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Background and aims: Smooth muscle cell (SMC) lineage cells in atherosclerosis and flow cessation-induced
neointima are oligoclonal, being recruited from a tiny fraction of medial SMCs that modulate and proliferate.
The present study aimed to investigate the clonal structure of SMC lineage cells healing more severe arterial
injury.

Methods: Arterial injury (wire, stretch, and partial ligation) was inflicted on the right carotid artery in mice with
homozygous, SMC-restricted, stochastically recombining reporter transgenes that produced mosaic expression of
10 distinguishable fluorescent phenotypes for clonal tracking. Healed arteries and contra-lateral controls were
analyzed after 3 weeks. Additional analysis of cell death and proliferation after injury was performed in wildtype
mice.

Results: The total number of SMC lineage cells in healed arteries was comparable to normal arteries but
comprised significantly fewer fluorescent phenotypes. The population had a complex, intermixed, clonal struc-
ture. By statistical analysis of expected versus observed fractions of fluorescent phenotypes and visual inspection
of coherent groups of same-colored cells, we concluded that >98% of SMC lineage cells in healed arteries
belonged to a detectable clone, indicating that nearly all surviving SMCs after severe injury at some point un-
dergo proliferation. This was consistent with serial observations in the first week after injury, which showed
severe loss of medial cells followed by widespread proliferation.

Conclusions: After severe arterial injury, many surviving SMCs proliferate to repair the media and form a neo-
intima. This indicates that the fraction of medial SMCs that are mobilized to repair arteries increases with the
level of injury.

1. Introduction not known [4,5]. One possibility is that of a predetermined subset of
medial SMCs with high proliferative potential. Healthy murine aortas
contain a Scal™ subset of partially modulated SMCs with high prolif-

erative capacity that would fit that role [3,6], although Scal lineage

Recent studies in mouse models have shown that only a small frac-
tion of medial smooth muscle cells (SMCs) contribute to atherosclerotic

lesions and flow cessation-induced neointima [1-3]. Depending on the
specific model and the size of the analyzed region, the total number of
SMCs participating in lesion formation has ranged from 1 to ~10, far less
than 1% of the medial SMCs present in the vicinity. The few founder
cells proliferate, and many of them lose their contractile phenotype and
modulate to fibroblast-like or chondrocyte-like cells in the arterial
lesion.

Why only a few of the many SMCs that are present in the media start
proliferating in atherosclerosis and flow cessation-induced neointima is

tracing has not revealed a high degree of contribution of Scal™ cells in
atherosclerosis [7]. In murine pulmonary arteries, a minority subset of
Notch3-expressing medial SMCs was found to be the major source of
neointimal lesions in pulmonary arterial hypertension [8]. Alterna-
tively, there may be a range in responsiveness among the medial SMCs,
potentially leading to greater recruitment at higher levels of stimulation.
This principle is known in other cell types, such as endothelial cells [9],
and can allow cell populations to respond appropriately to a greater
range of stimuli than can be encoded in individual cells [10]. Additional
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explanations are possible, as reviewed elsewhere [10,11].

The range in responsiveness theory predicts that more SMCs will
participate in remodeling after severe injury than in atherosclerosis or
flow cessation. Severe mechanical injury leads to disruption of the
extracellular matrix, including the elastic laminae, increases in growth
factors and cytokines that are released from the damaged matrix or
secreted from incoming thrombocytes and immune cells, and loss of the
inhibitory signals from endothelial cells [12-15]; all stimuli that may
trigger the threshold for modulating and dividing in a higher fraction of
SMCs. To test this prediction, we studied the clonal structure of neo-
intimal SMCs after severe mechanical injury in the murine carotid ar-
tery. We found that severely injured arteries heal with a complex clonal
architecture involving a much larger fraction of available SMCs than in
previously characterized disease models with milder arterial injury.

