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Abstract

Understanding the contribution of endothelial cells to the progenitor pools of adult tissues has the potential
to inform therapies for human disease. To address whether endothelial cells transdifferentiate into non-vas-
cular cell types, we performed cell lineage tracing analysis using transgenic mice engineered to express a
fluorescent marker following activation by tamoxifen in vascular endothelial cadherin promoter-expressing
cells (VEcad-CreER"; B6 Cg-Gt(ROSA)26Sort™ (A5 1ematzey - Activation of target-cell labeling following
1.5 months of ad libitum feeding with tamoxifen-laden chow in 4-5 month-old mice resulted in the tracing
of central nervous system and peripheral cells that include: cerebellar granule neurons, ependymal cells,
skeletal myocytes, pancreatic beta cells, pancreatic acinar cells, tubular cells in the renal cortex, duodenal
crypt cells, ileal crypt cells, and hair follicle stem cells. As Nestin expression has been reported in a subset
of endothelial cells, Nes-CreER™ mice were also utilized in these conditions. The tracing of cells in adult
Nes-CreER" mice revealed the labeling of canonical progeny cell types such as hippocampal and olfactory
granule neurons as well as ependymal cells. Interestingly, Nestin tracing also labeled skeletal myocytes, ileal
crypt cells, and sparsely marked cerebellar granule neurons. Our findings provide support for endothelial
cells as active contributors to adult tissue progenitor pools. This information could be of particular signif-
icance for the intravenous delivery of therapeutics to downstream endothelial-derived cellular targets. The
animal experiments were approved by the Boise State University Institute Animal Care and Use Committee
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Introduction

Identifying cell populations in adult mammals that under-
go regeneration and determining the source of progenitors
can inform therapeutic strategies for a wide range of human
diseases. For such strategies to succeed, consideration must
be given to the contributions of non-canonical mechanisms
for tissue regeneration. Supporting this notion is accumulat-
ing evidence indicating the existence of naturally occurring
transdifferentiation mechanisms for adult cell replenishment
(Michalopoulos et al., 2005; Tang et al., 2012; Tarlow et al,,
2014; Merrell and Stanger, 2016). Endothelial cells are key
players in human disease (Donato et al., 2015) while also
representing an understudied potential pool of adult progen-
itor cells. These cells are particularly promising candidates
due to the possibility of using intravenous genetic manip-
ulation to target difficult to reach cell populations, such as
those of the central nervous system, in conjunction with
vectors currently employed in clinical trials (e.g., adeno-as-
sociated virus). Endothelial transdifferentiation would also
offer an explanation for reported extravascular effects fol-
lowing intravenous delivery of viral vectors in humans and
laboratory model systems. The proximity to all tissue types
and a well-described association with adult progenitor cells

1856

(e.g., the perivascular stem cell niche) (Oh and Noér, 2015;
Tamplin et al., 2015) provide additional rationale for further
examination of endothelial cells in this context.

A growing body of evidence supports adult endothelial
cell plasticity. For example, primary mouse neural progen-
itor cells have been observed to spontaneously differentiate
into endothelial cells in culture (Wurmser et al., 2004). In
addition, there is evidence that populations of adult neu-
ronal progenitor cells migrate from the meninges, a region
possessing a high concentration of endothelial cells (Bifari et
al., 2017). Another area of attracting increased interest is the
study of the endothelial-mesenchymal transition, which is a
natural transdifferentiation phenomenon undertaken by en-
dothelial cells and is an element of normal cardiac develop-
ment (Bernanke and Markwald, 1982; Mjaatvedt et al., 1987;
Eisenberg and Markwald, 1995; Camenisch et al., 2002; de
Lange et al., 2004) that may also underlie several forms of
vascular disease (Chen et al., 2015; Moonen et al., 2015; Li
et al., 2018). Lastly, there is evidence that in adult rodents,
specialized endothelial cells can de-differentiate to become
smooth muscle cells and chondrogenic cells following vascu-
lar injury (Tang et al., 2012). These multipotent endothelial
cells have been reported to readily differentiate into diverse
cell types, including neurons in vitro (Tang et al., 2012). Tak-
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en together, these findings blur the line between endothelial
cells and other cell types, suggesting that endothelial cells
could be attractive targets for cell lineage tracing analysis in
an adult mammalian system.

The development of innovative cell lineage tracing ap-
proaches has accelerated research efforts in the field of
regenerative medicine. Traditional cell lineage tracing
methods that rely upon the labeling of replicated DNA (e.g.,
BrdU, [3H]-thymidine) would be expected to underreport
transdifferentiation events due to the absence of cell division
in this process. To address the limitations of traditional ap-
proaches, cell lineage tracing strategies that utilize a perma-
nent fluorescent reporter activated by temporally-controlled
genetic alteration have become prevalent (Kretzschmar and
Watt, 2012). Therefore, to carry out a comprehensive cell
lineage tracing study of endothelial transdifferentiation, we
employed such a strategy that utilized an adult transgenic
mouse model for specific temporal labeling of endothelial
cells. Mice were sacrificed at varied intervals following the
labeling period and 23 tissue types were assessed for the
presence (or absence) of a fluorescent marker to identify cel-
lular progeny.

Materials and Methods

Animals

All mouse procedures and husbandry were approved by
the Boise State University Institute Animal Care and Use
Committee (approval No. 006-AC15-018) on October 31,
2018. Mice were maintained in the Boise State University
rodent vivarium at 25°C with 12-hour light/dark cycles and
provided food ad libitum. VEcad-CreERT?2 transgenic mice
were kindly gifted by University of California, Los Angeles,
USA (Monvoisin et al., 2006). Nes-CreERT?2 transgenic mice
(stock# 016261) (Battiste et al., 2007) and B6 Cg-Gt(RO-
SA)26Sor ™ (CAGATomaOE pororter mice (stock# 007909)
(Madisen et al., 2010) were purchased from Jackson labo-
ratory (Bar Harbor, ME, USA). Cell lineage tracing exper-
iments were initiated by replacing standard rodent pellets
with chow containing 400 mg tamoxifen citrate/kg chow
(Cat# TD.130860; Envigo, Huntingdon, Cambridgeshire,
UK) as described previously (Albright et al., 2016; Rahman
et al., 2017). After 1.5 months of tamoxifen treatment, the
chow was replaced with standard rodent pellets. Both female
and male 4-5-month-old mice were used in this study and
no sex-linked variation in lineage tracing was observed.
Genotyping for transgenic mouse lines was performed as
described previously (Monvoisin et al., 2006; Battiste et al.,
2007; Madisen et al., 2010). At least two mice per cohort
were examined for reporter expression.

