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of cardiac repair-associated processes using
NS514490

Victoria J. M. Reid"?, Wesley K. X. McLoughlin', Kalyani Pandya'?, Holly Stott', Monika I$kauskiené?,
Algirdas Sackus®, Judit A. Marti*, Dominic Kurian®, Thomas M. Wishart?, Christophe Lucatelli?, Dan Peters>®,
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Mark G. MacAskill""

Abstract

Background Cardiac repair and remodeling following myocardial infarction (M) is a multifactorial process involv-

ing pro-reparative inflammation, angiogenesis and fibrosis. Noninvasive imaging using a radiotracer targeting these
processes could be used to elucidate cardiac wound healing mechanisms. The alpha? nicotinic acetylcholine receptor
(a7nAChR) stimulates pro-reparative macrophage activity and angiogenesis, making it a potential imaging biomarker
in this context. We investigated this by assessing in vitro cellular expression of a7nAChR, and by using a tritiated ver-
sion of the PET radiotracer ['®FINS14490 in tissue autoradiography studies.

Results a7nAChR expression in human monocyte-derived macrophages and vascular cells showed the highest
relative expression was within macrophages, but only endothelial cells exhibited a proliferation and hypoxia-driven
increase in expression. Using a mouse model of inflammatory angiogenesis following sponge implantation, spe-
cific binding of [PHINS14490 increased from 3.6+0.2 uCi/g at day 3 post-implantation to 4.9+0.2 uCi/g at day 7
(n=4, P<0.01), followed by a reduction at days 14 and 21. This peak matched the onset of vessel formation, mac-
rophage infiltration and sponge fibrovascular encapsulation. In a rat Ml model, specific binding of [PHINS14490

was low in sham and remote MI myocardium. Specific binding within the infarct increased from day 14 post-MI
(33.8+£14.1 pCi/g, P<0.01 versus sham), peaking at day 28 (48.9+5.1 uCi/g, P<0.0001 versus sham). Histological

and proteomic profiling of a7nAChR positive tissue revealed strong associations between a7nAChR and extracellular
matrix deposition, and rat cardiac fibroblasts expressed a7nAChR protein under normoxic and hypoxic conditions.

Conclusion a7nAChR is highly expressed in human macrophages and showed proliferation and hypoxia-driven
expression in human endothelial cells. While NS14490 imaging displays a pattern that coincides with vessel forma-
tion, macrophage infiltration and fibrovascular encapsulation in the sponge model, this is not the case in the Ml
model where the a7nAChR imaging signal was strongly associated with extracellular matrix deposition which could
be explained by a7nAChR expression in fibroblasts. Overall, these findings support the involvement of a7nAChR
across several processes central to cardiac repair, with fibrosis most closely associated with a7nAChR following MI.
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Introduction

Wound healing in response to injury is a complex and
multifactorial response, which leads to tissue remod-
eling and repair. Following myocardial infarction (MI),
the dynamics of the cellular responses leading to wound
healing have been demonstrated through detailed pre-
clinical and clinical studies [1, 2]. From these studies, it
is clear that progression of the wound repair process is
an important determinant of long-term remodeling and
loss of cardiac function leading to the development of
heart failure. As yet there remains no reliable means of
noninvasively assessing the processes involved in cardiac
wound healing, or directly determining the impact of
therapeutic intervention. Cardiac repair involves a com-
plex interplay between a multitude of cell types such as
immune cells, endothelial cells and fibroblasts. This coali-
tion of cells drive the processes of inflammation, angio-
genesis and extracellular matrix reorganization which are
central to the cardiac healing response [3]. The alpha7
nicotinic acetylcholine receptor (a7nAChR) plays a role
in both angiogenesis and promotion of a pro-reparative
macrophage phenotype during wound repair [4, 5]. In
addition, a7nAChR has been shown to be central to car-
diac repair with blockade leading to increased adverse
remodeling [6] while stimulation has cardioprotec-
tive effects [7, 8]. As such, we set out to investigate the
suitability of this target as an imaging biomarker which
reflects the interlinked processes which are essential to
cardiac wound healing.

The a7nAChR is a pentameric ligand-gated ion channel
that is expressed by central and peripheral neuronal cells
[9]. It is also expressed by peripheral non-neuronal cells,
such as epithelial [10], endothelial [4], vascular smooth
muscle [11] immune cells [12] and fibroblasts [13].
Peripheral activation of a7nAChR by neuronal and non-
neuronal acetylcholine release leads to anti-inflammatory
regulation of the innate immune system and is one of the
most well-defined actions of this receptor [5]. a7nAChR
is an essential regulator of inflammatory macrophage
activity [12] and stimulates the polarization and survival
of an anti-inflammatory M2-like macrophage phenotype
[14]. These M2-polarized macrophages are essential for
resolution and inflammation and promotion of pro-repar-
ative activities including angiogenesis and fibrosis [15].
Although less explored, a7nAChR activation in endothe-
lial cells is also known to directly play a role in the stim-
ulation of angiogenesis. d7nAChR is the most abundant
nicotinic acetylcholine receptor subtype within endothe-
lial cells [4]. Activation or inhibition of this receptor has

pro- and anti-angiogenic consequences, respectively, as
demonstrated in vitro and in vivo [4, 16, 17]. Nicotine, a
ligand of a7nAChR, is a powerful promotor of angiogen-
esis via d7nAChR-dependent means [18]. Given the role
a7nAChR plays in the above wound healing processes, it
is likely that this receptor may also play a role in the other
elements of cardiac repair such as fibroblast regulation of
fibrosis. However, there is a lack of evidence to support
this and as such this study initially focused on the inflam-
matory and angiogenic aspects of a7nAChR activation.

