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In this study, we employed a novel fluorescent probe,
RO7304924 – which selectively targets cannabinoid 2 receptor
(CB2R) – to assess the lateral mobility of CB2R within the plasma
membrane of Chinese hamster ovary cells stably expressing a
functional, untagged receptor variant. Utilizing confocal
fluorescence recovery after photobleaching (FRAP), we quanti-
fied the diffusion coefficient and mobile fraction of CB2R,

thereby demonstrating the efficacy of RO7304924 as an
innovative tool for elucidating the dynamics of this major
endocannabinoid-binding G protein-coupled receptor. Our
present findings highlight the potential of combining advanced
ligand-based fluorescent probes with FRAP for future inves-
tigations into the biochemical details of CB2R mobility in living
cells, and its impact on receptor-dependent cellular processes.

1. Introduction

The cannabinoid 2 receptor (CB2R), a class A G protein-coupled
receptor (GPCR), is predominantly expressed in the immune
system, where it plays a critical role in modulating the initiation
and resolution of inflammatory responses and immune cell
activity.[1–6] Dysregulation of CB2R signalling is associated with
various disorders, including autoimmune diseases, inflammatory
conditions, cancer and neurodegenerative diseases.[7–13] Despite
its significance, the detailed mobility characteristics of CB2R in
live cells remain underexplored, with existing literature primar-
ily focusing on CB2R pharmacology and signalling pathways.

Receptor mobility is crucial for modulating GPCR function,
influencing signal transduction, receptor desensitization, and
interactions with other cellular components.[14,15] Thus, elucidat-
ing CB2R dynamics within cellular membrane is relevant for
understanding its biochemical function and regulation mecha-
nisms, including those involved in various physiological and

pathological states such as trafficking, internalization and
recycling.[14,16,17] Techniques such as fluorescence recovery after
photobleaching (FRAP) have been instrumental in studying
these dynamics for various GPCRs, providing insights into their
biophysical behaviour.[14,17,18] However, specific studies on CB2R
using this technique are currently lacking.

To fill this gap, we performed FRAP experiments to measure
the mobility of CB2Rs in living cells. We utilized a novel
fluorescent probe, RO7304924, an Alexa Fluor 488-conjugated
compound based on the CB2R-specific agonist HU308.[19] This
probe is characterized by high specificity and sensitivity for
CB2R and enables rapid and precise visualization of CB2R
through its receptor recognition capability (Table 1).

RO7304924 offers significant advantages over traditional
labelling techniques, such as GFP-tagged receptors or antibody-
based assays for studying CB2R dynamics. The key benefits of
this new probe include: (i) preservation of native conditions,
due to the non-invasive nature of RO7304924 that maintains
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the native structure and biophysical properties of both the
receptor and cell membranes; (ii) enhanced accuracy, achieved
by avoiding alterations to receptor density or membrane
composition, and thus enabling more refined studies of
receptor dynamics; (iii) versatility, because the probe‘s design
allows for application across different cell types and animal
species, overcoming limitations of antibody-based techniques;
and (iv) real-time visualization, because RO7304924 facilitates
rapid and precise visualization of CB2R in living cells without the
need for washing steps, enabling dynamic studies of receptor
behavior. Overall, these characteristics make RO7304924 a
powerful tool for investigating CB2R function in its natural
cellular context, potentially leading to more physiologically
relevant insights into the receptor‘s role in health and disease.

In this investigation, we explored the feasibility and the
potential of employing FRAP with this innovative labelled
chemical probe for elucidating the spatiotemporal dynamics of
CB2Rs in the cellular contexts. Furthermore, we evaluated and
discussed the main dynamic coefficients of CB2R, such as the
diffusion coefficient and the mobile fraction.

Materials and Methods

Reagents

Chemicals used in the experiments were of the highest analytical
grade. Dulbecco’s Modified Eagle Medium (DMEM), foetal bovine
serum (FBS), HT supplement, and other cell culture reagents were
procured from Corning (Corning, New York, NY, USA). All other
chemicals were obtained from Sigma Chemical Co. (Milan, Italy),
unless otherwise stated.

