termination by the addition of
ice-cold wash buffer (50 mM Tris buffer, 1 mg-mL" BSA) and
vacuum filtration using a 24-well sampling manifold (Brandel
Cell Harvester, Biomedical Research & Development Labora-
tories Inc, Gaithersburg, MD, USA) and Whatman GF/B glass
fibre filters that had been soaked in wash buffer at 4°C for
24 h. Each reaction tube was washed five times with a 4 mL
aliquot of buffer. The filters were oven-dried for 60 min, and
then placed in 5 mL of scintillation fluid (Ultima Gold XR,
Packard, Perkin Elmer Life and Analytical Sciences, Seer
Green, Beaconsfield Bucks, UK), and radioactivity quantified
by liquid scintillation spectrometry. Specific binding was
defined as the difference between the binding that occurred in
the presence and absence of 1 uM of the corresponding unla-
belled ligand, and was 70-80% of the total binding.

GPRSS5 cell expression and Ca*" imaging

HEK293 cells expressing GPRS5 were generated and main-
tained by the methods outlined in Henstridge et al. (2009).
GPR55-expressing cells were incubated in Fura-2-AM (Ca*
indicator; 6 uM) for 40-60 min at 25°C in HEPES-buffered
saline (see below). Fluorescence was measured from ratiomet-
ric images collected at 5 s intervals (28-30°C).

Materials
The physiological salt solution used for tissue incubation was
of the following composition: 119 mM NaCl, 4.7 mM KClI,
2.5mM CaCl,, 1.2mM MgSO,H,O, 1.2mM KH,PO,,
24.9 mM NaHCO; and 11.1 mM glucose. The HEPES saline
was of the following composition: 135 mM NaCl, 10 mM
HEPES, 5 mM KCl, 1.8 mM CacCl,, 1.0 mM MgCl, and 25 mM
glucose, pH 7.4.

Stock concentrations of fluorescent ligands were dissolved in
dimethyl sulphoxide, and diluted in distilled water as required.
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Ligands were obtained from the following sources: BODIPY
FL-Prazosin (QAPB), TMR-CGP12177 and Syto 61 from
Invitrogen (Invitrogen Ltd., Paisley, UK) (previously Mole-
cular Probes); TMR angiotensin II from Phoenix Pharmaceu-
ticals (Karlsruhe, Germany); T1117, (N-(piperidin-1-yl)-
5-(4-(4-(3-(5-carboxamidotetramethylrhodaminyl ) prop
yl))phenyl)-1-(2,4-dichlorophenyl) -4 -methyl- 1H-pyra
zole - 3-carboxamide); 01602 (S-methyl-4-[(1R,6R)-3-methyl-
6-(1-cyclohexen-1-yl]-1,3-benzenediol) and CP55940 ((-)-cis-
3-[2-hydroxy-4-(1,1-dimethylheptyl) phenyl]-trans-4-(3-hy
droxypropyl)cyclohexanol) from Tocris (Bristol, UK); Fura-2
AM (Fura-2 pentakis(acetoxymethyl) ester) from Sigma (Sigma-
Aldrich Co. Ltd., Gillingham, UK).

Results

oy-Adrenoceptors in mesenteric artery from WT and o0upp-KO
(BDKO) mice

Figure 1 shows optical sections through the tunica media of
MMA. The overall reduction in fluorescence after removal of
oy and oyp adrenoceptors (BDKO mice) is quantified in the
histogram, where the graph for fluorescence from WT samples
stretches beyond the BDKO to the right and into the high-
intensity regions. In the BDKO tissue, several cells appear to
express high concentrations of oua-adrenoceptors, and these
appear to be distributed evenly through the media. A segment
of mesenteric artery taken from a triple (o;a5p) KO showed no
QAPB binding (image not shown), and thus the histogram of
the remaining autofluorescence lies furthest to the left.