We hypothesize that a7nAChR can serve as an imag-
ing target for assessment of angiogenesis and pro-repar-
ative inflammation using the a7nAChR selective agonist
Positron Emission Tomography (PET) radiotracer ['®F]
NS14490 [19, 20]. We investigated the in vitro expres-
sion of this target in human macrophages, endothelial
and vascular smooth muscle cells during proliferative and
hypoxic conditions. In addition, we assessed this recep-
tor’s relationship to inflammation and angiogenesis using
the inflammation-driven angiogenic sponge implanta-
tion model with a tritium labeled version of NS14490 and
autoradiography to measure a7nAChR specific binding.
Finally, we investigated the pattern of a7nAChR expres-
sion during left ventricular remodeling following MI
using tissue from a rat MI model.

Methods

Normoxic and hypoxic cell culture

Three different human cell types were cultured in this
study. Primary human umbilical vein endothelial cells
(HUVEC, Promocell, Germany) were cultured on 0.1%
gelatin (Sigma, UK) using Endothelial Growth Medium
2 (Promocell, Germany) and used between passages 2—6.
The monocytic cell line THP-1 (ECACC, UK Health
Security Agency, UK) was cultured in suspension using
RPMI supplemented with 10% fetal calf serum and 2 mM
L-glutamine (Sigma, UK). Prior to investigation, THP-1
cells were differentiated into macrophages using 100 ng/
ml of phorbol 12-myristate 13-acetate (PMA, Sigma,
UK) treatment for 72 h. This leads to a non-polarized
macrophage phenotype with a negligible level of cell
proliferation. Primary human coronary artery smooth
muscle cells (CVSMC, Promocell, Germany) were cul-
tured using Smooth Muscle Cell Growth Medium 2
(Promocell, Germany) and used between passages 2—6.
All cells were maintained at 37 °C, 5% CO, and 100%
humidity under normoxic conditions (atmospheric oxy-
gen). The endothelial and vascular smooth muscle cell’s



Reid et al. EJINMMI Research (2024) 14:7

basal, non-proliferative (quiescent), state was achieved
though contact inhibition by allowing the cells to grow to
100% confluence. Sub-confluent cultures were exposed to
hypoxia (1% O,) over a time course (0-16 h). Cells were
then lysed using RIPA buffer system (Santa Cruz Biotech-
nology, USA), and the protein was stored at -20 °C.

To assess the presence of a7nAChR signaling in car-
diac fibroblasts of the rat heart, rat cardiac fibroblasts
where isolated and cultured for assessment of a7nAChR
expression consistent with how the human cell cul-
tures were investigated. Experiments were authorized
by the local University of Edinburgh Animal Welfare
and Ethical Review Committee and in accordance with
the Home Office Animals (Scientific Procedures) Act
of 1986. Rat cardiac fibroblasts were isolated and main-
tainted as previously desribed [21-23]. Briefly, two male
and two female Sprague—Dawley rats at 4 weeks of age
were culled using an overdose of anesthetic. Prior to
dissection, fur was shaved and skin was sterilized with
ethanol, hearts were dissected using sterilized tools and
placed in warmed DMEM/F-12 (Gibco, USA). Follow-
ing dissection, pericardium and atria were removed using
sterile tools and ventricles were weighed. Cardiac tissue
was manually dissociated into 1-2mm? pieces and each
heart was transferred to a Miltenyi C tube (Miltenyi Bio-
tec, Germany). The tissue was then digested using the
enzyme mix from Multi Tissue Dissociation Kit 2 (Milte-
nyi Biotec, Germany) for 15 min at 37 °C and then further
dissociated using the gentleMACS Dissociator (Miltenyi
Biotec, Germany). These steps were repeated twice fur-
ther. Samples were then resuspended in DMEM/F-12
with 20% FBS (Gibco, USA) and filtered using a 70-pum
strainer. The cell suspension was centrifuged at 600 X g for
5 min, after which the supernatant was discarded before
the pellet was resuspended in DMEM/15% FBS/1% Pen-
strep (Gibco, USA). The single-cell suspensions across
the four hearts were pooled and then placed onto a poly-
L-lysine coated T75 flask (Merck/Sigma-Aldrich, USA)
and incubated for 2 h. Following incubation, the single-
cell suspension was removed leaving the fibroblasts
adhered to the coated flask. The isolated fibroblasts were
maintained and expanded using DMEM/15% FBS/1%
Penstrep. These cells were characterized by immunocyto-
chemical analysis and found to be Vimentin™/PDGFRa?,
heterogeneously positive for aSSMA and CD457/RECA-
17. Following cell expansion cells were seeded at a density
of 700,000 cells per T25 and assed under the same condi-
tions as the human vascular cells. These conditions were
carried out in triplicate.

Western blot analysis of a7ZnAChR
The protein content of lysed cells was quantified using
the Bio-Rad Protein Assay which is based on the
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Bradford Method (Bio-Rad, USA). Protein was reduced
and prepared for western analysis using the Bolt LDS
sample buffer and Reducing agent, before 10 ug protein
was loaded into each well of a 10% Bis—Tris Plus Bolt
Gels (Thermo Fisher Scientific, USA). Gels were run
for 60 min at 150 v using NP MES SDS running buffer
(Thermo Fisher Scientific, USA) and transferred to Nitro-
cellulose membrane at 10 v for 60 min using NuPAGE
transfer buffer (Thermo Fisher Scientific, USA). Mem-
branes were blocked with 5% milk in TBST before over-
night incubation with the primary antibodies at 4 °C.
The anti-a7nAChR was used at 1/300 (ab10096, Abcam),
while anti-GAPDH was used at 1/10000 (ab9485,
Abcam). Proteins were then detected using IRDye
800CW-labeled antibodies and visualized on the Odys-
sey system (LI-COR Biosciences, USA). a7nAChR was
assessed relative to the GAPDH protein loading control
using Image Studio (LI-COR Biosciences, USA) which
included blot background correction.