Tissue preparation and cryosectioning

Study mice were anesthetized with isoflurane followed by
transcardial perfusion with heparin (20 U/mL) in neutral
phosphate buffer (PB) and then 4% paraformaldehyde
(PFA) in PB. Tissue was harvested and placed in ice-cold
4%PFA/PB and stored for 24 hours at 4°C. Samples were
then transferred to a 30% sucrose/PB solution for storage at

4°C for 72 hours. Tissue was then dried and frozen rapidly
in optimal cutting temperature (OCT) media on a block
of dry ice. Samples were then wrapped in aluminum foil,
placed in freezer bags and stored at —80°C until sectioning.
Tissues were equilibrated to —20°C and then sectioned using
a cryostat (model CM1950; Leica, Buffalo Grove, IL, USA)
at a thickness of 15 um directly onto Superfrost Plus Gold
microscope slides (Thermo Fisher, Waltham, MA, USA).
Slides were dried in a dark drawer overnight. The next day,
slides were processed for labeling or placed in a slide holder,
sealed, and stored at —80°C.

Hoechst dye labeling

Slides were removed from —80°C storage and allowed to
equilibrate to room temperature in a dark drawer. Slides
were then washed with PB and labeled with a 1:20,000 di-
lution of Hoechst 33342 dye (Cat# H3570; Thermo Fisher)
for 10 minutes at room temperature. One PB wash was
performed and sections were then allowed to dry in a dark
drawer for 30 minutes. Coverslips were then mounted using
Everbrite mounting media (Cat# 23003; Biotium, Fremont,
CA, USA). Slides were allowed to dry in a dark drawer for 24
hours and then stored in a slide box at 4°C until viewed.

Immunohistochemistry

Section-containing slides were removed from —80°C stor-
age and dried for 1 hour in the dark at room temperature.
Antigen retrieval was performed as previously described
(Hussaini et al., 2013). Slides were washed with PB and then
placed in a container with citrate solution (Cat# 14746S; Cell
Signaling, Danvers, MA, USA) diluted in dH,O that was
preheated in a microwave (5 minutes at high power). The
solution with slides was then heated in a microwave for an
additional 7 minutes at high power. The heated container
was then covered and placed in an ice bath for 1 hour. Slides
were then washed three times with a Tris solution (50 mM
Tris HCI, 150 mM NacCl, 0.05% Triton X100-not pH adjust-
ed). A pH-adjusted Tris solution was used (TBST: 50 mM
Tris HCI, 150 mM NaCl, 0.05% Triton X100- pH 7.2) as a
final wash. The slides were then dried for 30 minutes and
primary antibodies were then diluted in TBST supplemented
with donkey serum to 4%. The primary antibodies used in
this study are as follows: anti-mCherry (Cat# MBS448092;
1:100; Mybiosource, San Diego, CA, USA), anti-NeuN (Cat#
243078S; 1:100; Cell Signaling), anti-insulin (Cat# 3014S;
1:800; Cell Signaling), anti-glucagon (Cat# sc-514592, 1:100;
Santa Cruz Biotechnology, Dallas, TX, USA), and anti-K15
(Cat# sc-47697; 1:100; Santa Cruz Biotechnology). Antibody
solutions were incubated in a humidifying slide chamber
at room temperature overnight. The next day, slides were
washed with TBST and incubated with the appropriate sec-
ondary antibodies diluted in TBST with donkey serum to 4%
for 2 hours at room temperature. The secondary antibodies
used in this study are as follows: donkey anti-goat Alexa 594
(Cat# A32758; 1:500; Thermo Fisher), donkey anti-mouse
Alexa 488 (Cat# A-21202; 1:500; Thermo Fisher) and donkey
anti-rabbit Alexa 488 (Cat# A-21206; 1:500; Thermo Fisher).
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Slides were washed with TBST and then incubated with a
1:20,000 dilution of Hoechst 33342 dye (Cat# H3570; Ther-
mo Fisher) at room temperature for 10 minutes. A final wash
in PB was performed and slides were then dried for 1h in a
dark drawer. Once dry, the slides were mounted with covers-
lips using Everbrite mounting media (Cat# 23003; Biotium).
The coverslips were allowed to dry for 24 hours in a dark
drawer before imaging or storage at 4°C.

Imaging and assessment of tissue sections

Conventional fluorescence microscopy images were ob-
tained using an EVOS M7000 Imaging System (Thermo
Fisher). Hoechst images were viewed using a DAPI filter
cube and tdTomato was assessed using an RFP filter cube in
the EVOS system. Semi-quantitative assessment of tdToma-
to+ve cells was performed by comparing three or more
comparable levels of a tissue section obtained from at least
two mice per cohort. Cells were counted at 100x fields and
a relative number of “+” signs assigned. When comparing
across different cohorts within a tissue group, the num-
ber of + signs correlate to relative increases or decreases
in tdTomato +ve cell number. As such, this method is not
stereological but provides a strong correlation with the
relative abundance of cells expressing tdTomato. Confocal
microscopy images were acquired using the following sys-
tems: Zeiss Laser Scanning Confocal Microscope Meta 510
system (Zeiss, White Plains, NY, USA), Zeiss 880 Airy Scan
system and an Olympus FV3000 Laser Scanning Confocal
Microscope system (Olympus, Center Valley, PA, USA). A
supplemental image database containing representative con-
ventional fluorescence microscopy images (EVOS M7000
system) from all examined tissues can be found at the Open
Science Framework (https://osf.io/x9yu8).