2. Materials and methods
2.1. Animals

Myh11-CreER™ mice (B6.FVB-Tg[Myh11-cre/ERT2]1Soff/J, The
Jackson Laboratory), expressing tamoxifen-inducible Cre recombinase
under the SMC-specific Myh11 promoter, were crossed with Confetti
mice (B6.129P2-Gt[ROSA]26Sortm1[CAG-Brainbow2.1]Cle/J, The
Jackson Laboratory) that harbor a stochastic multicolor Cre recombi-
nase reporter in the Rosa26 locus. Strains had been backcrossed to the
B6 strain (C57BL/6N or C57BL/6J) for at least 6 generations. The
Confetti transgene expresses membrane-bound cyan fluorescent protein
(CFP), nuclear green fluorescent protein (GFP), yellow fluorescent pro-
tein (YFP), or red fluorescent protein (RFP) upon recombination. Mice
were intercrossed to obtain experimental animals homozygous for the
Confetti allele yielding 10 possible fluorescent phenotypes (GFP, GFP/
CFP, GFP/YFP, GFP/RFP, CFP, CFP/YFP, CFP/RFP, YFP, YFP/RFP, and
RFP). Only males were used in the experiments because the Myh11-
CreER™ transgene is inserted on the Y chromosome. Recombination was
induced at 7 weeks of age with a 5-day series of 2 mg/day i.p. of
tamoxifen (T5648, Sigma) dissolved in corn oil. Wildtype B6 (C57BL/
6JRj) mice were obtained from Janvier.

2.2. Triple-injury

Arterial injury was induced in 9-week-old male Myh11-CreER™2-
Confetti (n = 9) and wildtype mice (n = 18) using a previously described
triple-injury technique [16]. Mice were anesthetized with sevoflurane
(induction 4%, maintenance 2-3%), injected with buprenorphine (0.1
mg/kg, s.c.) for analgesia, and placed in a supine position on a heating
pad. The depth of the anesthesia was checked regularly by the pedal
withdrawal reflex. The surgical area was shaved and disinfected. A
cervical midline incision was made, and the right common carotid artery
(CCA), the internal carotid artery (ICA), and the external carotid artery
(ECA) were dissected free from surrounding tissue. The ECA was ligated
as distal as possible, the ICA was ligated just distal to the bifurcation, and
the CCA closed as proximal as possible with a microvascular clamp. A
hole was cut in the ECA through which a nylon wire (@: 0.18 mm) was
inserted and moved up and down 4 times to remove the endothelium.
The same hole was subsequently used to insert a 30G needle connected
to an Atrion QL Inflation device (Atrion Medical, QL2530, #96402). A
temporary ligature proximal to the superior thyroid artery (STA) was
used to fix the needle and seal the CCA before inflation with saline (1
bar, 20 s). After removal of the suture and needle, the ECA was ligated
proximal to the hole, though distal to the STA. This leaves the STA as the
only outflow tract, reducing blood flow through the CCA. After
removing the microvascular clamp, blood flow in the STA was confirmed
before closing the wound with a 6-0 suture. For postoperative analgesia,
drinking water was supplemented with buprenorphine (0.01 mg/mL)
for 3 days. Myh1 1-CreER™-Confetti mice (n = 9) were terminated 3
weeks after triple-injury. Wildtype mice received a single injection (50
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mg/kg, s.c.) of EAU (BCK488-1V-IM, Sigma) at 24h before termination
and were terminated 1 (n = 6), 3 (n = 6) or 7 (n = 6) days after
triple-injury. Briefly, mice were anesthetized by intraperitoneal injec-
tion of pentobarbital (250 mg/kg) and lidocaine (20 mg/kg), perfused
with cardioplex (30 s) and 4% phosphate-buffered formaldehyde (5
min) at 100 mmHg through the left ventricle, followed by
immersion-fixation in 4% phosphate-buffered formaldehyde for 24h.
Uninjured left carotid arteries were used as controls to study normal
arterial structure and Confetti recombination (n = 6).

2.3. Tissue processing

The carotid arteries were excised and cryoprotected in sucrose so-
lutions (25% for 24h and 50% for 24h), embedded in OCT compound,
and snap-frozen with liquid nitrogen. Five pm thick cross-sections were
obtained from the bifurcation in 9 levels, each 500 pm apart (0-4000
pm). In arteries from Myh1l 1-CreER™%-Confetti mice, sections from each
level were stained with DAPI or Orcein, using standard protocols, and
mounted for microscopy. Two adjacent sections from three levels of each
carotid were selected for immunofluorescence. Those sections were
stained for Acta2 and Sox9, using rabbit monoclonal anti-Acta2 (abcam,
ab32575, 1:200) or rabbit polyclonal anti-Sox9 (abcam, ab185230,
1:200), followed by Alexa 647—conjugated donkey anti-rabbit (abcam,
ab150075, 1:400) secondary antibody. In arteries from wildtype mice,
sections from the 500 pm level were stained for EdU-labeled prolifer-
ating cells according to the manufacturer’s recommendation (BCK488-
IV-IM, Sigma).

