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To image activated microglia, a small-molecule FPR2/ALX-targeted
fluorescent probe was locally delivered into the brain using focused
ultrasound and microbubbles. The probe did not co-localise with
neurons or astrocytes but accumulated in activated microglia,
making this a potential imaging tool for future drug discovery
programs focused on neurological disorders.

Microglia are the resident immune cells of the brain and play a
central role in maintaining homeostasis. They act as a host
defense system by sensing and responding to changes in their
environment. In brain injury and multiple disease states, there
is often inflammation which is mediated by activated
microglia.’™ For instance, the progression of Alzheimer’s dis-
ease, multiple sclerosis, Huntington’s disease and Parkinson’s
disease have been linked to microglial activity, making these
cells a potential marker of the onset and progression of
neurological disease.® As a result, there is a need for tools
that enable the reliable imaging of activated microglia.
Microglia, in their resting state, have a ramified phenotype
with a high number of processes that are constantly moving
and interacting with neighbouring blood vessels, neurons and
astrocytes.” Microglial activation, however, is accompanied by
several characteristic morphological changes within the cell,
such as the retraction of the processes, which results in the
microglia having an ameboid-shaped cell body and short or
non-existent processes.””® Previous efforts to image activated
microglia have focused around the development of radioli-
gands that target the translocator protein (TSPO) receptor,
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which is upregulated in activated microglia and found on the
outer mitochondrial membrane.>'® Using this receptor as a
microglial marker, however, can be problematic as TSPO is also
abundantly expressed in a variety of healthy brain tissues. More
recently, probes that allow the visualisation of cyclooxygenase
(COX) enzymes, which are highly expressed key players in
inflammation, have also been synthesised to image activated
microglia. However, issues arising with these reported probes
include low in vivo sensitivity and non-specific binding of these
radioligands.""?

Another possible target to visualise microglia is FPR2/ALX
(formyl peptide receptor 2 or the lipoxin A, receptor, previously
known as formyl peptide receptor-like 1 [FPRL1]), a G-protein-
coupled receptor which is expressed on the cell surface of immune
cells.”® This receptor is known to produce ligand-dependent
responses that can be both pro- or anti-inflammatory."*"” In resting
state microglia, FPR2/ALX is expressed at low levels, however it is
upregulated in inflammatory conditions.'®"”

We have recently reported the design and evaluation of a
targeted, small-molecule, fluorescent compound (Rho-pip-C1;
Fig. 1A) that binds to neutrophils via FPR2/ALX."® We hypothe-
sised that Rho-pip-C1 could allow the selective visualisation of
activated microglia and be used as a tool to study the role of
activated microglia and this specific receptor in neuroinflammation.

Rho-pip-C1 was prepared by derivatizing Rhodamine B at
the carboxylic acid position to form an amide bond with a
piperazine amine.'® This modification prevents rhodamine
spirocyclisation and as a result precludes formation of the
non-fluorescent, cyclic rhodamine form.'® The strongly fluor-
escent rhodamine derivative was then combined with Quin
C1,%° a FPR2/ALX-targeting ligand.”" The photophysical proper-
ties of the compound were found to be compatible with
biological imaging (excitation wavelength: 560 nm, emission
wavelength: 582 nm). We also previously demonstrated that
Rho-pip-C1 is non-toxic to neutrophils in vitro at relevant
concentrations (107°-10"° M) and is suitable for imaging
neutrophils in vascular inflammation.'® Here, we sought to explore
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Fig. 1 (A) The structure of Rho-pip-C1 contains a rhodamine fluorophore
and a FPR2/ALX (formyl peptide receptor 2/lipoxin A4 receptor)-targeting
ligand. (B) Schematic representation showing oscillating microbubbles
within a focused ultrasound field allowing the Rho-pip-C1 probe into
the brain. (C) In vivo experimental setup for focused ultrasound-mediated
delivery. The left hippocampus was treated with ultrasound pulses (1 MHz),
during which SonoVue microbubbles were injected intravenously through
the tail vein followed by Rho-pip-C1 and their presence was verified using
a passive cavitation detector (centre frequency: 7.5 MHz), that listens to the
acoustic emissions from the microbubbles.