Results

VE-cadherin cell lineage tracing labels a diversity of cell
types in adult mice

Endothelial cell labeling was performed using a double
transgenic mouse system that allows for VE-cadherin pro-
moter-specific expression of a CRE-recombinase (VEcad-
CreER™) (Monvoisin et al., 2006), kindly provided by Dr.
Iruela-Arispe (UCLA)) that is activated at designated times
by the addition of tamoxifen (TAM) to rodent chow (Fig-
ure 1). Following activation by TAM, CreER" excises a
loxP-flanked DNA cassette containing a stop codon with-
in a transgenic CAG-promoter-driven tdTomato reporter
(Gt(ROSA)26Sor™(CActdTomatolfizey (N1 disen et al., 2010),
resulting in permanent and constitutive expression of tdTo-
mato. VE-cadherin-directed CreER" expression was selected
due to the high degree of endothelial cell specificity reported
in adult mice (Heimark et al., 1990; Monvoisin et al., 2006).
We also observed prototypical endothelial cell tracing in
these mice (Additional Figure 1). For this study, we sought
to extend the labeling period to 1.5 months to enhance the
tagging of transient endothelial cell populations not covered
by previous studies (Figure 1B). In addition, we lengthened
the post-labeling phase (1.5, 3, and 6 months) for increased
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capture of slow transdifferentiation events. A summary of
the results for the examined cell types and tissues is found in
Table 1. In addition, a repository of images containing trans-
genic mouse lines, tissues, and experimental time points has

been provided in Additional file 1.

Central nervous system

Examination of the central nervous system (CNS) following
TAM treatment revealed tdTomato-positive cells in several
cell types not previously reported to share embryonic origins
with endothelial cells. Positive cellular projections were ob-
served in the olfactory bulb adjacent to but outside of glom-
eruli, suggesting that these cells are not olfactory neurons
(Figure 2). These projections were noted in a juxtaglomer-
ular region within all levels of olfactory bulb sections and at
all post-TAM treatment time points. No associated somas
were observed, suggesting that these projections originated
outside of the olfactory bulb.

Interestingly, numerous tdTomato" cells were detected
in the granule layer of the cerebellum (Figure 2). Positive
cellular projections within the molecular layer were de-
tected and confocal microscopic examination (Figure 3A,
Additional Figures 2A and 4) confirmed that the abundant
positive cells in this region were cerebellar granule neurons
(CGNs). A clear gradation of positive CGN expression was
observed, with a peak at 3 months post-TAM treatment and
with complete absence observed at 6 months. The choroid
plexus lining the ventricle ventral to the cerebellum was td-
Tomato" at all time points, with peak frequency of tdTomato
expression occurring 3 months following TAM treatment.
The subventricular zone (SVZ), a region possessing adult ol-
factory bulb neuronal progenitors, exhibited positive label-
ing only in the ependymal layer (SVZ layer I) at 3 months of
age (Figure 2).

Hair follicle stem cells

Inspection of integumentary tissue obtained from the dorsal
pelt of adult transgenic mice revealed tdTomato expression
within hair root tissue (Figure 4). The most robust labeling
was observed 1.5 months after TAM treatment, with labeling
decreasing at 3 months and reaching undetectable levels at
6 months. Confocal microscopic assessment (Figure 3B and
C and Additional Figure 2B-D) revealed that a small por-
tion of tdTomato-expressing cells co-label with the hair root
stem cell marker K15. It is interesting to note the numerous
instances in which tdTomato-labeled cells were observed in
close proximity to K15-expressing cells without exhibiting
co-localization (Additional Figure 2B-D).

Skeletal muscle

The hamstrings of adult mice were also inspected for tdTo-
mato labeling (Figure 4 and Additional Figure 3). Surpris-
ingly, extensive labeling was observed at 1.5 months, with
maximum labeling observed 3 months after TAM treat-
ment. After 6 months, faint fluorescence was still evident
surrounding muscle fibers, indicating labeling within the
endomysium region with possible satellite cell involvement.
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Figure 1 Transgenic mouse cell lineage tracing strategy.

(A) Adult mice (4-5 months of age) possessing a transgenic cassette contain-
ing either vascular endothelial cadherin (VEcad)- or Nestin-promoter-driven
CreER™ recombinase are fed tamoxifen (TAM) citrate-laden chow to acti-
vate loxP site-directed excision of a second transgene (Ai9 line) possessing
a translation stop codon sequence. Removal of this stop codon results in
CAG promoter-driven reporter expression of tdTomato. Note that post-TAM
tdTomato expression is solely controlled by the CAG promoter and Gt(RO-
SA)26Sor chromosomal locus (tdTomato reporter locus). (B) Permanent
activation of tdTomato expression in VEcad or Nestin-expressing cells was
achieved by feeding adult mice tamoxifen for 1.5 months. Mice were sacri-
ficed at the indicated times, fixed and histological assessment was performed.

Figure 2 Vascular endothelial-cadherin cell fate mapping in the
central nervous system.

Adult mice possessing VEcad-CreER"/Rosa-flox-STOP-tdTomato were
fed tamoxifen-containing chow for 1.5 months and mice sacrificed at
the indicated times following initiation of treatment. Representative
channel merged images from fixed and Hoechst labeled tissues. Nuclei
are labeled by Hoechst (blue) and cell lineage tracing is indicated by
tdTomato (red). The areas shown in micrographs are indicated by high-
lighted regions (red boxes) in diagrams to the right where the granule
cell layer (GCL), glomerular layer (GL), lateral ventricle (LV) and
fourth ventricle (4V) are shown. Arrowheads highlight labeled cells and
cellular appendages (white scale bars: 400 um).