Assessment of the binding and fluorescence characteristics of the
novel fluorescent cannabinoid ligand Tocrifluor 1117 (T1117)
T1117 was constructed by adding a tetramethylrhodamine
group to the CB;-receptor antagonist AM251 (Figure 2A). In
ligand binding studies, AM251 competed with CP55940-
labelled membranes to give a K; of 0.8 nM. The addition of the
TMR group to AM251 significantly reduced the binding affin-
ity, providing only 10% displacement of CP55940 at 1 uM
T1117. However, at a lower concentration (0.3 uM), binding
of T1117 to vascular smooth muscle of WT MMA was
observed, using 543 nm excitation (590 nm emission). Such
binding was inhibited (26%) in the presence of unlabelled
AM251 (3 uM; Figure 2B-D).

At low concentrations (0.1-0.3 uM), AM251 activates
GPRSS receptors (Henstridge et al., 2009) and, at these con-
centrations, T1117 evoked an oscillatory Ca*" response in
HEK293 cells, stably expressing GPRSS (Figure 2E). At a much
higher concentration (3 uM), T1117 failed to activate control
HEK293 cells, lacking GPRSS (Figure 2E). In WT MMA, the
histogram of fluorescence induced by T1117 binding was
shifted to the left following pre-incubation with the putative
GPRSS agonist, 01602 (10 uM; Figure 2F), indicating a reduc-
tion in fluorescence (each data set measured from a group of
seven z-series from n = 3 arteries).

Co-expression of different receptor types in vascular

smooth muscle

Segments of MMA were incubated in a combination of QAPB
(1 uM), and either TMR-CGP12177 (1 uM), TMR-angiotensin
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QAPB binding (1 uM) in MMA taken from WT, ougp- and oyasp-adrenoceptor knockout (KO) mice. Reduced binding was observed

in arteries from both KO mice. Histogram analysis of image stacks from six samples from WT, five from BDKO and one from ABD KO shows
an overall reduction in total fluorescence/binding in KO arteries throughout the vascular wall.

(0.3 uM) or T1117 (0.3 uM). Figure 3A,B shows examples of
the binding pattern of QAPB and TMR-CGP12177 in the
tunica media of MMA taken from a BDKO mouse. It is appar-
ent that SMCs do not simply express o;- and B-adrenoceptors
in equal proportions. A small proportion of SMCs (shown in
yellow) have both o- and B-adrenoceptors in relatively equal
numbers. However, the greater proportion of cells express
mainly o, (green) or B-adrenoceptors (red) (Figure 3A and also
Supporting Information Video Clip S1). In particular, at the
branch points, there appears to be a predominance of
B-adrenoceptors (Figure 3B and Supporting Information
Video Clip S2).

The apparently low expression of os-adrenoceptors in
certain SMCs is also reflected in the studies with both TMR-
angiotensin II (Figure 3C) and the novel fluorescent cannab-
inoid ligand T1117 (Figure 3D). In both cases, SMCs
expressing high levels of angiotensin or cannabinoid recep-
tors were observed. Surprisingly, little co-localization was
observed with oy-adrenoceptors and angiotensin AT receptors
(Figure 3C). However, the yellow fluorescence in many SMCs
shown in Figure 3D indicates a degree of co-localization of
QAPB and T1117.

Co-expression of different receptor types in vascular adventitia
and endothelium

Focusing on the outermost adventitial surface of the MMA
permitted visualization of nerve tracts. No co-localization was
observed between o,- and B-adrenoceptors in these tracts
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(Figure 4A and Supporting Information Video Clip S3)
with both ligands producing distinct binding patterns.
B-Adrenoceptors appear to be expressed strongly around the
nerves. Co-localization of QAPB and T1117 was more appar-
ent with the binding sites for both being more evenly distrib-
uted (Figure 4B). A similar binding pattern for nerves located
at branch points was seen in rat mesenteric artery (Supporting
Information Video Clip S4). Interestingly, examination of
other adventitial cell types revealed the presence of cells rich
in either QAPB binding sites or T1117 binding sites (Figure 4B
inset).

Endothelial cells were examined in MMA and rat tail artery.
In a segment of MMA taken from an ouap-KO mouse (i.e.
devoid of all o;-adrenoceptors) and incubated in both QAPB
and TMR-CGP12177, only B-adrenoceptors were visible in
both SMCs and endothelial cells (Figure 4C & Supporting
Information Video Clip S5). In a segment of rat tail artery (cut
open to facilitate endothelial cell imaging), both QAPB and
T1117 bound to endothelial cells aligned within the folds
(grooves) of the unpressurized internal elastic lamina
(Figure 4D).