Mouse sponge implantation model

Experiments were authorized by the local Univer-
sity of Edinburgh Animal Welfare and Ethical Review
Committee and in accordance with the Home Office
Animals (Scientific Procedures) Act of 1986. Twenty-
four adult male C57Bl/6 ] mice aged 8 —10 weeks were
housed under standard conditions of 12 h of light and
12 h of darkness, with food and water available ad libi-
tum. The sponge implantation was carried out as previ-
ously described [24]. Briefly, anesthesia was induced and
maintained with 1.5-2.5% isoflurane (0.5-3% in oxygen,
1 L/min) with body temperature maintained by a heated
mat. Buprenorphine (0.05 mg/kg; Sogeval, France) was
given subcutaneously for analgesia. The area around the
scruff was shaved and disinfected with sterilizing iodine
solution before a 1-cm incision was made into the skin
between the shoulder blades. A subcutaneous tunnel
was made using blunt forceps to lift the skin from the
back of the body. The sponges (1.5X1x1 cm; Caligen
Foam, Accrington, Lancashire, UK) were inserted into
the mouse’s flank before closing the incision with 2—3
Michel wound clips. The animal was allowed to recover
and closely monitored for signs of infection over the fol-
lowing week. Mice were culled at 3-, 7-, 14- and 21 days
post-surgery, with metal clips being removed 10 days
post-surgery once the wound had healed, where applica-
ble. Excised sponges were fixed in 10% formalin (Sigma,
UK) before paraffin tissue processing.

Myocardial ischemia and reperfusion injury in rats

Experiments were authorized by the local University of
Edinburgh Animal Welfare and Ethical Review Com-
mittee and in accordance with the Home Office Animals
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(Scientific Procedures) Act of 1986. Thirty-five adult
male Sprague—Dawley rats aged 7-8 weeks underwent
the surgery, n=17 for the sham cohort and n=18 for
the MI cohort. The animals were housed under standard
conditions of 12 h of light and 12 h of darkness, with food
and water available ad libitum. Anesthesia was induced
and maintained using isoflurane (0.5-3% in oxygen, 1 L/
min) before buprenorphine (0.05 mg/kg; Sogeval, France)
was administered preoperatively for analgesia. Tracheal
intubation was achieved under direct vision, and ventila-
tion was maintained with a rodent ventilator (model 683,
Harvard Apparatus, USA) according to the manufac-
turer’s instructions. The skin was incised at the level of
the left third and fourth ribs where the pectoral muscles
were divided and retracted. A left lateral thoracotomy
was then performed. With minimal handling, the peri-
cardium was ruptured, the heart gently exteriorized from
the thorax, and a silk 5-0 ligature was placed around the
left anterior descending coronary artery just above the
bifurcation of the first diagonal and maneuvered back
into position. After 30 min, this ligature was removed
to allow reperfusion and the wound was closed in three
layers. The sham procedure omitted the coronary artery
ligation step. Animals were recovered and extubated
once spontaneous ventilation was established, housed
at 30 °C for 24 h and given sterile sodium chloride fluid
therapy (0.9%, 0.01 mL/g) subcutaneously in addition to
another dose of buprenorphine. After 24 h, normal hous-
ing conditions were resumed. Rats were culled at 2, 7, 14
and 28 days post-surgery, and their hearts were collected
and fixed in 10% formalin (Sigma, UK) before paraffin tis-
sue processing.

a7nAChR Autoradiography with [3HINS14490

The tritiated version was utilized in this study due to the
higher spatial resolution afforded by this isotope relative
to 'E. Formalin-fixed, paraffin-embedded sponge and
cardiac tissue were sectioned at 5 um thickness onto glass
slides, then dewaxed and rehydrated just prior to auto-
radiography. The slides were left to equilibrate in buffer
(50 mM Tris—HCI, 4 mM CaCl2, 0.1% bovine serum
albumin (BSA), 120 mM NaCl, 5 mM KCI, pH 7.4) for
30 min at room temperature before they were incubated
with 50 nM [?H]NS14490 (Novandi Chemistry AB, Swe-
den) for 2 h at room temperature (total binding). Non-
specific binding was determined in separate sections
using 50 nM [*PH]NS14490 with the addition of non-radi-
oactively labeled NS14490 at 10 uM. Slides were washed
twice in the assay buffer, followed by a dip in deionized
H,O and left to dry before exposure to a BAS TR2040
imaging plate for 4 weeks. A set of tritium standards
were incubated along with the slides and used to con-
vert binding into pCi/g (ART-123A, ARC Inc., USA). The
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plates were imaged on an Amersham Typhoon system
(Cytiva, USA) at 10 uM resolution using the 4000-sensi-
tivity option. Image J was used for analysis with the rep-
resented images show as the “Fire” lookup table. Binding
was converted to pCi/g before specific binding was calcu-
lated by subtracting the non-specific slide value from the
total slide value. Regions of interest (ROI) were drawn
on hematoxylin and eosin (H&E) stained serial sections
and transposed into the autoradiography data. Where
the average of an ROI had no specific binding, this region
was given a value of 0.

Histology and immunostaining

Serial 5-pm transverse paraffin-embedded sections were
dewaxed and rehydrated through graded alcohols before
staining. To visualize cellular and tissue structure, H&E
staining was performed by incubation of rehydrated
slides for 5 min in hematoxylin. The slides were then
washed in 1% acid alcohol (5 s) and differentiated in
Scott’s tap water substitute (10 s). Slides were then incu-
bated in eosin (5 s) before thoroughly washing and dehy-
drating through graded alcohol. The slides were cleared
in xylene and mounted using synthetic resin.