Cell Culture Maintenance

Clonal cell line of Chinese hamster ovary cells, stably overexpress-
ing the human CB2R (CHO-DUKX_HOMSA_CNR2_Clone_90_CRE-
Luc), were cultivated DMEM supplemented with 10% FBS, sodium
hypoxanthine (100 μM), thymidine (16 μM), penicillin (100 U/mL),
and streptomycin (100 μg/mL), as previously described.[20] Culturing
was carried out at 37 °C in a humidified atmosphere containing 5%

CO2. For selection, 200 μg/mL of hygromycin and 400 μg/mL of
geneticin were added to the complete media culture.

Time-Lapse Imaging

Cells were seeded in 8-well chamber slides (Ibidi, Gräfelfing,
Germany) at a density of 100,000 cells/well and cultured for
24 hours. Subsequently, a small volume of RO7304924 (10 mM in
DMSO) was mixed with 20% (w/v) Pluronic F-127 in DMSO at a ratio
of 1 :1 immediately before use. Before imaging, the solution of
RO7304924 and Pluronic F-127 was further diluted to 0.2 μM in
HEPES-buffered RPMI without phenol red and quickly added to the
cells. The final concentrations are 0.008% (v/v) for DMSO and
0.002% (w/v) for Pluronic F-127. The concentration of Pluronic F-
127 used in this study is consistent with concentrations employed
in similar studies, as it has been demonstrated to preserve the
physical and functional properties of cellular membranes at these
levels (https://assets.thermofisher.com/TFS-Assets/LSG/manuals/
mp03000.pdf).[21] To evaluate whether the probe needed to be
removed from the culture medium before performing measure-
ments, FRAP experiments were conducted under two conditions:
with or without a washing step following probe incubation. In the
washing condition, cells were incubated with the probe for 30 min
and subsequently washed with fresh medium devoid of the probe
prior to measurements. In the no-wash condition, the medium
containing the probe was maintained throughout the FRAP
measurements.

Imaging Equipment

Imaging was performed by using confocal laser scanning micro-
scope ZEISS LSM 800, Axio Observer.Z1/7 equipped with the blue
edition Zen 2.3.69.1016 software (Zeiss, Oberkochen, Germany). To
maximize the resolution enhancement, a high numerical aperture
oil immersion alpha Plan-Apochromat 63X/1.40 oil DIC M27
objective at 1.5 x digital was used. RO7304924 was excited using a
488 nm laser line, and the corresponding fluorescence emission
was detected using a 533 nm long-pass filter. Imaging was
performed using unidirectional scanning with a pinhole size set to
1 Airy Unit. Frames of 512 x 512 pixel (67.61 μm x 67.61 μm), 8 bits
were acquired during the experiments.

Table 1. Main features of RO7304924 probe.

STRUCTURE Fluorophore Ki [nM] Ki ratio

hCB2R hCB1R mCB2R (hCB1R/ hCB2R)

Alexa Fluor 488 268 >10,000 1,204 >37

Structure and binding affinity (Ki) values of RO7304924 for human CB2R (hCB2R), human CB1R (hCB1R) and mouse CB2R (mCB2R) were extracted from Ref. [19]
with permission.
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FRAP Experiment Setup

FRAP experiments were conducted at 22�2 °C, following a
previously published protocol.[22,23] The confocal plane was placed
at the bottom cell membrane close to the glass surface and was
selected for bleaching and for monitoring the recovery of
fluorescence. Initially, 5 pre-bleach images (0.633 s/frame) were
recorded at low laser intensity (0.6%, 0.4 kW/cm2) to assess the
fluorescence intensities of the cell at the the start of the experiment
(i. e., the initial fluorescence). Subsequently, a circular region of
interest with a 4 μm diameter was bleached using 6 scans of the
full-power 488-nm laser line (power output of 10 mW, correspond-
ing to a power density of 80 kW/cm2 in the ROI). The recovery of
fluorescence was then recorded by acquiring 188 images (0.663 s/
frame) at 0.6% laser intensity. Images within each experiment were
collected using identical laser-power, offset, and gain setting that
was adjusted to minimize the level of auto-fluorescence. Loss of
fluorescence due to scanning was below 20%.