2.4. Microscopy

Images were obtained using a Zeiss Laser Scanning Confocal Micro-
scope equipped with a C Apochromat 40x/1.2 water objective and dif-
ferential interference contrast III optics. The entire vessel was scanned
by automated stitching of 3x3 images, acquired with 4 sequential cap-
tures. First, the 514 nm and 633 nm lasers were used to simultaneously
acquire the YFP and far-red (autofluorescence or Acta2/Sox9 stain).
Second, GFP and EdU (6-FAM-Azide) were imaged with a 488 nm laser.
Third, the CFP and RFP channels were acquired with 458 nm and 543
nm lasers, respectively. Finally, DAPI was imaged with a 405 nm laser.
All acquisition and postprocessing settings were tested with sections
from fluorescent negative female controls to confirm specificity. ZEN
Black 2.3 software was used for image acquisition, and ZEN 3.6 Blue was
used to quantify recombination outcomes, areas, number of SMC pro-
files, and cellularity. Nucleated cells with expression of each of the
Confetti colors were counted in a single z-layer of entire cross-sections
for the determination of recombination efficiency and the statistical
testing for clonality (see below). For the manual evaluation of clonality,
clones were recognized by the immediate proximity of at least 5 cells of
the given phenotype, including fluorescence-positive cell profiles
without a nucleus. Maximum intensity projection of 3 z-stack images of
Acta2 and Sox9 were composed for the publication (1.67 pm in total).
Brightness and contrast were adjusted to enhance the visibility of the
fluorescent signal in all the publication images.

2.5. Statistical analysis

All statistical tests were performed in Prism 9.3.1 (GraphPad Soft-
ware). p<0.05 was considered statistically significant. Statistical dif-
ferences between specific levels and controls were analyzed by Kruskal-
Wallis with Dunnett’s test. Bars in dot plots represent mean =+ SD.

To identify cells belonging to a clone, we performed stepwise sta-
tistical testing. In the first step, we determined the 95% confidence in-
terval upper limit for the recombination rate of the Confetti phenotypes
observed in the healthy controls. These values constituted the “proba-
bility of success” for each phenotype (pX) used in the subsequent bino-
minal testing of observed phenotypes in the individual samples. For each
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fluorescent phenotype of cells in a section of healed artery, we then
calculated the probability that the observed number of k cells of that
phenotype was the result of random recombination in n cells, where n is
the total number of Confetti* cells in the given section. The probability
was calculated using the binomial distribution as P(X >k) =

ZZ(Z) k(1 —p)"*. The statistical significance of p<0.05 was

Bonferroni-corrected (p <0.05/b) according to the number of tests (b)
performed in each step. If the probability for one or more of the fluo-
rescent phenotypes was lower than the Bonferroni-adjusted threshold,
cells with those fluorescent phenotypes were accepted as clones and
subsequently removed from the analysis. The residual fluorescent cells
were then re-analyzed as if sections came from mice that could not
recombine to the fluorescent phenotypes already accepted as clones.
This involved upscaling the 95% confidence intervals for recombination
rates of the residual fluorescent phenotypes to keep the total rate con-
stant. The analysis above was then repeated, and the iterative process
was continued until no residual fluorescent phenotype exceeded the
Bonferroni-corrected threshold or all residual phenotypes contained less
than 5 nucleated cells.
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2.6. Study approval

The Danish Animal Experiments Inspectorate approved animal pro-
cedures, which were all conducted at the Department of Clinical Medi-
cine, Aarhus University according to national regulatory standards
(approval no. 2020-15-0201-00410).

3. Results

3.1. Recombination outcomes in homozygous Myh11-CreER-Confetti
mice

We examined the distribution of the different recombination out-
comes (Fig. 1A) in medial SMCs in uninjured left carotids from 6 ho-
mozygous Myh11-CreER™-Confetti male mice at 4 weeks after
tamoxifen injections. Fluorescence was present in 86.9% =+ 6.34%
(mean + SD) of medial SMCs (Fig. 1B and C). Expression of RFP was the
most common outcome of recombination, followed by CFP, YFP, and
GFP. This distribution was consistent with previous reports [1,2], but
the total fraction of fluorescent cells was higher, presumably explained
by each cell having two alleles of the Confetti transgene. Combinations