Discussion

The receptor cycle involving agonist activation, sequestration
and internalization has been well characterized (Moore et al.,
2007), in some cases using fluorescent ligands (Pediani et al.,
2005). Homodimerization of the three o;-adrenoceptor
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Figure 2 Characterization of the novel fluorescent cannabinoid ligand T1117. (A) The structure of T1117 is derived from the combination of
tetramethylrhodamine and AM251. (B) Confocal scan of the media of a WT MMA segment after incubation with 0.3 uM T1117 (size bar
50 um). (C) Following pre-incubation with non-fluorescent AM251 (3 uM), the T1117 binding-induced fluorescence is reduced (size bar
50 um). (D) Quantitative fluorescence measurement of the T1117 binding in the presence and absence of AM251. Images shown in (B) and
(C) are representative of those used for calculations in (D) (n = 3). (E) Representative tracing of the Ca?* response induced by T1117 in
GPR55-HEK293 and in control (HEK293) cells (tracing representative of n = 3). (F) Histogram analysis of z-series fluorescence (seven z-series
from n = 3 each) shows a marked reduction in fluorescence induced by T1117 (0.3 uM), after exposure to the GPR55 agonist 01602 (10 uM).

subtypes has been reported, while heterodimerization appears
to be more selective (Milligan et al., 2004). Heterodimeriza-
tion studies between individual o,-adrenoceptor subtypes
have suggested that in isolated transfected cells, one particu-
lar subtype (the oyz-adrenoceptor) facilitates cell surface
expression of another (the o;p-adrenoceptor) (Hague et al.,
2004). Further studies revealed that the f,-adrenoceptors can
also, via dimerization, facilitate surface expression of the o p-
adrenoceptors (Uberti et al., 2005). Functional interactions
between angiotensin and noradrenaline have long been
recognized (Dunn et al., 1991), and more recently we have
shown a functional interaction between anandamide (endog-
enous cannabinoid) and noradrenaline (Daly ef al., 2008).
Thus, the range of possible adrenoceptor heterodimers may
extend beyond oo and off interactions. However, the occur-
rence of dimerization or the physiological importance of this
in vascular cells in situ has not been widely studied. This is in
part due to the technical difficulties of maintaining live tissue
on a microscope stage coupled with the limits of resolution,
depth of penetration, physical properties of fluorophores and

the availability of suitable probes. Antibodies generally
require fixed tissue and have been criticized for their lack of
specificity (Jensen et al., 2009; Pradidarcheep et al., 2009). We
have therefore chosen to exploit the advantages of using
fluorescent drugs (McGrath et al., 1996), and now report the
binding pattern of several ligands, in all three vascular layers
(i.e. tunica adventitia, tunica media and tunica intima). While
our study does not offer sufficient resolution to confirm the
existence of receptor dimers, it does provide an indication of
where co-localization, and thus dimerization, may or may
not occur.

Validation of fluorescent ligands
We have previously shown that the fluorescent form of pra-
zosin (QAPB) is a highly selective oy-adrenoceptor antagonist
(McGrath and Daly, 1995; 2005; McGrath et al., 1996; Daly
etal., 1998).

BODIPY-TMR-CGP12177 is a long acting partial agonist at
Bz-adrenoceptors which binds to cell surface receptors, of

British Journal of Pharmacology (2010) 159 787-796
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Figure 3 Fluorescent ligand co-localization in mouse vascular smooth muscle. (A and B) Binding of both QAPB and BODIPY-TMR-CGP12177
[both (1 uM) in MMA from BDKO mice] shows a combination of cells expressing mainly o;-adrenoceptors (green), mainly B-adrenoceptors (red)
or both in relatively equal amounts (yellow). WT mesenteric arteries showed a similar pattern (see Supporting Information Video Clip S1) (B) A
predominance of B-adrenoceptors was observed around the mesenteric branch points (see also Supporting Information Video Clip $2). (C) A
similar heterogeneity was observed when combining QAPB (1 pM) with TMR-angiotensin I (0.3 uM) in WT carotid artery, or (D) combining QAPB
(1 uM) with the fluorescent cannabinoid ligand T1117 (0.3 uM) in WT MMA. In all cases, images are representative of at least n= 3.