the possibility of this probe to act as a marker for activated
microglia and the associated cerebral neuroinflammation.
Typically, small molecule probes, such as Rho-pip-C1 do
not cross the blood-brain barrier (BBB) due to their size and
the number of hydrogen bonds that they form.>> To circumvent
this issue, a non-invasive and localised way to get such
probes across the BBB is to use focused ultrasound and
microbubbles.”> This method involves injecting the probe
and clinically approved microbubbles into the bloodstream.
Ultrasound is then focused onto the brain region of interest
where the ultrasound pulses will drive the microbubbles to
oscillate within the blood vessels (Fig. 1B). The oscillations
exert mechanical stresses on the vessel walls within the region
of interest, leading to an increased permeability of the BBB.
One of the major hurdles in the development of imaging
agents for brain targets is the BBB. Traditionally, the way to
achieve efficient passage across the BBB is to prepare lipophilic
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molecules under 400 Da in size with a lower propensity to
form hydrogen bonds, which severely limits the scope of
potential candidates.>* Furthermore, although these properties
have been found to aid in crossing the BBB, they also lead to
enhanced accumulation in peripheral tissue, higher toxicity
and suitable concentrations within the brain are difficult to
achieve.”>?*

We instead delivered Rho-pip-C1 to a specific region of
the brain in vivo using a focused ultrasound setup combined
with systemically administered microbubbles (Fig. 1C). In
this method, the left hippocampus of C57BL/6 mice was treated
with ultrasound pulses (frequency: 1 MHz; peak-negative pres-
sure: 530 kPa; pulse length: 10 ms; pulse repetition frequency:
0.5 Hz; sonication duration: 250 s), while the right hippocam-
pus was treated as a control (no ultrasound treatment). During
ultrasound exposure, SonoVue microbubbles were injected
intravenously through the tail vein followed by Rho-pip-C1
(1.4 mg ml™") and their presence was verified by listening to
the microbubble’s acoustic emissions with a passive cavitation
detector. The ultrasound treatment in these experiments was
not only used to get the probe into the brain but also to
create an environment in which microglia would be activated.
This was facilitated by choosing a high ultrasound pressure
(530 kPa) which would lead to microglial activation,® due to
the microbubbles inducing higher stresses on the vessel walls.
Following the ultrasound treatment, transcardial perfusion was
performed and the brains were extracted, sectioned into 30 pm
horizontal brain slices and imaged using bright-field and
fluorescence microscopy (Fig. 2). Successful delivery to the left
hippocampus (Fig. 2B), which had been treated using focused
ultrasound to deliver the probe, was quantified via the normal-
ised optical density (average fluorescence intensity in the
targeted region subtracted by that of the control region).***"*
In the right hemisphere (Fig. 2C), where no ultrasound treat-
ment had occurred, no fluorescent signal was observed. This
indicates that the compound does not cross the BBB by itself,
but that we can achieve localised delivery with focused ultra-
sound and microbubbles.

The probe was delivered in all brains (see normalised optical
density quantification, Fig. S1, n = 3, ESI{) with a heteroge-
neous distribution pattern, resulting in areas with high
accumulation of the probe within the same treated region as
areas with little or no probe. This uneven distribution is likely
to be a result of the ms-long ultrasound pulses and the high
pressure used,**? parameters which were chosen to enable the
probe to be delivered into the brain while inducing microglial
activation.”>*® In future work, low pressure short pulses of
ultrasound will be used to deliver this probe homogenously,**
as experiments will be performed on preclinical inflammatory
models instead of (as performed here in this proof of principle
study) using the ultrasound technique to induce the inflamma-
tion, i.e. microglial activation.*' To the best of our knowledge, this
is the first time that a probe that targets activated microglia has
been delivered to the brain in vivo using focused ultrasound.