Epidermis
Dermis

Hypodermis
Muscle

Figure 4 Vascular endothelial-cadherin cell fate
mapping in the periphery.

4-5-Month-old VEcad-CreER"/Rosa-flox-STOP-td-
Tomato mice were provided tamoxifen chow for 1.5
months and sacrificed at the times shown. Images
were obtained from fixed and Hoechst stained tissues.
Cell lineage tracing is evidenced by tdTomato (red)
and nuclei are indicated by Hoechst (blue) labeling.
Arrowheads highlight labeled cells (white scale bar
= 400 um). Red boxes displayed in diagrams indicate
region shown in the associated micrographs. Asterisk
(*) indicates tdTomato" muscle fibers underlying skin;
Intestinal lumen (L) and tdTomato" crypt cells (arrow-
heads) are labeled. Renal tissue diagram indicates the
location of the renal pelvis (R.P.).

Small intestines

Lumen (L)

Crypts.

Villi
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Table 1 Cell lineage tracing results for vascular endothelial cadherin and Nestin

1.5 mon 3 mon 6 mon 1.5 mon 3 mon 6 mon
Cell type post-TAM post-TAM post-TAM || Cell type post-TAM post-TAM  post-TAM
A. Vascular endothelial cadherin cell lineage tracing B. Nestin cell lineage tracing
Olfactory bulb granule - - - Olfactory bulb granule - -+ -+
neurons neurons
Olfactory bulb ++ ++++ ++ Olfactory bulb + ++++ ++
juxtaglomerular projections juxtaglomerular projections
Midbrain neurons - - - Midbrain neurons - - -
Midbrain ventricular cells ~ — - - Midbrain ventricular cells - -+ ++
Cortical neurons - - - Cortical neurons - - -
Hippocampal neurons - - - Hippocampal neurons - + ++
Cerebellar granule neurons ~ ++++ - Cerebellar granule neurons  — ++ +
Choroid plexus +++ +H+++ Choroid plexus ++ - +++
Striatal neurons - - - Striatal neurons - - -
Subventricular zone layer I~ — ++ - Subventricular zone layerI - R o T o o
Subventricular zone layers ~ — - - Subventricular zone layers - - -
2-4 2-4
Pancreatic islet cells -+t ++++ - Pancreatic islet cells - - -
Pancreatic acinar cells -+ t++4 - Pancreatic acinar cells - - +
Skeletal myocytes ++ ] Skeletal myocytes - +++ +
(hamstring) (hamstring)
Skeletal myocytes - - 4+ Skeletal myocytes - + +++
(underlying dorsal skin) (underlying dorsal skin)
Cardiac myocytes - - - Cardiac myocytes - - -
Hepatocytes - - - Hepatocytes - - -
Renal cells (cortical layer) +++++ +++ - Renal cells - - -
Hair follicle cells +H+++ ++ - Hair follicle cells - - -
Splenic follicles - - - Splenic follicles - - -
Gastric pit cells - - - Gastric pit cells - - -
Duodenal crypt cells +++ - - Duodenal crypt cells - - -
Ileal crypt cells ottt — - Ileal crypt cells T = ++
Colonic crypt cells - - - Colonic crypt cells - - -

Cell types were scored semi-quantitatively for the relative abundance of tdTomato positive cells (+) at the indicated times following initiation of
tamoxifen treatment in (A) VEcad-CreER™/Rosa-flox-STOP-tdTomato or (B) Nes-CreER"/Rosa-flox-STOP-tdTomato transgenic mice. Cell types
without (-) tdTomato labeling are also shown. Notes: “myocytes very weakly labeled with most signal surrounding the muscle fiber; "abundant
weakly positive cells; ‘possible tdTomato® tumor noted; “weakly positive.

No strongly labeled muscle fibers were observed for that
time point. Labeling was concentrated in localized regions of
muscle whenever robust tdTomato expression was observed
(1.5 and 3 months post-TAM), leaving most areas of muscle
with no labeled fibers. In addition, muscle residing beneath
the subcutaneous layer of dorsal skin was found to be weakly
tdTomato" at 6 months post-TAM with no detectable fluo-
rescence at 1.5 or 3 months (Figure 4).

Pancreas

Another unexpected finding was the observed labeling of
pancreatic islets (Figure 4). There was a well-defined grada-
tion of labeling, with all observed islets possessing tdToma-
to-positive cells 1.5 months post-TAM and with 83% of islets
containing one or more positive cells 3 months post-TAM.
No tdTomato" cells were observed 6 months post-TAM.
Confocal microscopic analysis (Figure 5A and Additional
Figure 5A) revealed that some of the positive cells were beta
cells (3% insulin®). It is worthwhile to note the extremely
close proximity of the tdTomato-positive cells with insu-
lin-positive cells in an interwoven configuration (Figures 5A

1860

and B and Additional Figure 5A and B). Co-labeling with
glucagon (Figure 5C and Additional Figure 5C) was not
observed, indicating that none of the tdTomato-expressing
cells at these time points were alpha cells.

TdTomato labeling was also detected in the acini of the
exocrine pancreas (Figure 4 and Additional Figure 6). The
most robust labeling was observed at 1.5 months and de-
creasing thereafter. Only a small minority of pancreatic acini
exhibited positive labeling. Similar to the pattern witnessed
in skeletal muscle, positive cells were most often grouped in
close proximity to each other. Likewise, only a very faint flu-
orescent signal in acini was detected 6 months post-TAM.

Renal cells

Kidney sections were assessed and found to exhibit strong
tdTomato expression 1.5 months after TAM administration
(Figure 4). Labeling was restricted to the cortical layer and
markedly absent from the medulla. This suggests that tdTo-
mato labeling was likely confined to proximal and distal con-
voluted tubules. Expression intensity diminished significant-
ly 3 months post-TAM and was only very weakly detectable
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in the cortex at 6 months. It should be noted that residual
urea would have been flushed from the tissue sections by
numerous washes associated with sample preparation before
imaging. Therefore, it is not expected that filtrate or urine
(which might exhibit tdTomato fluorescence) contributed to
the observed signal.