Serial slides were also stained for total collagen by with
Picro Sirius Red through a 60-min incubation in the dye
solution (ab150681, Abcam plc), followed by two washes
in 0.5% acetic acid (3 s) and dehydrating through graded
alcohol. The slides were cleared in xylene and mounted
using synthetic resin.

Immunostaining was carried out on the mouse sponge
tissue for the endothelial cell marker CD31 (AB28364,
Abcam, UK), the vascular smooth muscle cell marker
a-SMA (Sigma, USA) and the macrophage marker F4/80
(eBiosciences, USA). For CD31 and alpha smooth mus-
cle actin (a-SMA) co-staining, slides were dewaxed and
rehydrated before antigen retrieval in a pressure cooker
using citrate buffer (pH 6). Slides were washed in 0.5%
BSA in PBS at the beginning and between each anti-
body step. Blocking was performed for 1 h in 10% don-
key serum and before incubation with the primary CD31
antibody (1/200) overnight at 4 °C. This was followed
by incubation with the secondary Alexa 488 conjugated
antibody (donkey anti-rabbit, 1/1000, Sigma, UK) and
a-SMA antibody conjugated to Cy3 (rabbit anti-mouse,
1/1000). The nuclear counter stain DAPI was applied
(1/1000) for 5 min before a final thorough wash and
then mounting. For F4/80, slides were dewaxed and
rehydrated before antigen retrieval was performed with
trypsin (0.5 mg/mL, 10 min at 37°C). Endogenous perox-
idases were blocked with a 15-min H,0, incubation (3%),
and antibody blocking was achieved with the Vector
impress blocking system (Vector Labs, USA). The F4/80
antibody was applied (1/300) for 30 min followed by an
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incubation with the InmPRESS™ anti-rat Ig reagent for
30 min (Vector Labs, USA).

Immunostaining was also carried out on rat cardiac
tissue for the monocyte lineage marker CD68 (Bio-Rad
Laboratories, USA). Slides were dewaxed and rehydrated
before antigen retrieval in a pressure cooker using Tris—
EDTA buffer (pH 9.0). Endogenous peroxidases were
blocked using 3% hydrogen peroxide for 15 min, followed
by a PBS and blocking step in 10% donkey serum for 1 h.
All subsequent incubations were performed at room
temperature, with PBS washes carried out every step
after the primary incubation. Slides were then incubated
with the primary antibody at 1:100 in 1% donkey serum
for one hour before incubation with the secondary don-
key anti-mouse peroxidase at 1:750 (Jackson ImmunoRe-
search, USA) for one hour. The signal was then visualized
using Tyramide amplification through incubation with
Tyramide red working solution (TSA™-Plus Cyanine 3
System, PerkinElmer Inc. USA) at 1:50 for 3 min. Nuclei
were counterstained with DAPIL.

Brightfield and fluorescent images were scanned at
20 x magnification (Axioscan slide scanner, Zeiss, Ger-
many, with Hitachi HV-F202SCL imaging device). All
slides were processed at the same time to minimize vari-
ation in staining intensity. Quantification was performed
using Image J with ROIs drawn on the H&E sections. To
quantify total collagen, the % red area within the ROI was
calculated. For quantification of fluorescent images, the
mean intensity of the CD68 signal within the ROIs was
calculated. These values were then plotted against the
a7nAChR specific binding signal for the matching ROL

Cardiac proteomics and pathway analysis

Proteomics was carried out in pooled cardiac tissue, with
4—6 hearts used for each time point. Approximately 100
to 250 mg of tissue pooled samples were extracted with
lysis buffer (5% sodium dodecyl sulfate (SDS) in 50 mM
triethylammonium bicarbonate buffer (TEAB)) in a ratio
of 1:10 (w/v) and homogenized with ceramics beads
(CK Mix Precellys ceramics beads; Bertin Technologies,
France). After beads beating, each vial was centrifuged
10,000 RCF for 10 min. Resulting supernatant was trans-
ferred into a new protein low binding vial, sonicated for
10 min (Bioruptor Picosonicator; Diagenode, Belgium)
and centrifuged 10,000 RCF for 10 min. 500 pL of each
clean supernatant were taken and protein concentration
was determined using BCA assay (Thermo Scientific,
USA); 30 ug of protein in 25 pL of lysis buffer was then
reduced with 10 mM dithiothreitol (final concentration)
for 1 h, 400 rpm at 37 °C and alkylated with 18.75 mM
iodoacetamide for 35 min at room temperature in the
dark. Reduced and alkylated supernatant were digested
and washed with S-trap microcolumns (ProtiFi, USA)
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with a high recovery protocol as described by the sup-
pliers, adding three extra chloroform:methanol (200 pL,
1:1, v/v) washes to remove the lipid content and using
trypsin/Lys-C enzyme at an enzyme-—substrate ratio of
1:20 for digestion. Peptides were eluted with 60 pL of
50 mM TEAB, followed by 60 pL of 0.1% formic acid
and 60 pL of 50% acetonitrile (MeCN) in 0.1% formic
acid. Eluted peptides were dried in a SPD2010 SpeedVac
(Thermo Scientific, USA) and desalted using Hypersep
C18 Spin tips (Thermo Scientific, USA) and finally eluted
with 0.1% trifluoro acetic acid (TFA) in 60% MeCN and
dried in a SpeedVac.