Post-Imaging Processing of FRAP Data

Fluorescence recovery was extracted from images of the bleached
area and corrected for background fluorescence (FBKG), photofading,
and loss of fluorescent material due to the bleach, as well as
normalized to correct for differences in protein expression levels
between cells. This is achieved by normalizing the entire FRAP
curve using the following equation:

F tð Þnorm ¼
F tð ÞROI � FBKG
F tð Þcell � FBKG

�
F ið Þcell � FBKG
F ið ÞROI � FBKG

(1)

Where F(t)ROI and F(t)cell are the fluorescence intensities of the
region of interest (ROI) and the whole cell, respectively, at each
time point t. Similarly, F(i)ROI and F(i)cell represent the intensities of
the ROI and the whole cell at the start of the experiment (initial
time point). Finally, FBKG is the fluorescence intensity measured
outside the cell (background fluorescence). The first part of this
normalization accounts for irreversible loss of molecules owing to
the bleaching event, as well as any photofading that may have
occurred. To correct for this, the bleaching ROI intensity F(t)ROI is
divided by the whole cell intensity F(t)cell for each time point F(t).
The second part of the normalization rescales the data in terms of
percentage of initial fluorescence by multiplying by the initial
whole cell intensity F(i)cell divided by the initial intensity in the ROI,
namely F(i)ROI.

FRAP Data Analysis and Parameter Estimation

Data were elaborated and analyzed statistically using R (version
4.4.0, R Foundation for Statistical Computing, Vienna, Austria;
https://www.R-project.org/) within RStudio software (version
2024.04.0+735; https://rstudio.com/). The FRAP data were analyzed
using a custom R script (Script1, available in the Supplementary
Materials). To fit the fluorescence recovery curve, this script
employs a nonlinear least-squares model that incorporates modi-
fied Bessel functions to account for the circular geometry of the
bleached area. Nonlinear regression fitting was performed on each
dataset–comprising four independent experiments derived from an
average of six cells–using the following function, which describes
diffusional recovery into circular regions:[24]

F tð Þnorm ¼ A � e
� 2t

t � I0½ ð
2t

t
Þ þ I1ð

2t

t
Þ� þ B (2)

where F(t)norm is the mean background-corrected and normalized
fluorescence intensity at time t in the membrane region within the
bleached region; I0 and I1 are modified Bessel functions of the first
kind of order zero and one, respectively; B sets the fluorescence
directly after the bleaching (F0); and A+B determines the saturation
value of the recovery (F∞). The typical diffusion time (τ) was used to
calculate the diffusion coefficient (D):

D ¼
r2

4 � t
(3)

where r is the radius of the circular beam (2 μm in this study).

The Mf was calculated according to the following equation:

Mf ¼
F∞ � F0
Fi � F0

¼
A

1 � B (4)

where F∞ is the fluorescence in the bleached region after full
recovery (A+B); Fi is the fluorescence before bleaching (normalized
to 1) and F0 is the fluorescence just after the bleach (B). Mobile
fractions are conventionally reported as a percentage; therefore,
the calculated Mf is multiplied by 100.

R packages used for data management and graphics included
ggplot2, ggpubr, dplyr,[25] matrixStats[26] and Bessel v0.6-1.[27] The
script implements a nonlinear least-squares algorithm to determine
the optimal values for parameters A, B, and τ. These parameters are
then used to calculate the diffusion coefficient and the Mf

according to the equations 2 and 3, respectively. The boxplots for
Mf and diffusion time (τ) were generated using another custom R
script (Script 2, available in the Supplementary Materials). This script
utilizes the ggplot2[25] and ggpubr[28] libraries to create detailed
boxplots with individual data points overlaid. Each boxplot displays
the median, quartiles, and outliers, with the mean indicated by a
cross symbol. All results in the text are reported as mean�SD.