HEK293 cells, at concentrations of 30 nM and above (Baker
et al., 2003). Quantitative analysis (from the same study) esti-
mated an apparent K, for BODIPY-TMR-CGP12177 of 27 nM
at recombinant f,-adrenoceptors, and also demonstrated
cAMP activation with an ECs, of 28 nM. The same fluorescent
ligand was also characterized functionally and in fluorescence
studies in rat mesenteric artery by Briones et al. (2005) who
showed that it acted as a ;-adrenoceptor antagonist. In their
functional assay, the isoprenaline pECs, (vs. phenylephrine
pre-constriction in rat mesenteric artery; a preparation
expressing mainly B;-adrenoceptors) was shifted from 7.75 to
6.9 in the presence of 10 nM BODIPY-TMR-CGP12177. There-
fore, BODIPY-TMR-CGP12177 (like the parent compound)
appears to have affinity for both ;- and B,-adrenoceptors. In
support of this conclusion, the irreversible B-adrenoceptor
antagonist BAAM (10 uM) significantly inhibited the binding
of TMR-CGP 12177 (1 uM) in all three vascular layers of rat
mesenteric artery (Briones et al., 2005).

Presently, there is only one commercially available fluores-
cent ligand for CB receptors (T1117), and it had not been
tested prior to this study. Given the importance of the
endocannabinoids in the cardiovascular system, and the pos-
sibility of an interaction with oy-adrenoceptors (Daly et al.,
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2008), we examined the binding and fluorescence character-
istics of T1117. AM251 is a potent CB,; receptor antagonist;
however, addition of the fluorescent tetramethylrhodamine
(to produce T1117) appears to have removed virtually all of
its activity at CB; receptors. Interestingly, T1117 still bound
to all three vascular layers, and binding was inhibited in the
presence of an excess of unlabelled AM251 (Figure 2B-D).
Recent studies suggest that AM251 can activate the
cannabinoid-like receptor, GPRS5S5 (Henstridge efal., 2009;
Kapur et al., 2009). We now report that its fluorescent deriva-
tive T1117 can also activate GPRSS5, promoting a character-
istic, oscillatory Ca®" response in HEK293 cells, stably
expressing recombinant GPRSS. Because T1117 could bind to
GPRS5, and fluorescence was observed in the MMA, we
decided to look at T1117 binding following maximal agonist
binding, using the putative GPRS55 ligand 01602. Our
finding that pretreatment with 01602 reduced the fluores-
cence induced by T1117 binding (Figure 2F) suggests that,
following agonist (01602) stimulation, GPRSS receptors are
internalized/down-regulated and are unavailable for binding.
Overall, the data point to the likelihood that T1117 is a
novel fluorescent GPRS5S agonist. Once confirmed by other
groups or in different tissues, this could prove to be an
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Figure 4 Fluorescent ligand binding in vascular adventitial and endothelial cells. In all images, QAPB (1 uM) is present and shown in green.
(A) oua- and B-adrenoceptors (TMR-CGP12177, 1 uM) are present, but not co-localized, on nerve cells of MMA from a BDKO mouse (see
Supporting Information Video Clip S3). (B) Nerve cells also appear to express binding sites for T1117 (0.3 pM) which do co-localize, in certain
areas, with o-adrenoceptors. Insert image shows a group of adventitial cells mainly expressing either o,;-adrenoceptors (green) or cannabinoid-
like receptors (red). (C) B-Adrenoceptors are present on MMA (ABD-KO) endothelial cells (see Supporting Information Video Clip S5). (D)
oy-Adrenoceptors (QAPB, green) are expressed on endothelial cells of rat tail artery which also express binding sites for T1117. In all cases,

images are representative of at least n = 3.

extremely useful tool for investigating non-CB,/CB, receptor-
mediated responses.