Purified peptides were separated over a 90 min gradi-
ent on an Aurora-25 cm column (IonOpticks, Australia)
using a UltiMate RSLCnano LC System (Dionex, USA)
coupled to a timsTOFfleX mass spectrometer (Bruker
Daltonics, Germany) through a CaptiveSpray ioniza-
tion source. The gradient was delivered at a flow rate
of 200 nL/min, and washout was performed at 500 nL/
min. The column temperature was set at 50 °C. For DDA-
PASEF acquisition, the full scans were recorded from
100 to 1700 m/z spanning from 1.45 to 0.65 Vs/cm2 in
the mobility (1/K0) dimension. Up to 10 PASEF MS/MS
frames were performed on ion-mobility separated pre-
cursors, excluding singly charged ions which are fully seg-
regated in the mobility dimension, with a threshold and
target intensity of 1750 and 14,500 counts, respectively.
Raw mass spectral data was processed using PEAKS
Studio X-Pro Software (Bioinformatics Solutions Inc.,
Canada). Search was performed against UniProt rat ref-
erence proteome (Rattus norvegicus) sequence database
containing 22,866 entries with MS1 precursor tolerance
of 20 ppm and MS2 tolerance of 0.06 Da. Fully tryptic
digestion allowing one missed cleavage, fixed modifica-
tion of cystine (+57.02) and oxidation of methionine and
deamination of asparagine and glutamine were speci-
fied as variable modification for database search. Peptide
spectrum matches, peptides, and proteins were validated
at a 1.0% FDR using the decoy hit distribution. Quanti-
tative LFQ analysis was performed and with optional ID
transfer enabled. Following investigation of several nor-
malization approaches, protein expression relative to
GAPDH was found to be the most appropriate by inves-
tigating other validated internal housekeeping markers
(HPRT1 [25], Park7 [26]) and has been shown to be the
most stable protein for rat cardiac tissue [25]. Missing
data points were imputed, and statistical changes were
calculated as previously described [27]. Differentially
expressed up- and downregulated proteins were iden-
tified using a fold change cutoff of 2 and p<0.05. These
protein hits then underwent functional enrichment
analysis on WebGestalt [28] using over-representation
analysis and the following parameters: minimum number
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of IDs in the category=5, maximum number of IDs in
the category=2000, FDR method=BH, significance
level =FDR < 0.05.

Statistical analysis

Other than proteomics, all statistical analysis was per-
formed using Graphpad Prism version 9. All graphi-
cal results are displayed as the meantstandard error
of the mean (SEM). Normality analysis was based on
D’Agostino-Pearson and Shapiro—Wilk, and the following
statistical tests were used; Kruskal-Wallis test with post
hoc Dunn’s, ordinary one-way ANOVA with post hoc
Holm-Sidak test, ordinary one-way ANOVA with post
hoc Dunnett’s, two-way ANOVA with post hoc Sidék’s
test, Pearson correlation.

Results

Cellular a7nAChR expression in human macrophage

and vascular cells shows an endothelial cell-specific
hypoxia response

The response of a7nAChR in human endothelial cells,
vascular smooth muscle cells and macrophages to nor-
moxic and hypoxic conditions was investigated by west-
ern blot (Fig. 1, Additional file 1: Fig S1). Proliferative
conditions (normoxia, full growth media) stimulated
an increase in endothelial a7nAChR expression versus
baseline quiescent conditions (normoxia, 100% conflu-
ent). Hypoxia also increased a7nAChR expression in
endothelial cells, peaking after 2 h exposure to 1% O,
(Fig. 1A). Macrophages exhibited no change in a7nAChR
expression in response to hypoxia (Fig. 1B). The effect
of proliferative conditions on macrophage a7nAChR
expression was not investigated as PMA differentiation
of THP-1 monocytes results in a non-proliferative cell
phenotype [29]. Vascular smooth muscle cells showed a
trend (P=0.069, Kruskal-Wallis test) toward increased
a7nAChR expression during proliferation, but was
increased further by hypoxia (Fig. 1C). Comparison of
a7nAChR expression between the three cell types under
proliferative and hypoxic conditions (2 h) revealed the
highest relative a7nAChR expression was found in the
macrophages, followed by the endothelial cells and vas-
cular smooth muscle cells (Fig. 1D).

a7nAChR signal in a murine inflammatory angiogenesis
sponge implantation model peaks at the onset of new
vessel formation and macrophage infiltration

Following implantation of the sponge into the flank of
the mice, the tissue was fixed, processed, and sectioned
prior to [PH]NS14490 autoradiography. Specific bind-
ing of ®H-NS14490 across the whole sponge increased
from 3.6+0.2 pCi/g at day 3 post-implantation to
4.9+0.2 uCi/g at day 7 (P<0.01), followed by a reduction
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in specific binding at day 14 and 21 (Fig. 2A, B). As the
sponges are vascularized inwards from the outer edge,
quantification was also performed in the outer bor-
der (Fig. 2C) and center (Fig. 2D) which showed the
same pattern in each region. This specific binding pat-
tern matches the onset of vessel formation, but not peak
blood vessel density which was day 21 (Fig. 2E, F). It also
matches the initial infiltration of macrophages into the
sponge, but again does not match the peak which was day
21 (Fig. 2G).