2. Results and Discussion

This study aimed to characterize the dynamics of CB2R on the
membrane of living cells using the confocal FRAP technique
with the highly specific probe RO7304924[19] (Table 1). A suitable
FRAP probe should possess several key characteristics to ensure
reliable and interpretable results: (i) high binding affinity for the
target protein (e. g., human CB2R) to facilitate stable interactions
during imaging and recovery phases; (ii) high selectivity to
minimize off-target effects, particularly in complex experimental
systems (e. g., cell lines, tissues); (iii) compatibility across species
to allow for translational studies where relevant; (iv) a well-
characterized mode of action (e. g., agonism binding) to enable
mechanistic insights; (v) low nonspecific binding, as excessive
lipophilicity or nonspecific protein binding can obscure specific
probe-receptor dynamics. (vi) a reporter group optimized for
the intended readouts (e. g., fluorescence recovery dynamics in
FRAP).

Table 1 highlights the suitability of RO7304924 as a FRAP
probe by demonstrating its key binding properties:
* High affinity for human CB2R (Ki=268 nM), which ensures
stable receptor-probe interactions during the recovery phase
of FRAP experiments.
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* Exceptional selectivity against human CB1R (Ki>10,000 nM),
with a Ki ratio>37, underscoring its specificity and minimiz-
ing off-target interference.

* Cross-species utility, reflected in its moderate affinity for
mouse CB2R (Ki=1,204 nM), making the probe suitable for
comparative and translational studies.
These properties are critical for achieving accurate measure-

ments of CB2R mobility in FRAP experiments. The high affinity
ensures that the probe remains associated with CB2R during the
recovery phase, reducing the likelihood of dissociation events
that could underestimate receptor mobility. Additionally, the
probe’s exceptional selectivity prevents signal contamination
from CB1R, thereby enhancing the reliability of the observed
fluorescence recovery dynamics.

Two primary parameters were measured: mobile fraction
(Mf), namely the proportion of receptors that are freely diffusing
as opposed to being immobilized; and diffusion coefficient,
which is the rate at which the receptors diffuse laterally within
the membrane (Figure 1). Analysis of FRAP data revealed a
remarkably high mobile fraction (Mf) for CB2R, measured at 94�

3%, alongside a diffusion coefficient of 0.07�0.01 μm2/s (Fig-
ure 1B). This elevated Mf indicates that a substantial majority of
CB2R molecules exhibit free diffusion within the cell membrane,
suggesting minimal static binding, as well as no significant
immobilization by cellular structures. In comparison, typical Mf

values for GPCRs assessed via FRAP assays range from 50% to
90%, depending on receptor type and specific assay
conditions.[29] Notably, the observed Mf for CB2R is significantly
higher than that of the GFP-tagged luteinizing hormone
receptor (43%) and the GFP-tagged gonadotropin-releasing
hormone receptor (75%), while closely resembling that of the
β-adrenergic receptor (90%).[29]

The diffusion coefficient for CB2R aligns well with values
reported for other GPCRs. For instance, the GFP-tagged
luteinizing hormone receptor exhibits a diffusion coefficient of
0.16 μm2/s,[30] while the gonadotropin-releasing hormone recep-
tor diffuses at 0.12 μm2/s.[31] The μ-opioid receptor and β2-
adrenergic receptor show a range of diffusion coefficients from
0.04 to 0.12 μm2/s.[31,32] Finally, the δ opioid receptor, another
member of the opioid receptor family that shares some