(—<@— GFP | @ GFPNFP
Txfi CFPi @l GFP/RFP
YFPi | <@ = CFP/YFP
\ <l RFP' ) <P CFP/RFP

<@ GFPICFP YFP/RFP

(9]

Percentage of medial cells

Fig. 1. Mosaic fluorescent protein expression in smooth muscle cells.

activity
iii) @ @ 2 iv) @ - @
D
100+ 2 30+
- Q
1 o
80 e ]
T 20-
60— g '[
40 3 I
2 104
204 =
8 T
ot 5 o-
~ RRRRRLRRRLRRR R K
* SEGESLELLE
LEL L&«

(A) Schematic representation of the homozygous Confetti™ reporter yielding 10 possible recombination outcomes. Grey boxes mark the 4 possible recombination
outcomes achievable for a single Confetti allele in hemizygous animals. Stochastic recombination of both alleles in homozygous animals enables the detection of the
additional 6 double fluorescence-positive phenotypes. TXF, tamoxifen. (B) Representative example of a carotid artery section analyzed by confocal microscopy.
Higher magnification views of the region marked in A (grey box) are shown underneath. The images show the combined fluorescent signal and the individual
fluorescent channels. DAPI is depicted in either blue or grey. (C) Total percentage of cells expressing fluorescent protein in 765 nucleated medial SMCs profiles in
uninjured carotid arteries from 6 homozygous Myh11-CreER"-Confetti mice. (D) Average percentage-wise distribution of the 10 possible fluorescent phenotypes.
GFP, green fluorescent protein; CFP, cyan fluorescent protein; YFP, yellow fluorescent protein; RFP, red fluorescent protein; NF, non-fluorescent. Data are shown as
mean + SD or mean + SD. Scale bars are 50 pm (upper panel) and 20 pm in the magnified region (lower panel). (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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of the recombination outcomes of the homozygous Confetti transgenes
yielded 10 distinguishable phenotypes, which provide higher certainty
in determining clonality than can be achieved with the 4 phenotypes
encoded by the hemizygous transgene. The distribution of the 10 indi-
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injections at 7 weeks of age. Two weeks later, we subjected the right
carotid artery to a triple-injury procedure that combines endothelial
denudation, arterial distension, and reduced blood flow (Fig. 2B). This
technique has previously been shown to induce neointima in the B6

vidual phenotypes is shown in Fig. 1D. strain [16], which is relatively resistant to injury-induced intimal hy-
perplasia by other methods [17]. Three weeks after surgery, the animals
were killed and perfusion fixed, and the carotid arteries were
cryo-sectioned at 9 levels with 500 pm spacing that were examined for
neointima formation by microscopy (Fig. 2C). Neointima was most

pronounced at 500-2500 pm from the carotid bifurcation and these 5

3.2. Neointima induced by triple-injury to the carotid artery

The experimental design is shown in Fig. 2A. Nine homozygous
Myh11-CreER"-Confetti male mice were recombined with tamoxifen
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Fig. 2. Triple-injury procedure and lesion analysis.

(A) Experimental design of the study. (B) Schematic representation of the triple-injury procedure, consisting of endothelial denudation, mechanical stretch, and flow
alteration. The developed lesions were sectioned at 9 levels (grey dashed lines) and 5 levels (500-2500 pm) were selected for quantification (black box). (C) Orcein
staining from a representative section (500 pm). The black outlined region is magnified, and the neointima is marked with a black arrow from the luminal and a white
arrow from the medial side. Scale bars are 100 pm for whole carotid and 50 pm in the magnified region. (D-F) Total, (neo)intimal and medial areas were significantly
increased compared to the control. (G-I) The number of Confetti* cells was increased in the neointima compared to the control intima, which contained very few
SMCs, and remained constant in the media. One sample had a profound increase in neointimal area, probably representing a revascularized thrombus. Data points are
missing from four sections that were of inadequate quality. Data are shown as mean + SD. Asterisks indicate the statistical difference between specific levels and the
control, analyzed by Kruskal-Wallis with Dunnett’s test (*p <0.05, **p <0.005, ***p <0.0005). ICA, internal carotid artery; ECA, external carotid artery; STA, su-
perior thyroid artery; CCA, common carotid artery.
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levels were further analyzed for clonal structure.
3.3. Clonal structure of neointima and media