The precise role of the cannabinoid system in the control of
blood pressure is still not entirely clear. What has become
apparent in recent years is that the endocannabinoid system
is involved in a range of cardiovascular functions and
pathologies (see Pacher and Steffens, 2009). The blood pres-
sure response to administration of anandamide is triphasic
with both pressor and depressor components (Varga et al.,
1996). The response of isolated blood vessels to cannabinoids
is varied and seems to depend largely on experimental con-
ditions and the particular vascular bed being studied (see
Mendizabal and Adler-Graschinsky, 2007). In addition to the
reported location of CB, receptors on vascular smooth muscle
and endothelium (Hogestdtt and Zygmunt, 2002), a non-CB,/
CB, receptor on endothelium has been reported (Waldeck-
Weiermair etal.,, 2008). Therefore, it is of interest to
investigate the distribution of cannabinoid receptors on all
three vascular layers in a variety of blood vessels. We now
present evidence that T1117 is a fluorescent ligand for the
GPRSS receptor with little or no affinity at the CB, receptor.
Although not tested, we have no reason to suspect that this

fluorescent form of AM251 (a selective CB; receptor antago-
nist) should have any affinity for CB, receptors. For the pur-
poses of this discussion (and in line with Alexander et al.,
2008), we regard GPRSS as ‘cannabinoid-like’ and therefore a
member of the CB receptor family.

Tunica media (smooth muscle)
In their study of antibody specificity, Pradidarcheep et al.
(2009) suggested that knockout animal models are the most
reliable method for testing specificity. In support of this, our
experiments (Figure 1, using KO animals) demonstrate the
ability of a fluorescent ligand to report (in a semi-quantitative
fashion) receptor number as a function of fluorescence.
Previous work has shown that removal of two
o,-adrenoceptor subtypes (B and D) leaves a subpopulation of
cells that strongly express the remaining ons-adrenoceptors
(Methven et al., 2009a; also figure 1 of this paper). This sug-
gests that individual cells may have a preferred subtype expres-
sion profile, and that vascular SMCs do not express receptors in
equal quantities. Histogram analysis of full image volumes
(z-series) shows that a full range of fluorescence intensity exists
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within the QAPB-labelled WT tissues. When both ;- and
oyp-adrenoceptors were removed from the arteries, the
histogram shifted to the left, demonstrating that the fluores-
cence (and thus binding) within the artery was reduced com-
pared with WT arteries. When all three 0,4-ARs are removed, all
that remains is the autofluorescence. Limited availability of the
triple ou-AR KO mice provided only one artery segment for
analysis. This demonstrates a way in which large amounts of
image data, describing fluorescent ligand binding, can be
reduced to a more quantitative form. This technique has
previously been used to examine o;-adrenoceptors in the
tunica media of mouse aorta (Miquel et al., 2005).

In the present study, TMR-CGP12177 bound to specific
SMCs and only co-localized with QAPB in a subpopulation of
cells (those shown in yellow). The pattern of binding of both
ligands suggests that cells could be classed as expressing
an abundance of either o-adrenoceptors (o-rich) or of
B-adrenoceptors (B-rich). The significance of this is unknown
at present, but is of particular interest when the mesenteric
branch points are examined (Figure 3B and Supporting Infor-
mation Video Clip S2). Here, we see a predominance of -rich
cells along with a degree of co-localization with the remaining
aga-adrenoceptors. The mesenteric branch points have a rich
innervation (see Supporting Information Video Clip S4),
which could be expected to liberate concentrations of norad-
renaline high enough to activate B-adrenoceptors. As the
images in Figure 3A,B are from BDKO mice, the suggestion is
that B-adrenoceptors are co-localizing (in some but not all
cells) with aya-adrenoceptors. Heterodimerization between f3,-
and oup-adrenoceptors has been reported (Uberti et al., 2005).
The present light microscopy-based study does not offer suffi-
cient resolution to identify dimerization between ous- and
B-adrenoceptors. However, co-localization is a pre-requisite for
dimerization, and the data predict that mesenteric branch
points would be an interesting place to look for functional
heterodimers.