Small intestines

Examination of the intestinal tract revealed positive tdTo-
mato labeling for crypt cells (crypt of Lieberkithn) found
in both the duodenum and ileum (Figure 4). These labeled
cells were concentrated within the most basal portion of the
intestinal gland. The most intense labeling was observed 1.5
months post-TAM and labeling was completely absent (or
very indistinct) 3 and 6 months following TAM treatment.
No fluorescence was observed for colonic cells at any time
point.

Nestin cell lineage tracing labels for canonical and
non-canonical targets in adult mice

The intermediate filament Nestin is known to exhibit a pro-
miscuous expression pattern. However, it has been reported
that some endothelial cells (as well as specialized endothelial
progenitor cells) express Nestin in adult mice (Mokry et al.,
2008; Suzuki et al., 2010; Ding and Morrison, 2013; Itkin et
al., 2016; Dusart et al., 2018). Therefore, Nestin cell lineage
tracing (Nes-CreER"), as employed here (Figure 1), could
provide additional information with respect to endothelial
cell progeny. We found both canonical Nestin cell progeny
as well as novel cell labeling events show some correlation
with VE-cadherin cell lineage tracing. A detailed summary of
Nestin cell lineage tracing results can be found in Table 1 and
additional image sets are provided in Additional file 1.

Central nervous system

Analysis of adult mouse brain (Figure 6) showed tdTomato
labeling of neurons in the granule cell layer of the olfactory
bulb at 3 months, which was maintained at a similar level 6
months post-TAM. This is consistent with previous reports
of Nestin-positive progenitors migrating from the SVZ to
establish adult-born olfactory bulb neurons (Altman, 1969;
Menezes et al., 1995; Zerlin et al., 1995). Labeled olfactory
neurons were not present at 1.5 months, which indicates
that the tdTomato-expressing cells at 3 months were indeed
derived outside of the olfactory bulb. Interestingly, we ob-
served juxtaglomerular projections in the olfactory bulb
at all time points, as was witnessed in VE-cadherin lineage
tracing experiments described above. No associated cell
somas were noted, which indicates that these projections
originated outside of the olfactory bulb. Similar to adult ol-
factory bulb granule neurons, populations of hippocampal
cells are known to undergo adult neurogenesis from Nestin"
progenitors (Palmer et al., 1995). Supporting this notion, we
find tdTomato-positive cells in the hippocampus beginning
3 months following TAM administration and increasing at 6
months. Interestingly, we find only a relatively small number
of labeled cells in this region, despite numerous reports in

the literature of abundant neuronal regeneration in the hip-
pocampus of adult mice (Altman and Das, 1965; Bayer et al.,
1982).

Our study also detected tdTomato-labeled cerebellar
granule neurons at 3 and 6 months following treatment with
TAM (Figure 6). No tdTomato-positive cells were noted
in the 1.5-month cohort. Both the 3- and 6-month groups
exhibited far fewer positive cerebellar granule neurons com-
pared to our VE-cadherin study. Assessment of the nearby
choroid plexus showed sparse labeling at 1.5 and 6 months.
Surprisingly, no labeled cells were observed 3 months after
TAM treatment for the cohort of mice we examined. This
correlates inversely with VE-cadherin labeling of the same
structure at 3 months. Another interesting finding was posi-
tive labeling of ependymal cells lining the ventricular surfac-
es extending throughout the brain, which was absent at 1.5
months but robustly labeled 3 and 6 months post-TAM. The
expression pattern also shows a clear disconnect between the
choroid plexus and the ubiquitous ependymal layer indicat-
ing differential regulation for their production.

Skeletal muscle

Investigation of skeletal muscle obtained from hamstring
found tdTomato-labeled muscle fibers 3 months after TAM
treatment while being absent in the 1.5-month group (Figure
7). However, the 6-month cohort showed positive labeling
for very few muscle fibers. It is evident that the majority of
positive cells at 3 months have an elevated signal originating
from the endomysium area in addition to signals originating
from myocytes. Comparable to VE-cadherin tracing, Nes-
tin-traced myocytes were found in close proximity to each
other. We also observed robust Nestin tracing to muscle un-
derlying the subcutaneous fat layer of dorsal skin at 3 and 6
months post-TAM but not at 1.5 months (Figure 7).

Small intestine

Nestin cell lineage tracing revealed positive labeling for il-
eal crypt cells at 1.5 months and absence at 3 and 6 months
post-TAM treatment (Figure 7). Labeling was analogous to
VE-cadherin tracing for this tissue. Conversely, no labeling
was observed for duodenal crypt cells, suggesting divergent
mechanisms for these two tissues. Interestingly, a small mass
of tdTomato-positive cells possessing irregular morphology
(possible tumor) was noted in the ileum of a 3 month post-
TAM mouse (Additional file 1).

Discussion

The non-endothelial tdTomato expression patterns observed
in this study are likely due to differentiation events traced
from endothelial cells. This is supported by previous work
that examined the expression pattern of the VEcad-CreER"™
mouse line used in this study (Monvoisin et al., 2006). Mon-
voisin et al., found that reporter gene expression by these
mice is confined to endothelial cells following a 5-day in-
traperitoneal injection regimen of 4-hydroxy-tamoxifen (4-
OHT) when examined 7 days post-treatment. In addition,
inspection of hematopoietic bone marrow cells revealed
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Figure 3 Cerebellar granule neurons and hair follicle stem cells express
vascular endothelial-cadherin fate mapping reporter.

Representative confocal microscopy images from adult VEcad-CreER™/
Rosa-flox-STOP-tdTomato transgenic mouse cerebellum (A) and skin (B,
C) at three months following the start of tamoxifen treatment. Immunohis-
tochemical labeling for (A) NeuN (green) or (B, C) K15 (green) with tdTo-
mato (red) and nucleus (Hoechst; blue) are shown at two magnifications to
demonstrate the rare occurrence of K15-tdTomato colocalization. Images
captured using a Zeiss Laser Scanning Confocal Microscope Meta 510 sys-
tem. Orthogonal projections provided in the supplementary data indicate
cells exhibiting (#) red/green colocalization. Asterisks (*) signify cells with-
out co-localization, hair shafts (HS) are also shown.
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Figure 5 Vascular endothelial-cadherin fate mapping labels
pancreatic B-cells.