Confocal microscopy for the Confetti colors displayed clear disrup-
tion of normal arterial media structure and the formation of neointima.
Both the intimal and medial areas were significantly increased in the
injured arteries compared to the control arteries (Fig. 2D-F). The for-
mation of neointima was accompanied by a significant increase in the
number of Confetti" cells in the intima, as expected, whereas the
number of medial Confetti* SMC was comparable between samples and
control (Fig. 2G-I). Confetti™ cells accounted on average for 46.3% of all
nucleated cell profiles in sections, but the percentage in individual
sections was highly variable with some sections having few and others
almost exclusively fluorescent SMC-derived cells (SD: + 23.66%). It
should be noted that part of the non-fluorescent cells may still be SMC-
derived because recombination among medial SMCs was not complete,
but since they cannot be distinguished in our analysis from other cell
types, such as macrophages and fibroblasts, they were not considered.

To understand whether healing of the arterial injury involved mono-,
oligo- or polyclonal growth, we counted the number of different Con-
fetti* phenotypes in each section. There was an overall reduction in the
number of the 10 possible phenotypes of SMCs in sections at all levels of
the lesions (4.37 + 2.06, mean + SD), compared with controls (9.17 +
0.98, mean + SD). The neointima in each section contained on average
2.07 different phenotypes (SD: + 1.82) (Fig. 3A and B). The decline of
different fluorescence phenotypes combined with the increased (in in-
tima) or unaltered (in media) number of SMC-derived cells indicated
that clonal proliferation of a limited number of founder cells repairs the
artery. Some clones were distinct same-colored patches, but many sec-
tions showed more complex patterns with intermixing of 2 or more
fluorescent phenotypes in a region. Examples are shown in Fig. 3C-E.

The complex clonal architecture of the SMC-derived population
precluded simple counting of same-colored patches as a way of
analyzing clonality. Instead, we designed a statistical stepwise approach
that did not rely on the spatial distribution of cells. For each of the
fluorescent phenotypes in a section (e.g., 77 RFP/YFP among 200 total
Confetti™ cells in Fig. 3C), we calculated the probability that it had
resulted from random recombination of the Confetti transgene without
subsequent cell proliferation. These probabilities were calculated from
the binomial distribution using the upper limits of the 95% confidence
intervals for the recombination rate of the fluorescent phenotypes
observed in normal arteries (from Fig. 1D). If the probability for one or
more of the phenotypes was lower than the Bonferroni-corrected sig-
nificance threshold, cells with those phenotypes were accepted as
clones. Cells with the phenotypes accepted as clones were then removed,
and the analysis was repeated to test if any of the residual fluorescent
phenotypes constituted more of the residual Confettit cells than could
be explained by the outcome of recombination without cell prolifera-
tion. These steps were repeated until no fluorescent phenotype exceeded
the threshold or the residual groups contained less than 5 cells per
phenotype. This yielded 118 clones identified in 41 sections of injured
arteries and none in the normal arterial wall. The advantage of the
statistical approach is that clones that are mixed can still be recognized,
but it was also clear that the approach missed some clonal populations,
which could only be recognized by their spatial proximity (example in
Fig. 3F). Therefore, the remaining phenotypes that were not considered
to be clonal in the statistical approach were examined manually for
spatial proximity. The criteria set for a clonal population was the im-
mediate proximity of at least 5 cells of the given phenotype, including
fluorescence-positive cell profiles without a nucleus. That yielded an
additional 15 clones resulting in 133 clones for further analysis. It
should be noted that some of these clones may be the same clone
spanning the 500 pm from one examined level to the next.

Clones differed widely in size with an average of 46 cells/clone (SD:
+ 46.7, range: 5-258 nucleated cells in a section) (Fig. 3G). Most clones
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were small, but some accounted for up to 67% of the total amount of
counted cells in a section. The average clone size was 29.5% of Confetti™*
cells in a section (SD: + 25.3%) (Fig. 3H). When analyzing only the
dominant clone from each section, the average size was 93 cells/clone
(SD: + 56.8, range: 11-258 cells), representing 28.1-100% of the Con-
fetti* cells per section (mean: 61.7%, SD: + 20.0%) (Fig. 3I). Impor-
tantly, only 1.6% of Confetti™ cells (100/6191) did not show evidence of
being part of a clonal population.