Figure 1. Fluorescence recovery after photobleaching (FRAP) analysis. (A) Representative confocal microscopic images depicting key stages of a FRAP
experiment on CHO cells expressing human CB2R labeled with RO7304924. Images show the pre-bleach state, the bleaching event, and post-bleach recovery
at 7 and 30 seconds. The confocal plane was placed at the bottom cell membrane close to the glass surface. A region of interest (ROI) of 4-μm diameter was
photo-bleached, and the fluorescence recovery within this area was monitored over a time frame of 134 seconds. Simultaneously, a reference area,
corresponding to the whole cell, was monitored to correct for overall bleaching, and the resulting data were normalized to the pre-bleach intensity. A third
ROI, drawn on an area devoid of cells, denotes the background region (BKG). The images are representative of 4 independent experiments, and in each case,
6 cells were examined. Scale bars, 10 μm. (B) Representative FRAP recovery curve for RO7304924-labeled CB2R corrected for fluorescence decay and
background fluorescence. The graph displays normalized fluorescence intensity plotted against time in seconds. Data points represent means�SD, derived
from measurements of 6 cells. The blue curve represents the mathematical fit of the FRAP data. (C) Mobile fraction (%) of plasma membrane CB2R. (D)
Recovery time constant (τ, in seconds) of plasma membrane CB2R. For both (C) and (D), the central line in each boxplot corresponds to the median (Q2), the
cross symbol (×) denotes the mean, and the box edges represent the 25th (Q1) and 75th (Q3) percentiles. Whiskers extend to the most extreme data points
within 1.5 times the interquartile range from the box. The white circles overlaid on each plot represent mean values from 4 independent experiments, with
each experiment analyzing 6 individual cells.
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structural features with CB2R, displays a diffusion coefficient of
0.085 μm2/s.[33] These comparisons suggest that despite its high
mobile fraction, CB2R demonstrates diffusion kinetics character-
istic of GPCRs.

While RO7304924 does not exhibit a “fluorescent turn-on”
mechanism, its fluorescence properties are strongly influenced
by the microenvironment polarity and hydration. Specifically,
the probe shows significantly enhanced fluorescence when
bound to CB2R on the membrane. This environmentally
sensitive fluorescence ensures that the signal-to-background
ratio remains high, even without washing steps, as unbound
probes in the aqueous phase contribute minimally to the
observed fluorescence. This property represents a significant
advantage for live-cell imaging and FRAP experiments, where
reducing washing steps can prevent perturbations to receptor
mobility or cellular integrity.

To confirm that this property does not influence the
observed receptor dynamics, we performed FRAP experiments
under two conditions:
1. With a washing step following probe incubation to remove

unbound probes, and
2. Without washing, allowing unbound probes to remain in the

aqueous phase.
The results demonstrated that both diffusion coefficient

(0.06�0.02 μm2/s) and Mf (98�4%), of CB2R remained consis-
tent under both conditions. This finding indicates that
RO7304924’s high signal-to-background ratio, derived from its
environmentally sensitive fluorescence, enables accurate recep-
tor mobility measurements without requiring post-incubation
washing steps.

These results suggest that the quantum yield of the
RO7304924 probe is significantly modified by its binding to the
receptor. While the exact mechanism remains elusive, we
propose the following factors based on the literature on
fluorescence modulation in protein-lipid environments: (i)
microenvironmental polarity: the fluorescence emission maxima
in methanol,[19] a moderately polar solvent, suggest that the
CB2R’s lipid-protein microenvironment provides an optimal
polarity for fluorescence enhancement. This supports the
hypothesis that fluorescence is not solely dependent on
lipophilicity but also on polarity-specific stabilization of the
fluorophore‘s excited state;[34] (ii) reduced solvent quenching:
binding of the probe to CB2R likely shields it from the
surrounding aqueous environment, thereby reducing solvent-
mediated quenching effects. This interaction could explain the
enhanced quantum yield observed upon receptor binding;[35]

(iii) restricted rotational freedom: the binding pocket of CB2R
may restrict the probe‘s rotational and vibrational degrees of
freedom. Such restrictions are known to reduce non-radiative
decay pathways, thereby increasing fluorescence efficiency;[36]

(iv) structural stabilization by the receptor: The binding
interaction between the probe and CB2R could stabilize the
electronic and structural configuration of the fluorophore,
enhancing its photophysical properties;[37] (v) localized concen-
tration effect: the localization of the probe to the receptor-
enriched regions of the membrane may effectively increase its
apparent concentration, amplifying the fluorescence signal.[38]

3. Conclusions

In conclusion, in this study we provided the first character-
ization of CB2R mobility in plasma membranes of living cells by
using FRAP and the novel fluorescent probe RO7304924 in a
simplified system where CB2R is overexpressed. Even though
further studies will be required in the near future to fully
elucidate the behaviour of this receptor in the context of cell
membranes that express physiological levels of CB2R, our
findings demonstrate the feasibility of using RO7304924 to
study CB2R dynamics, highlighting its potential as a valuable
tool for investigating receptor mobility in living systems.
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