Immunohistochemistry was performed for pancreatic insulin (A, B)
and tdTomato reporter expression at three months post-tamoxifen
treatment in adult VEcad-CreER"/Rosa-flox-STOP-tdTomato transgenic
mice. Representative images were obtained by confocal microscopy for
insulin (A, B; green), glucagon (C; green), tdTomato (red) and the nu-
cleus (Hoechst; blue). Two magnifications of separate fields are shown
to demonstrate the rare instances of Insulin-tdTomato colocalization.
A Zeiss Laser Scanning Confocal Microscope Meta 510 system was
used to capture and analyze the images shown. Confocal orthogonal
projections presented in the supplemental data section were utilized to
confirm cells with (#) or without (*) green/red co-localization.

Figure 6 Nestin cell fate mapping in the central
nervous system.

Transgenic Nes-CreER'*/Rosa-flox-STOP-tdTomato
mice at 4-5 months of age were fed tamoxifen-lad-
en chow for 1.5 months and then sacrificed at the
times shown post treatment initiation. Channel
merged images were then acquired from fixed
and Hoechst stained tissues. Nuclei are labeled by
Hoechst (blue) and cell lineage tracing is indicated
by tdTomato (red). Images shown were obtained
from the regions indicated by the red box in the as-
sociated diagram to the right where the granule cell
layer (GCL), glomerular layer (GL), lateral ventricle
(LV) and fourth ventricle (4V) are shown. Arrow-
heads highlight labeled cells and cellular append-
ages; # indicates autofluorescence from wrinkled
tissue region (white scale bars: 400 pum; green scale
bars: 1000 pum).
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Lumen (L)

that VEcad-CreER" mice exhibited very few reporter posi-
tive cells (0.3%) compared to negative control mice (0.2%)
suggesting only a negligible contribution from these sourc-
es. This group also assessed skeletal muscle in adult mice
(68 weeks of age) following 3-day tamoxifen injection at 2
days, 1 week and 6 weeks post-injection. No positive skele-
tal myocyte reporter expression, only endothelial cells (by
morphology), was noted for any time point. This is consis-
tent with our finding of tdTomato+ve skeletal muscle first
appearing at 3 months post-treatment. It is important to
note that the reporter used by Monvoisin and colleagues to
examine VEcad-CreER" mouse line expression utilized a
B-galactosidase cassette (activated by CRE activity) residing
in the ROSA26 locus and driven by native ROSA26 elements
(Soriano, 1999). Our study utilizes a flox-STOP-tdTomato
reporter also residing in the ROSA26 locus (Madisen et al.,
2010). However, this reporter is driven by a CAG promoter
that could exhibit differing expression (cell type, intensity
and silencing) properties. We observe endothelial cell ex-
pression robustly in some tissues while it is markedly re-
duced in others. This could be due to properties conveyed by
the CAG promoter and a possibility that not all endothelial
cells exhibit the same expression profile in all tissues. Given
the strong endothelial cell fidelity reported by Monvoisin
et al. and numerous studies of VE-cadherin immunohisto-
chemistry, the VEcad-CreER" cassette portion of this dual
transgenic system appears to be functioning as intended.

The robust labeling of large numbers of cerebellar granule
neurons by VE-cadherin tracing was a notable finding. Un-
like other regions of the brain, development of the cerebel-
lum begins postnatally, which may represent an alternative
development strategy for CGNs. It has been shown that
despite elimination of canonical CGN precursors in the early
postnatal mouse brain by irradiation and genetic approach-
es, CGNs are nevertheless generated at high levels (Wojcinski
et al., 2017). Ponti et al. (2008) reported that cells previously
classified as astroglia and interneuron progenitors are in fact
distinct from neonatal canonical CGN progenitors and that
in peripubertal rabbits they give rise to large numbers of
adult-produced CGNs. A separate group of researchers has
also presented evidence indicating that a Nestin-expressing
progenitor pool is reprogrammed to contribute to CGN
repopulation following acute depletion in postnatal mice

Figure 7 Nestin cell fate mapping in the periphery.
Transgenic Nes-CreER"/Rosa-flox-STOP-tdTomato mice at
4-5 months were fed tamoxifen-laden chow and tissue har-
vested at the indicated times following treatment initiation.
The representative merged channel images were acquired from
tissues that were fixed and Hoechst labeled. Cell lineage trac-
ing is evidenced by tdTomato (red) and nuclei are indicated
by Hoechst (blue) labeling. Note in hair follicles at 1.5 months
after tamoxifen addition, the observed fluorescent signal is
only found in hair shafts (no labeled cells). Labeled hair folli-
cle cells observed at 6 months post-tamoxifen were confirmed
K15-negative. Red boxes displayed in diagrams on the right
indicate region shown in the associated micrographs. Asterisk
(*) indicates tdTomato" muscle fibers underlying skin. Arrow-
heads highlight labeled cells and the ileal lumen (L) is indicat-
ed [white scale bar: 400 um].

Epidermis
Dermis

Hypodermis
Muscle

Crypts

Villi

(Wojcinski et al., 2017). Interestingly, we also observed Nes-
tin® progenitors tracing to CGNs. Our study suggests that
only a very small number of CGNs are regenerated (absent
of injury) from a Nestin-expressing progenitor in adult mice.
VE-cadherin® progenitor cells contribute to the vast major-
ity of labeled CGNss, indicating at least two distinct pools of
progenitor cells (Nestin® and VE-cadherin®) for the homeo-
stasis of adult mouse cerebellum. These findings suggest an
opportunity to deliver gene therapy intravenously for direct
effects on CGN physiology.