3.4. Architecture of clones

Among the 133 identified clones, 104 were observed to span neo-
intima and media. Two clones were only detected in the neointima and
27 were observed only in the media (Fig. 4A). The 104 spanning clones
were analyzed for their relative presence in the neointima and media.
Overall, we observed that most clones had a predominance of cells in the
media (Fig. 4B). An example of an RFP™ clone, spanning neointima and
media, predominately located in the media is shown in Fig. 4C.

3.5. The fate of clonal SMCs after triple-injury in homozygous mice

In each mouse, two adjacent sections from 3 levels with high
numbers of Confetti’ cells were analyzed by immunofluorescence for
the SMC subtype markers Acta2 and Sox9. Acta2 marks cells with
partially preserved contractile SMC phenotype, and Sox9 cells that have
lost SMC phenotype and acquired full or partial chondrocyte-like
phenotype [2]. These subtypes are on each end of the spectrum of
phenotypes observed in atherosclerosis by single-cell RNA sequencing
[18]. Acta2™ cells were found in 27/27 analyzed sections, with the
highest intensity in the neointima. Sox9" cells were detected in 22/27
sections in the media, but only 13/27 sections in the neointima.
Comparing the adjacent sections, we often observed Acta2 and Sox9 to
be expressed by the same clone (Fig. 4D and E).

3.6. Cell loss and proliferation in early lesion development

The clonal structure of healed injured arteries indicated that the
early stages of injury and repair must have involved a massive loss of
medial SMCs followed by widespread proliferation among the surviving
cells. To explore this, we performed triple-injury in 3 groups of wildtype
mice and analyzed arteries 1, 3, and 7 days after injury (n = 6 in each
group). Representative images from uninjured and injured arteries are
shown in Fig. 5A. The number of medial cells decreased substantially by
77% at day 1 before returning to normal numbers after 7 days (Fig. 5B).
Intimal cells were also initially lost, consistent with endothelial denu-
dation (Fig. 5C).

For an overall assessment of the dynamics of cell proliferation, we
marked cells in S phase with a pulse of EdU injected 24h prior to
termination. No labeled cells were detected in uninjured controls and
numbers were low at day 1. In both the media and intima, the fraction of
proliferating cells was the highest at day 3, where it reached a mean of
7.2% (SD: + 3.0%) in the arterial media (Fig. 5D and E). Notably, since
the half-life of EAU in mice is short and the S phase estimated to be
around 7 h in SMCs [19], the fraction of SMCs in the cell cycle may be >
3 times higher than the EQU™ fraction if proliferation is asynchronous.

4. Discussion

Tools to study the clonal architecture of cell lineages have provided
new insight into the mechanisms that underlie recruitment and prolif-
eration of SMCs in arterial disease [4,5]. Previous experiments with
stochastically recombining fluorescence Cre reporters showed that only
a small subset of medial SMCs proliferates in atherosclerosis and after
flow cessation, while most remain dormant [1-3,20]. It remains to be
determined if the clonal potential of SMCs is predetermined among
medial SMCs or depends on the stimulus. Here we studied the
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Fig. 3. Confetti” phenotypes observed in the injured arteries and the definition and evaluation of Confetti* clones.

(A) The number of cells with the 10 possible fluorescent phenotypes observed in each section at the five examined levels. The number was significantly decreased
compared with control arteries at four of the five levels (500-2000 pm). The number of phenotypes at each level was compared to the control with Kruskal-Wallis
with Dunnett’s test (*p <0.05, **p <0.005, ***p <0.0005). (B) The neointima typically contained few different fluorescent phenotypes (mean: 2.1). Data points are
missing from four sections that were of inadequate quality. Data are shown as mean + SD. (C-E) Confocal microscopy examples of injured arteries with different
clonal structures: the same dominant phenotype (RFP/YFP) in neointima and media in C, separate phenotypes mainly located in the media (YFP) and intima (RFP) in
D, and media and neointima displaying three intermixed phenotypes of SMCs (YFP, RFP, and CFP) in E. Signals for fluorescent proteins and DAPI (grey) are shown.
GFP, green fluorescent protein; CFP, cyan fluorescent protein; YFP, yellow fluorescent protein; RFP, red fluorescent protein; luminal surface of neointima marked by a
solid white line, dashed white lines define medial boundaries. Scale bars 25 pm. (F) Flowchart representing the selection process of Confetti cells. Sections from 5
levels (500-2500 pm) of 9 injured arteries were selected for analysis. Four sections were excluded because of inadequate quality. 180 phenotypes/potential clones
were observed. All clones had to pass a size criterion (>5 cells/phenotype) and either a statistical evaluation or manual evaluation. The left image illustrates a section
that passed the statistical approach. The right image illustrates a section that failed the statistical but passed the manual evaluation. The analysis resulted in 133
Confetti™ clones. Scale bars 100 pm and 10 pm in the magnified regions. (G) The 133 determined clones varied widely in size. (H) The percentage-wise size of clones
(out of all Confetti™ cells) at each examined level. (I) The percentage-wise size of the dominant clone (out of all Confetti™ cells). Data are shown as mean =+ SD. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. The location of Confetti* clones.