Autoradiography with [?HINS14490 following Ml reveals
a late infarct a7nAChR signal from d14 which is strongly
associated with extracellular matrix deposition
H&E staining in the rat cardiac tissue was used to draw
regions of interest within the [PH]NS14490 autoradi-
ography dataset (Fig. 3A). A low level of a7nAChR spe-
cific binding was found within the sham cohorts at all
time points (1-6.6 uCi/g) (Fig. 3B). The a7nAChR sig-
nal was highest in the MI cohort, with [*H]NS14490
specific binding mainly localized to infarct from day 14
(infarct=33.8+14.1 puCi/g, P<0.01 versus sham), then
peaking at day 28 (infarct=48.9+5.1 pCi/g, P<0.0001
versus sham, Fig. 3B-D). A similar trend was observed
in the infarct border territory (Fig. 3E). No changes were
observed between the sham group and the remote infer-
oseptal myocardium of the MI group (Fig. 3F).
Proteomic profiling of a7nAChR expressing infarct
tissue at day 28 versus day 2 infarct was carried out
to understand more about the molecular mechanisms
underpinning this expression pattern (Fig. 4A-D). This
analysis revealed opposing changes across two dis-
tinct groups of proteins involved in the “response to
wounding” (Fig. 4B). In addition, a group of proteins
associated with “extracellular structure organization”
was upregulated and a group associated with “innate
immune response” was downregulated at day 28 ver-
sus day 2 (Fig. 4C, D). Guided by the results so far,
and the fact «7nAChR expression was increased after
the expected peak for an angiogenic-associated signal
[30], further histological staining was performed for
comparison to the [PH]NS14490 signal. CD68 staining
for monocyte/macrophage detection revealed an early
influx of CD68" cells at day 2 which was resolved by
day 14 (Fig. 4E). This marker did not did not correlate
with a7nAChR expression (Fig. 4G). Picro Sirius red
staining for total collagen revealed that collagen depo-
sition within the infarct region increased from day 7
toward day 28 (Fig. 4F). This signal strongly correlated
with the a7nAChR expression pattern (P= <0.0001,
Fig. 4H), which was driven by the data points at day
14 and day 28 (Additional file 1: Fig. S2). In order to
determine the involvement of cardiac fibroblasts in the
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response, and the highest a7nAChR expression relative to GAPDH within macrophages. A Western blot quantification of human endothelial cell
(HUVEC) a7nAChR expression during quiescent conditions (Q), normoxic proliferating conditions (OHr) and exposure to 1% hypoxia (1-16 h)

in proliferating conditions. N=6, *=P<0.05, **=P<0.01 using a Kruskal-Wallis test with post hoc Dunn’s. B Western blot quantification of human
macrophage (PMA-differentiated THP-1) a7nAChR expression during normoxic conditions and 1% hypoxia. These cells no longer proliferate
following PMA differentiation, so no quiescent conditions were used, N=4-5. C Western blot quantification of vascular smooth muscle cell (human
coronary artery) a7nAChR expression during quiescent conditions (Q), normoxic proliferating conditions (OHr) and exposure to 1% hypoxia

in proliferating conditions, N=4-5. D Direct comparison of a7nAChR expression across the cell types at 2 h in 1% hypoxic conditions, N=5-6

and *=P<0.05 using ordinary one-way ANOVA with post hoc Holm-Sidék test. All results are shown as the mean = SEM and example blots are

shown

collagen-associated a7nAChR signal in the rat heart,
rat cardiac fibroblasts were isolated and cultured.
a7nAChR protein expression was assessed during nor-
moxic and hypoxic conditions as performed with the
humans cells in this study. Overall, these results show

that rat cardiac fibroblasts express a7nAChR under
both normoxic and hypoxic conditions (Fig. 41, Addi-
tional file 1: Fig. S1). No statistically significant changes
were observed between groups.
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Fig. 2 Characterization of a7nAChR in a murine inflammatory angiogenesis sponge implantation model reveals an early peak in expression
corresponding with the beginning of angiogenesis and macrophage infiltration. A Representative H&E (left) and autoradiography performed

with the a7nAChR selective radiotracer [PHINS14490. The brighter colors represent areas of higher uptake. Specific binding was blocked using

10 uM NS14490 as shown in the blocking images. B Quantification of [PHINS14490 specific binding across the whole sponge, C sponge border

and D sponge center. N=4, *=P<0.05, **=P<0.01 and ***=P<0.001 using an ordinary one-way ANOVA with post hoc Dunnett’s versus day 3. E
Histological quantification of sponge vasculature assessing CD31% vessels and F CD31 +and aSMA +vessels. N=6, **=P <0.01 and **=P<P<0.001
using a Kruskal-Wallis test with post hoc Dunn’s versus day 3. G Quantification of f4/80 macrophage signal within the sponge, N=6-7, **=P<0.01
and ***=P<0.001 using an ordinary one-way ANOVA with post hoc Dunnett’s versus day 3

Discussion

The mechanisms underlying cardiac wound healing
remain poorly understood, and over time these processes
influence the degree of adverse ventricular remodeling
leading the heart into a state of failure [1, 2]. At present,
there are limited noninvasive, holistic, imaging biomark-
ers which are capable of detecting and quantifying car-
diac wound healing across the spectrum of processes
which are driven by a coalition of different cell types [3].
Going into this study it, was clear that «7nAChR plays
an important role in the regulation of inflammation [5,
12, 14] and stimulation of angiogenesis [4, 16, 17]. What
was not clear was whether this target could serve as an
imaging marker for cardiac repair and remodeling-asso-
ciated processes. In order to address this gap, we set out
to investigate which conditions were associated with
a7nAChR expression, and how this changed over time
during tissue remodeling and repair. In vitro assessment
of macrophage and vascular cells revealed an endothelial
cell specific increase in a7nAChR expression in response
to hypoxia and proliferation, and the highest over-
all expression within monocyte-derived macrophages.
Prior to assessment of a7nAChR following MI, this

receptor’s relationship to inflammation and angiogen-
esis was assessed using the inflammation-driven angio-
genic sponge implantation model. This revealed that the
peak a7nAChR signal was associated with the onset of
angiogenesis and macrophage accumulation, but did not
match their respective peaks. Lastly, MI-driven left ven-
tricular remodeling revealed no early signal coinciding
with the onset of inflammation, or of angiogenesis, but
instead an unexpected late infarct a7nAChR signal that
was strongly associated with extracellular matrix depo-
sition. We then went onto demonstrate that rat cardiac
fibroblasts express a7nAChR which suggests these cells
are the source of this target within the infarct.