Ependymal cells have been described as a source of CNS
progenitor cells in the adult brain (Johansson et al., 1999)
in addition to performing other important homeostatic
functions such as cerebrospinal fluid production (Becht,
1920; Bruni et al., 1985). Here we report that the ependymal
layer is sparsely labeled by VE-cadherin tracing throughout
ventricular surfaces 3 months post-TAM (and including the
choroid plexus just ventral to the cerebellum). Ependymal
labeling was only visible in the choroid plexus adjacent to
the cerebellum in the 1.5- and 6-month cohorts. We also
observed intense Nestin tracing for the ubiquitous ventri-
cle-lining ependymal layer throughout the adult mouse
brain. These results suggest the possibility of a Nestin®/
VE-cadherin® choroid plexus progenitor in adult mice,
which is consistent with an endothelial subtype.

This study also revealed VE-cadherin tracing to hair folli-
cle cells. Examination by confocal microscopy revealed that
a very small proportion of these cells were positive for a hair
follicle stem cell marker (K15). This is a surprising finding,
given that hair follicle stem cells are believed to be of mes-
enchymal origin. As such, K15 stem cells would not be ex-
pected to be derived from a progenitor that expresses an en-
dothelial marker. The highest level of labeling was observed
1.5 months post-TAM where most hair follicles had at least
one positive cell per section; significantly reduced labeling
was observed at 3 months and labeling was reduced to unde-
tectable levels at 6 months. This implies a rapid turnover rate
consistent with hair growth in mice. Unlike VE-cadherin,
Nestin did not trace to hair follicle stem cells. We did, how-
ever, observe an enrichment of Nestin-traced hair follicle-as-
sociated capillaries.

Inspection of skeletal muscle from hamstring showed
VE-cadherin tracing at 1.5 months post-TAM treatment
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followed by a peak in tdTomato® muscle fiber number at 3
months. No strongly positive myocytes were observed by 6
months and only faintly labeled fibers remained. This sug-
gests that the signal resulting from the fusion of VE-cadher-
in-traced progenitors with myocyte cytosol had been diluted
out through fusion with non-labeled progenitors after the 3
month post-TAM time point. We also observed Nestin trac-
ing in hamstring at 3 months post-TAM (no labeling in the
1.5- or 6-month cohorts). Additionally, we found VE-cad-
herin and Nestin tracing to muscle underlying subcutaneous
dorsal pelt. This indicates the possible existence of a Nestin®
and VE-cadherin” skeletal muscle progenitor in adult mice.
Previous investigations have reported the existence of skel-
etal muscle satellite cells in adult animals termed myoendo-
thelial cells that express endothelial cell markers including
VE-cadherin (Zheng et al., 2007). Whether these cells are of
endothelial origin remains to be determined. Supporting the
notion of endothelial-skeletal muscle transdifferentiation are
reports of extravascular expression following intravenous
delivery of transgenes. A group reported that intravenous
delivery of adeno-associated virus (AAV9) containing CRIS-
PR/CASY editing constructs, carried out in a canine model
of Duchenne muscular dystrophy (Amoasii et al., 2018),
resulted in successful editing of a mutant dystrophin gene in
skeletal muscle. Interestingly, this group found an extremely
high percentage of successfully edited/transduced skeletal
myocytes at 2 months post-systemic AAV injection, even far
surpassing what was observed in this study. Taken together,
these findings imply that intravenous delivery of gene ther-
apy could be undertaken to correct a defined mutation or
provide a trophic factor to improve outcomes for skeletal
muscle disease.

Investigation of VE-cadherin cell lineage tracing within
the pancreas uncovered tdTomato labeling of islets. All islets
examined at 1.5 months post-TAM contained tdTomato”
cells and 83% of islets at 3 months post-TAM displayed
labeling. No labeling was evident at 6 months, suggesting
complete turnover of labeled cells by that time. Confocal
assessment confirmed that a small proportion (3%) of tdTo-
mato” islet cells were insulin-producing B cells. No tdToma-
to-expressing cells were found to be glucagon” a-cells. The
presence of VE-cadherin-traced { cells suggests the possible
existence of a B cell precursor cell in adult mice with endo-
thelial origins. The evident decrease in tdTomato" islet cells
over time provides support for the existence of regenerative
mechanisms of B cells in adult mice, which is currently a
subject of controversy (Yu et al., 2016). The existence of a
natural endothelial-derived B cell progenitor could offer new
intravenous therapy options for prolonged treatment of dia-
betes. In addition, this knowledge could inform strategies to
stimulate B cell regeneration in vivo.

Exocrine pancreatic acini were also found to contain td-
Tomato-labeled cells following VE-cadherin tracing. Only a
few acini lobes per section exhibited the fluorescent marker,
though when present, positive cells were grouped in close
proximity. The highest abundance of labeled acini was found
1.5 months post-TAM, which decreased markedly 3 months

1864

after treatment. The 6-month group showed only rare and
individual tdTomato" acinar cells. This labeling pattern sug-
gests the existence of an endothelial-derived progenitor and
that near-complete regeneration of acini cells occurred over
this 6-month period.

Renal tissue was also found to exhibit VE-cadherin trac-
ing. Specifically, cells comprising the convoluted tubules
within the renal cortex had pronounced labeling at 1.5
months post-TAM, with a gradual loss observed at 3 months
and only a very faint signal detected at 6 months. The pro-
genitor source for adult proximal convoluted tubule cells
is still highly debated and our finding adds to a substantial
body of evidence regarding extra-renal and atypical sources
(Poulsom et al., 2001; Gupta et al., 2002; Sugimoto et al.,
2006; Castrop, 2019). The observed fluorescent signal in this
study likely does not arise from filtrate since the tissues were
thoroughly flushed during multiple washes following sec-
tioning onto slides. In addition, tdTomato labeling is com-
pletely absent from the renal medulla, excluding fluorescence
contributed directly by filtrate cells in the loop of Henle or
medullar collecting tubules. However, it cannot be ruled out
that label-positive proximal convoluted tubule cells obtained
tdTomato from early filtrate via their native protein-recovery
mechanisms and thereby obtained cytosolic fluorescence
independent of a transdifferentiation event. An alternative
interpretation of this result could be that cell fusion events
of proximal convoluted tubule cells with other tdTomato”
cells decreased and that contributed cytoplasm was gradual-
ly turned over (similar to myocytes). Another possibility is
that the weak signal at 6 months is due to activation of CRE
by tamoxifen that has persisted. Further studies are needed
to explore these possibilities as the prospect for renewal of
these important cell types could be useful in the develop-
ment of therapeutic strategies for the treatment of kidney
disease.