The presence of ‘subtype-rich’ cells was also observed fol-
lowing co-incubation with either TMR-angiotensin II or
T1117 (Figure 3C,D). In both cases, cells could be classified as
either o-rich, AT-rich or CB-rich. This result helps to explain
why, in WT arteries using a fluorescent non-selective
o,-receptor antagonist, we have never observed uniform fluo-
rescence in all SMCs (McGrath and Daly, 1995; 2005;
McGrath et al., 1996; Figure 1A). The notion of subdividing
vascular SMCs is not new. It is generally accepted that there
are at least two phenotypes of smooth muscle in normal
healthy arteries: contractile and non-contractile (prolifera-
tive) (see Hao et al., 2003). Furthermore, one of the vessels we
have examined in this study, the MMA is subject to ous-
adrenoceptor-driven remodelling under hypertensive condi-
tions (Vecchione et al., 2002), and so could be expected to
harbour a population of, normally quiescent, proliferative
cells. However, with respect to the previous discussion of
receptor dimers, the presence of receptor subtype ‘rich’ cells
may contradict the importance of heterodimers, and high-
lights the need for further study in native tissue.

Adventitia
The observation that removal of the tunica adventitia can
modulate agonist responses (Somoza et al., 2005) has demon-
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strated the importance of this vessel layer. Structurally, the
adventitia is known to comprise nerves, fibroblasts, macroph-
ages, mast cells and adipocytes. Removal of the fat around the
adventitia of rat mesenteric arteries has been shown to
enhance contractile responses (Verlohren et al., 2004). The
presence of these cell types coupled with the nerves and
structural elements of elastin makes the adventitia a highly
complex, dynamic and yet poorly understood component of
normal vascular function. There is, however, no doubt it plays
an essential modulatory role.

In the present study, we have observed, on the outermost
vascular surface, nerve tracts most likely to be Schwann cells.
These are easily distinguished by their peripheral location,
nerve-like appearance, the presence of a nucleus and general
size and shape (Jessen and Mirsky, 1984). The presence of
binding sites for TMR-CGP12177 and T1117 around the
nucleus of a Schwann cell (Figure 3A,B; Supporting
Information Video Clip S3) indicates a possible role for
B-adrenoceptors and cannabinoids at these sites. It is interest-
ing that QAPB does not appear to co-localize with TMR-CGP
12177, indicating different locations for the o;- and
B-adrenoceptors on Schwann cells. However, co-localization
of QAPB and T1117 indicates a similar location for
o-adrenoceptors and GPRSS on these cells. In contrast, other
adventitial cell types appear to show a subtype preference.
Figure 3B (inset) shows three adventitial cells where one
expresses mainly GPRS5 (red), and one expresses mainly
og-adrenoceptors (green).

The vascular adventitia is an ideal tissue type for confocal
microscopy studies due to its peripheral location, relatively
low cell density and heterogeneity of cell type. Studies with
fluorescent ligands enjoy the benefit of reduced diffusion
distances (if any) and the absence of local concentrations or
pooling of ligand. Thus, experiments can be performed at true
equilibrium. The peripheral location of the autonomic nerves
within the adventitia enables easy visualization. Supporting
Information Video Clip S4 shows binding of TMR-CGP12177
and QAPB to nerves and smooth muscle throughout a
branched segment of rat mesenteric artery.

Endothelium
As above, fluorescent ligand binding on vascular endothelium
could be studied at true equilibrium if a perfusion system was
used. However, depending on the thickness of the vessel wall,
it may not be possible to clearly resolve the endothelial cells,
when viewed from the adventitial side. Fortunately, the MMA
has a thin-enough wall to permit penetration of the confocal
beam to enable imaging of single cells (Figure 4C; Supporting
Information Video Clip S5). In a segment of MMA devoid of
any oy-adrenoceptors, there was an absence of QAPB binding,
compared with a significant amount of CGP 12177 binding,
to smooth muscle and endothelial cells. The presence of
endothelial B-adrenoceptors has been assumed from various
functional studies. In the present study, we showed the
expression of B-adrenoceptors to be almost equal in endothe-
lium and smooth muscle. It is possible that f-adrenoceptors
had been up-regulated in response to the absence of any
oy-adrenoceptors.