At the beginning of this study, we hypothesized that
a7nAChR could serve as an imaging target for the
assessment of angiogenesis and pro-reparative inflam-
mation using NS14490. This hypothesis is supported by
the rapid endothelial cell-specific increase in a7nAChR
expression in response to proliferation and hypoxia.
Also, the fact that macrophages had the highest rela-
tive a7nAChR expression supports the important role
this receptor plays in the innate immune system. Fur-
ther to this, the rapid increase in a7nAChR expression
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(2 h post-exposure to hypoxia) and the early a7nAChR  rather than being required to sustain these responses.
signal in the sponge model suggest that this receptor =~ One of the main drivers of angiogenesis, VEGF, peaks
could be acting as an initial upstream signal early in the = between day 5-10 [31, 32], coinciding with our day 7
cascade of responses required for tissue remodeling, peak in a7nAChR signal. Alternatively, in light of the
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fibroblast-associated a7nAChR activity demonstrated
in this paper, the high a7nAChR signal within the first
week of sponge implantation could also be explained by
fibroblast activity which results in the total fibrovascular
encapsulation of the sponge around this time point [32—
34]. The period of fibrotic response occurs much earlier
in the sponge than is seen within the rat heart following
myocardial infarction, which could explain the differ-
ences observed in signal timelines. However, it should be
noted that the inflammatory drivers of tissue remodeling
in the sponge implantation model are very different to
those which occur in response to infarction in the heart,
and therefore it is reasonable to expect that a7nAChR
activity may differ across both models. In addition, both
angiogenic and fibrotic-related activities may be contrib-
uting to the a7nAChR signal in the sponge. Our rat MI
data did not show an early increase in a7nAChR signal
associated with angiogenesis but, instead, demonstrated
an unexpected late increase from d14 onwards. This sig-
nal strongly correlates with overall extracellular matrix
deposition, shown by proteomics and collagen stain-
ing. Interestingly, infarct collagen deposition can be
seen 1 week before the significant increase in a7nAChR
signal, suggesting that a7nAChR could be associated
with regulation of fibrosis rather than stimulation. We
also demonstrated in vitro that rat cardiac fibroblasts
express d7nAChR under all conditions which we inves-
tigated, and others have demonstrated cardiac fibroblast
a7nAChR expression [13, 35]. It should be noted that
these fibroblasts have heterogeneous a-smooth mus-
cle actin expression and are therefore inherently in an
“activated” myofibroblast state [36]. Overall, there are
very limited data on the role of a7nAChR during fibro-
sis. In vivo, one study which used Donepezil to treat
heart failure in rats post-MI demonstrated that periph-
eral blockage of a7nAChR leads to increased fibrosis and
adverse cardiac remodeling [6]. Outside of MI, the role of
a7nAChR during right ventricular fibrosis in an experi-
mental rat pulmonary hypertension model has been
recently investigated [35]. In this model, which uses an
endothelial growth factor inhibitor and hypoxic chamber

(See figure on next page.)
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exposure, the authors demonstrate that right ventricular
fibrosis and dysfunction are associated with increases
in a7nAChR expression in the right ventricle, but no
changes are seen in the left ventricle. They go onto show
that pharmacological antagonism of a7nAChR reverses
this trend and improves right ventricle function. In the
same study, right ventricle tissue from pulmonary hyper-
tension patients had increased collagen and acetylcholine
(the endogenous ligand of a7nAChR), but no increase in
a7nAChR was seen. While our MI findings do not sup-
port our original hypothesis that a7nAChR could be a
potential imaging target for angiogenesis and resolution
of inflammation in the heart, taken together with the cur-
rent literature on a7nAChR in fibrosis, they suggest an
alternative relationship between a7nAChR and fibrosis
which in itself is vital for cardiac repair and warrants fur-
ther investigation in myocardial infarction.

While the final focus of this study was on a7nAChR in
the context of cardiac remodeling and repair, this recep-
tor is also a potential imaging target in other remodeling
processes throughout the body. In human carotid endar-
terectomy specimens, a7nAChR staining has been found
to localize with macrophages, T cells, endothelial cells
and vascular smooth muscle cells [37]. In the same study,
ablation of a7nAChR in hematopoietic cells was shown
to be pro-atherosclerotic by increasing inflammation.
Since angiogenesis can be detrimental in atherosclerosis,
it is not yet clear how a7nAChR imaging in this context
should be interpreted [5, 38]. Several preclinical studies
have demonstrated the therapeutic potential of a7nAChR
stimulation following stroke [39-41]. While a7nAChR
imaging has not yet been included, one study utilized
radiotracers for inflammation ([\*F]DPA-714) and matrix
metalloprotease (MMP) [41]. Here, they found that stim-
ulation of a7nAChR led to beneficial remodeling with
reduced inflammatory and increased MMP PET signals
in rats after transient middle cerebral artery occlusion.
Stimulation of MMDP, a set of enzymes that regulate extra-
cellular matrix by the degradation of collagen, supports
the possible role of a7nAChR in the regulation of colla-
gen by cardiac fibroblasts in our MI data.