To assess whether the probe was able to target microglia
once in the brain, brain sections were immunohistochemically
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Fig. 2 (A) Bright field image (10x) of a horizontal brain slice with the

ultrasound-targeted (left) and control (right) sides highlighted within
rectangles. Fluorescence images (10x; 562/40 nm excitation filter,
624/40 nm emission filter) show (B) the accumulation of Rho-pip-C1
(concentration injected: 1.4 mg ml™Y) in the targeted region of the brain
and (C) no probe detected in the control right side of the brain. Scale bars
indicate 500 pm.

stained for Iba1l (ionized calcium binding adaptor molecule 1).
The Ibal protein is specifically localised in microglia and is
upregulated in activated microglia.’* Iba1 staining showed that
microglia that displayed typical morphological changes for
activation, including an ameboid-shaped cell body and short
or non-existent processes,® were present within the ultrasound
targeted regions (Fig. 3B, E, G, H and Fig. S2, ESIT). Rho-pip-C1
was found to colocalize with activated microglia, which had a
more ameboid-like shape (Fig. 3C, F-H), consistent with reports
that activated microglia overexpress FPR2/ALX."'®'” We cannot
rule out the possibility that the probe could be targeting some
resting-state microglia and non-parenchymal macrophages; how-
ever, this will be quantified in future work with specific staining
tools e.g. DAB staining and anti-TMEM119 antibodies.?>*>°
Colocalisation could also be due to the microglia phagocytosing
Rho-pip-C1 to remove it from the brain.

Immunohistochemical staining was also performed to check
whether the probe colocalized with other cerebral specific cell
types e.g. neurons (which are involved in signal transmission)
and astrocytes (which have a number of functions including
regulating the BBB permeability and maintaining the neuronal
microenvironment).>”%%

NeuN (neuronal nuclear protein) and GFAP (glial fibrillary
acidic protein) staining were used to image neurons and
astrocytes respectively. No colocalization between the probe
and neurons (Fig. 4) was observed as expected, given that
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Fig. 3 Rho-pip-C1 colocalises with microglia in the brain. Fluorescence
images (10x) show where (A and D) Rho-pip-C1 and (B and E) microglia
(Ibal staining) are colocalised (arrows) in (C and F) the merged channels
and where the morphology of the microglia is round with shorter or no
processes, indicators of activation (asterisks). (G and H) More rounded
microglia with Rho-pip-C1 uptake are highlighted in more detail. Scale
bars indicate 50 pm.

neurons do not express FPR2/ALX.>® Astrocytes, on the other
hand, have been shown to express FPR2/ALX;***® however, no
colocalization was detected between the probe and astrocytes
using GFAP staining (Fig. 5). It should be noted that whilst
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Fig. 4 Rho-pip-C1 does not colocalise with neurons. Fluorescence
images (10x) show where (A and D) Rho-pip-C1 and (B and E) neurons
(NeuN staining) are localised. (C and F) Merged channels show that the
Rho-pip-C1 probe and neurons are not colocalised with (G and H) some
regions shown in more detail. Scale bars indicate 50 pm.
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Fig. 5 Rho-pip-C1l is not colocalised with astrocytes. Fluorescence
images (10x) show where (A and D) Rho-pip-C1 and (B and E) astrocytes
(GFAP staining) are in the targeted region. (C and F) Merged channels show
that Rho-pip-C1 and astrocytes do not colocalised (white arrows point
some astrocytes out). (G and H) Some regions are highlighted in more
detail. Scale bars indicate 50 pm.

GFAP is upregulated in reactive astrocytes, it is not present in
all non-reactive astrocytes. Thus, in future work, additional
astrocyte markers will be used to confirm that the probe does
not colocalize with both reactive and all non-reactive astrocytes.
Later time-points will also be explored to assess whether Rho-
pip-C1 binds to astrocytes subsequently in time.

In this study, the delivery of Rho-pip-C1 was assessed ex vivo,
in order to establish whether focused ultrasound would allow
probe delivery to the brain. Future work will be performed to
detect this probe in vivo by attaching MRI or PET imaging
motifs, allowing for preclinical longitudinal studies.

Our study shows that Rho-pip-C1, an FPR2/ALX-targeted
fluorescent probe, recently reported as a useful marker of
vascular inflammation can also bind to activated microglia,
which can be useful for biomedical research and preclinical
drug discovery programs focusing on neuroinflammation. We
initially demonstrated that whilst Rho-pip-C1 is unable to cross
the BBB by itself, it can be delivered locally across the BBB
using focused ultrasound and microbubbles. Using immuno-
histochemical staining, we established that Rho-pip-C1 does
not bind to neurons or astrocytes but accumulates in activated
microglial cells. These results suggest that Rho-pip-C1 could be
an interesting future target to investigate the role of FPR2/ALX
in activated microglia in neurological disorders.
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