In a segment of rat tail artery, where the vessel had been cut
open to facilitate visualization, studies of endothelium



showed binding sites for both T1117 and QAPB in different
cellular locations (Figure 4D). QAPB binding was punctuate,
whereas binding sites for T1117 appeared to be more diffuse
and could represent the presence of an endothelial
‘cannabinoid-like’ receptor as described by Waldeck-
Weiermair ef al. (2008). Endothelial cannabinoid receptors
have been identified. However, these appear to be distinct
from either CB, or CB, receptors in that they are activated by
abnormal cannabidiol (even in CB receptor KO mice) and are
blocked by O-1918 (Offertaler et al., 2003).

The presence of QAPB and T1117 co-localization in adven-
titia and smooth muscle, but not in endothelial cells, could be
due to the different distribution of o,-adrenoceptor subtypes
throughout the vascular wall. All three o,-subtypes would be
expected in the adventitia (Faber et al., 2001) with oya- or
oyp-adrenoceptors predominating in the media of small
and large vessels, respectively (Daly et al.,, 2002), and op-
adrenoceptors predominating in the endothelium (de
Andrade et al., 2006). A possible role for GPRS5 in modulating
blood pressure (and influencing the adrenergic system) is
supported by the observation that mRNA expression of
GPRSS is higher in mouse adrenals than in any other tissue
(Ryberg et al., 2007).

Conclusions

Fluorescent ligands offer significant advantages for the study
of receptors in living cells and tissues (Daly and McGrath,
2003). Carefully constructed fluorescent ligands can be stable,
non-toxic selective probes for receptors and ion channels of
interest. In this report, we have used four fluorescent ligands
to demonstrate the heterogeneity of receptor distribution in
all three vascular layers. Our initial assumption was that vas-
cular cells would express all receptor types and that the rela-
tive levels of each would vary only slightly. We did not expect
to find cells that were particularly rich in one receptor type or
another. However, the observed co-localization between dif-
ferent combinations of ligands suggests that in such cells, the
ability of receptors to dimerize is possible, whereas in cells
where they are not present together it is not possible. Future
higher resolution studies with fluorescent ligands, in combi-
nation with techniques, such as fluorescence resonance trans-
fer, fluorescence recovery after photobleaching, fluorescence
correlation spectroscopy and bimolecular fluorescence
complementation on multi-layered tissues, hold great
promise.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Video Clip S1 WT MMA QAPB CGP full scan: The file shows
a scan through a full segment of MMA (ausp-knockout). Start-
ing on the surface, the movie scans through nerves on the
outer adventitial surface and then into the vascular media
where smooth muscle cells show either green (ou-
adrenoceptor rich) or red (B-adrenoceptor rich). Within the
folds of the internal elastic lamina (at the lowest part of the
scan), endothelial cells can be seen.

Video Clip $2 BDKO QAPB CGP branch: The file shows a
scan through a full segment of MMA (agp-knockout) branch
point. The movie scans through nerves on the outer adven-
titial surface and then into the vascular media where smooth
muscle cells show either green (o;-adrenoceptor rich) or red
(B-adrenoceptor rich). B-Adrenoceptor rich cells are apparent
at the branch point.

Video Clip $3 QAPB CGP nerve scan: A nerve tract (presum-
ably a non-mylenating Schwann cell) is shown to wrap
around the wvessel. oy-Adrenoceptors (green) and
B-adrenoceptors (red) are shown to have differing distribu-
tions with the B-adrenoceptors (red staining) prominent
around the cell nucleus.

Video Clip $4 Rat MA QABP CGP nerve and branch: A rat
mesenteric artery branch point is shown for comparison and
to illustrate the complexity of innervation at the branch. In
this scan, B-adrenoceptors (red) appear to be in abundance on
the nerves. a-Adrenoceptors (green) are present mainly (but
not exclusively) in the smooth muscle.

Video Clip S5 ABDKO QAPB CGP full scan. The file shows a
scan through a full segment of MMA (ouagp-knockout). This
artery segment is devoid of any oy-adrenoceptor subtypes.
Therefore, no ay-adrenoceptor ligand binding (QAPB, green
fluorescence) is observed. In contrast, the fluorescent
B-adrenoceptor ligand (TMR-CGP12177, red) shows strong
binding in all vascular tunics.
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