(A) Assessment of the intra-arterial location of the 133 identified clones (mean + SD). Clones spanning the neointima and media were the most frequent, accounting
for 104 of the clones. (B) Violin-plot showing the cellular distribution of the 104 spanning clones between the neointima and media at each level. The majority of
clones presented a higher percentage of the cells located in the media. (C) Confocal microscopy example of an RFP positive clone spanning the neointima and media,
with the majority of cells located in the media. Luminal surface marked with a solid white line; dashed lines mark medial borders. (D-E) Adjacent sections of an
injured carotid were stained for Acta2 and Sox9 and maximum intensity projections are shown. The same RFP positive clone (red arrows) contained both Acta2 and
Sox9 positive cells (purple arrows). Scale bars are 25 pm in C and 20 pm in D-E. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 5. Evaluation of early changes in carotid arteries after the triple-injury procedure.

(A) Representative images from carotid arteries harvested from wildtype mice at 1, 3 or 7 days post triple-injury. Uninjured left carotids from day 1 were used as
controls (n = 6 in all 4 groups). Green nuclear signal represents EAU labeled cells. (B-C) Number of medial and (neo)intimal cells counted in sections at 1, 3 and 7
days after the triple-injury procedure. For comparison, the graphs include data from the same level of the carotid from the Myh11-CreER"-Confetti mice at 3 weeks
post triple-injury (marked with purple background). (D-E) Fraction of medial and (neo)intimal cells in S phase as determined by a single EdU injection administered
24h before sacrificing the animals. Cell numbers and EAU™ cells at each timepoint were compared to the uninjured (UI) control with Kruskal-Wallis with Dunnett’s
test (*p<0.05, **p<0.005, ***p <0.0005). Data are shown as mean =+ SD. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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architecture of SMCs healing more severe mechanical injury than pre-
viously investigated. In this context where there is a substantial loss of
SMCs and disruption of the arterial layers, we found that a large fraction
of the surviving SMCs contributes to small or large cellular clones in the
media and intima (Fig. 6).

These findings fit previous observations of widespread SMC prolif-
eration after balloon injury to arteries [21]. Clowes et al. found that
denuding and distending balloon injury inflicted on carotid arteries in
rats was followed by a burst in medial SMC proliferation [21].
Approximately half of surviving medial SMCs passed through S phase
within 2 days [21]. Proliferation continued as long as the endothelium
had not regenerated, but the numbers of SMCs plateaued after 2 weeks,
indicating that proliferation was offset by continuous SMC death [21].
These careful observations in the early phases of arterial neointima
formation have been difficult to reconcile with the mono- or oligoclonal
structure that characterizes neointimal and atherosclerotic lesions in
previously analyzed mouse models [1-3].

By inflicting denuding and distention injury, the triple-injury tech-
nique that we applied in the mouse carotid resembles balloon injury.
Importantly, the clonal structure we saw was also consistent with the
SMC behavior described by Clowes et al. [21]. First, we found evidence
that almost all SMCs after 3 weeks of arterial remodeling belonged to a
clone of same-colored cells, indicating that nearly all SMCs surviving to
3 weeks after the injury had undergone proliferation. Second, the clones
were typically rooted in the arterial media indicating that the founders
were early proliferating SMCs that subsequently extended their progeny
to the developing overlaying intima, rather than SMCs migrating to the
intima before proliferating there.