Fig. 4 The a7nAChR signal correlates with changes in wound healing, specifically collagen deposition, and is expressed in rat cardiac fibroblasts.
A White dashed box on NS14490 autoradiography images indicate example areas which were sampled for proteomics. B Proteomic heatmap

of differentially expressed proteins within the infarct at day 2 (lanes 1-3) versus day 28 (lanes 4-6) which are associated with wound healing, C
extracellular structure organization and D the innate immune response. Proteomics was performed in triplicate using pooled tissue from 4 to 6
rats. E Histological evaluation of the macrophage marker CD68 (red) which peaks at day 2 and F total collagen staining by Picro Sirius Red which
peaks later. G The a7nAChR autoradiography signal does not correlate with CD68 but instead strongly correlates with H total collagen signal. The
correlations graphs consist of global left ventricle, infarct or anterolateral equivalent, infarct border and remote or inferoseptal equivalent regions
in 3-6 rats. NS=not significant and ****=P<0.0001 using Pearson correlation. I Western blot investigation of a7nAChR protein expression in rat
cardiac fibroblasts during quiescent conditions (Q), normoxic proliferating conditions (OHr) and exposure to 1% hypoxia (1-16 h) in proliferating

conditions, N=3
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The a7nAChR radiotracer utilized in this tissue study
is the tritium version of the !¥F-labeled compound
NS14490. NS14490 has been shown to have high affinity
and selectivity for a7nAChR, with a Ki of 2.5 nM which is
40.8 times higher than its affinity for a2p4 and 400 times
higher than a4p2 nAChR subtypes [19]. The same study
also demonstrated that it has a suitable metabolic profile
in mice making it suitable for PET imaging. In another
study, ['®F]N'S14490 was investigated in juvenile pigs
which revealed a similar metabolic profile, and a bind-
ing potential (BPnd) of 0.5 calculated by blocking with
the lower affinity a7nAChR ligand NS6740 [20]. This
study also demonstrated high uptake in the brain vascu-
lature, highlighting the vascular expression of a7nAChR.
In addition, NS14490 is an agonist of a7nAChR which
theoretically means that use of this approach could be
more selective for the available and activated state of
this receptor. This could make NS14490 binding more
reflective of receptor activity than an antagonist alterna-
tive. Overall, the properties of NS14490 make it a good
candidate for further translation of this approach. Sev-
eral '®F-labeled alternatives to NS14490 are also being
developed for a7nAChR PET imaging. ['*F]YLE-DW,
which has an a7nAChR affinity similar to NS14490 [42],
is also an agonist based radiotracer at the preclinical
stage which has shown high uptake in carotid plaques of
ApoE~'~ mice [43]. The a7nAChR radiotracer ['*F]ASEM
has been shown to localize with atherosclerotic plaques
in preclinical models [44], and is the most advanced
option in terms of development as it has already under-
gone human trials [45]. However, its structure is based on
an a7nAChR antagonist rather than an agonist.

There are several limitations within this study. Firstly,
the effect of macrophage polarization on a7nAChR
expression/signal was not investigated in our in vitro
cell work, or by histology in our rodent sponge and MI
models. However, based on the literature it is likely that
a7nAChR expression will be favored in an anti-inflam-
matory M2-like phenotype [12, 14]. The hypoxia strategy
employed in this study is unlikely to have had an effect
on the polarization of the initially M¢-like macrophages
based on previous evidence [46]. However, if these mac-
rophages were previously primed toward an M1-like or
M2-like phenotype, the overall effect of hypoxia would be
polarization toward a more M2-like macrophage [46]. In
contrast to this, intermittent cycling of hypoxia with nor-
moxia has been shown to induce a more proinflamma-
tory phenotype in initially M¢-like and M1-like cells [47].
The second limitation of this work is that, while periph-
eral targets have been investigated for other a7nAChR
radiotracers, NS14490 has mainly been investigated
in the brain. Therefore, the presence of radiometabo-
lites in the heart have not been assessed and should be
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investigated in future studies. It should be noted though
that the presence of radiometabolites in the brain are low,
and radiometabolism in the plasma is slow [19]. While
good levels of specific binding were achieved in this
study using fixed tissue, there is a possibility this could
be further improved by using unfixed tissue which should
be explored in future research. Finally, the radiotracer
aspects of this study were conducted in tissue by autora-
diography rather than in vivo PET imaging. Future stud-
ies should validate these findings by noninvasive PET in a
longitudinal manner, with the time points to be assessed
guided by the results reported in this manuscript.

Conclusions

In conclusion, this study demonstrates a7nAChR expres-
sion in human macrophage and vascular cells, with the
highest relative expression in macrophages but with only
endothelial cells demonstrating a hypoxia-driven response.
While the a7nAChR signal pattern in the mouse sponge
model indicates a peak expression early in the remodeling
process, and aligning with the beginning of angiogenesis
and macrophage accumulation, this is not the case in the
rat MI model. Instead, a7nAChR is expressed by rat car-
diac fibroblasts and the autoradiography signal is strongly
associated with extracellular matrix deposition and poten-
tially regulation of fibrosis. Overall, these findings support
the involvement of a7nAChR across several processes cen-
tral to cardiac remodeling and repair, with fibrosis most
closely associated with a7nAChR following MI, suggesting
that this target could have utility as an imaging biomarker.
Further studies are now required to assess this receptor in
in vivo PET imaging studies which will allow the investiga-
tion of the relationship between a7nAChR expression and
cardiac function during adverse remodeling.
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Additional file 1. Fig. S1. Uncropped Western blot examples for all
human and rat cell types used in this study. a7nAChR is shown by the
band at 57 kDa, and GAPDH is shown by the band at 38 kDa. Red text
denotes the ladder positions. Blots were manually cut below the 49 kDa
band following transfer and prior to the blocking step. Fig. $2. Total Colla-
gen vs. a7nAChR autoradiography signal at individual time points in sham
and Ml cohorts. A Comparison of PSR quantification vs. [3HINS14490
specific binding at day 2, B day 7, C day 14 and D day 28.The correlation
graphs consist of global left ventricle, infarct or anterolateral equivalent,
infarct border and remote or inferoseptal equivalent regions in 3-6 rats. ns
not significant, **= p <0.01 and ****p < 0.0001 using Pearson correlation
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