The main difference in the SMC response after severe arterial injury
compared with flow cessation-induced neointima or early atheroscle-
rosis is not in the number of founders that undergo clonal proliferation,
which also in our studies were limited because relatively few medial
cells survived the injury. It is the number of cells that are not activated
that is vastly different. The arterial media is intact after flow cessation
and beneath small atherosclerotic lesions, but only a small fraction of
the many available medial SMCs start proliferating and form clones
[1-3,20]. Yet 3 weeks after triple injury, there is not a persistent pop-
ulation of medial SMCs with a mosaic fluorescent protein expression
pattern that has not proliferated. This context-dependency of SMC re-
sponses speaks against the existence of a fixed subset of SMCs that are
primed to repair an arterial injury. If repair depended on such a finite
population, part of which would be lost due to the high level of injury,
one may have expected an even simpler clonal structure than in models
where most cells survive. Rather, the observations indicate that the
fraction of medial SMCs responding to injury increases with the strength
and extent of the mitogenic stimulus.

After triple-injury, this strong stimulus is provided by several
mechanisms. Normal medial SMCs have a very low rate of proliferation,
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which is partly instructed by outside-in signaling through integrins
binding to the pericellular matrix [13]. Disruption of these cellular
connections by the mechanical injury, release of growth factors from
activated platelets and immune cells (e.g., PDGF), and loss of inhibitory
factors from the missing endothelium (e.g., NO) are all stimulants for
SMC proliferation [14]. The damage may also release growth factors
that are sequestered in the extracellular matrix [15]. Through these
multiple mechanisms, the fraction of local SMCs that respond by
entering the cell cycle may be scaled to the severity of the injury. In that
context, it is interesting to note that recent studies on atherosclerosis
also indicate that the fraction of SMCs responding in vascular disease is a
regulatable trait, which may depend on instructions from recruited
immune cells, including TNF release, and is increased with aging [22].

Our studies were not aimed at mapping SMC-derived cellular sub-
types after injury, but we did note that SMC-derived cells after severe
injury encompassed both contractile Acta2® cells and Sox9" chon-
dromyocytes, which are at the opposite ends of the spectrum of diversity
in murine atherosclerotic lesions [2,23]. Yet in injured arteries, chon-
dromyocytes were mainly located in the media, whereas in atheroscle-
rosis, they are residing in intimal plaque [2,23]. The presence of
chondromyocytes after arterial injury is consistent with a recent
comparative scRNA-seq analysis which found that injury induces types
of SMC-derived cells that are similar to those found in atherosclerosis
[24].

4.1. Strengths and weaknesses

An advantage of the present study is the use of homozygous Confetti
mice for visualizing complex clonal structures. Yet, because of the
complexity of the clonal structure, an even higher number of separate
labels, such as those that can be achieved by barcoding and sequencing
[25], would have been necessary for precise estimates of clone number.
Such approaches, however, do not provide the spatial information
provided by microscopy. Because of the complex intermixed clonal
structure, techniques commonly used to delineate simple clonal struc-
tures, such as manual delineation of same-colored patches [1-3], were
not applicable. Therefore, we developed a step-wise statistical approach
that in each step tested whether the distribution of cellular fluorescent
phenotypes deviated significantly from what would be expected if cells
were randomly drawn from the distribution of fluorescent phenotypes
observed in normal arteries. The approach was supplemented by manual
evaluation of missed clones and a lower limit of 5 cells/clone. While we
consider this approach robust in identifying cells with evidence for
having divided, it cannot determine the exact number of SMC-derived
clones along the artery. Some phenotypes are common (e.g., RFP),
and the potential merging of clones with the same phenotype cannot be
excluded. Furthermore, clones identified at different levels may well be
large clones extending more than 500 pm along the artery. For that
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Fig. 6. After severe arterial injury, many surviving SMCs proliferate to repair the media and form a neointima. This is different from models of atherosclerosis and
flow cessation-induced neointima, where few SMCs respond, and indicates that the fraction of medial SMCs mobilized to repair arteries increases with the level

of injury.
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reason, we make no conclusions as to the number of founders that
proliferate to heal the injury in the triple-injury model, but only that
there are few cells that do not participate.

4.2. Conclusion

In conclusion, we propose that SMC injury response is merely mono/
oligoclonal in situations of mild injury, whereas severe injury provokes
proliferation in a greater subset of medial SMCs. More research is needed
to understand the responsible mechanisms. Multiple regulators of arte-
rial SMC proliferation and neointima formation after injury have been
identified, and it has been shown that the magnitude of the response
varies widely among different murine genetic backgrounds [17]. For
many factors, including genetic background, it is not clear whether they
control the fraction of SMCs that enter the cell cycle or the rate of
subsequent proliferation. Reassessing key regulators and the impact of
genetic background in studies that incorporate clonal tracking tech-
niques could be important to resolve these questions.
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