Our assessment of the digestive tract revealed VE-cadherin
cell lineage tracing of duodenal and ileal gland crypts. Label-
ing was confined to the base of the intestinal crypts and was
robust at 1.5 months but disappeared 3 months after TAM
treatment began. This suggests a rapid turnover of these cells,
which is consistent with that of cells found within a highly
proliferative epithelial tissue. A weaker fluorescent signal was
observed for more mature cells emanating from the crypts
that form the intestinal villi. Interestingly, we did not observe
any tdTomato labeling within colonic crypts, which suggests
a different etiology in adult mice. We also found that Nestin
traced to Ileal crypts at 1.5 months post-TAM (and disap-
peared by 3 months) but did not trace to the duodenum sug-
gesting divergent origins for these adult tissues.

Conclusion

There is evidence of tissue homeostasis by actively dividing
stem cells and one or more pools of quiescent stem cells
working in concert to maintain cell replacement needs (Li
and Clevers, 2010; Blanpain and Fuchs, 2014). In such cas-
es, it is possible that the selector of the donating quiescent
progenitor is the tissue environment rather than the cell type



Soto-Avellaneda A, Morrison BE (2020) Central nervous system and peripheral cell labeling by vascular endothelial cadherin-driven lineage
tracing in adult mice. Neural Regen Res 15(10):1856-1866. doi:10.4103/1673-5374.280317

classification of the progenitor itself. For example, a growing
body of evidence indicates that some quiescent brain regions
possess the ability to foster the differentiation of transplanted
progenitor cells from varied sources into functional neurons
(Lindvall et al., 1989; Volkman and Offen, 2017). Moreover,
experimental ablation of one type of progenitor can cause
restoration by another type (Rompolas et al., 2013; Blanpain
and Fuchs, 2014). If indeed this form of plasticity occurs
broadly in adult mammals, endothelial cells would represent
the most readily available cell type for “recruitment” as a
progenitor across tissues. Evidence presented in this study
supports the notion of an endothelial population that trans-
differentiates into other embryonically distinct cell types and
which is also a substantial contributor to adult mammalian
tissue homeostasis. Confirmation of such a finding would
offer new insights into the pathology of human disease and
present potential therapeutic avenues.

Limitations of the CreERT2/Rosa-floxed-STOP-tdTomato
system

a) Cell fusion events cannot be completely ruled out. Howev-
er, Hoechst labeling of nuclei did not reveal any multinucle-
ated cells (with the exception of myocytes) by conventional
or confocal microscopy. In addition, previous studies involv-
ing bone marrow-derived stem cell transplantation (Alva-
rez-Dolado et al., 2003) did not reveal cell fusion events for
any of the tdTomato" cells observed in this study, indicating
that tdTomato-expressing cells are likely not derived from
fusion events with hematopoietic cells (e.g., B-cells).

b) The genomic location (Rosa26) of the reporter cassette,
in concert with the exogenous promoter employed (CAG
promoter-driven-tdTomato), dictates the cell-type expres-
sion pattern of tdTomato following the initial activation
from flox-STOP removal by CreER". Therefore, genomic ed-
iting by activated CreER"* may have occurred in a given cell
without the production of a fluorescent signal if the Rosa26
locus or CAG promoter is silenced by that cell type.

c) CRE activity can result in two outcomes. Correct editing
creates a tdTomato sequence with the removal of a stop-co-
don-containing cassette and the subsequent expression of a
functional fluorescent reporter. However, CRE activity can
also result in translocation of cut DNA fragments to other
locations in the genome or other rearrangements that do not
produce a functional reporter. In these instances, cell lineage
tracing mechanisms would be activated but not observed.

d) Promoter silencing is a reported cellular response to
numerous constitutive promoter systems (e.g., CMV, CAG)
(Choi et al., 2005; Xia et al., 2007; Herbst et al., 2012). Re-
porter gene silencing could also confound the disappearance
of the tdTomato signal at later time points. Other approaches
would be necessary to determine if a loss in signal is due to
cell turnover or CAG promoter silencing.

e) The observation of fewer reported tracing events could
be the result of cell death. Double-stranded cuts directed
by CRE in target cells initiate DNA repair systems. If re-
pairs are not made correctly or in a timely fashion, cells are
susceptible to apoptosis. In addition, cell death could be

directed by the immune system against tdTomato-derived
peptides presented in MHC class I complexes. However,
this prospect is unlikely, given that tdTomato is observed in
some tissues in both VE-cadherin and Nestin mouse lines at
6 months post-TAM.

f) Contributions by extracellular vesicles emitted from
tdTomato-expressing cells cannot be determined in this sys-
tem. It is possible that extracellular vesicles containing tdTo-
mato are released by edited/labeled cells and accumulated in
target cells, thereby leading to fluorescence in the target cell
that is not associated with a transdifferentiation event. This
is an inherent limitation of the Rosa-floxed-STOP-tdTomato
system.
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Additional Figure 1 Prototypical arterial endothelial cell expression of tdTomato following
VE-cadherin cell lineage tracing in renal tissue.

Renal tissue was harvested from VEcad-CreER™/Rosa-flox-STOP-tdTomato transgenic mice 1.5
months post-tamoxifen treatment initiation. Tissue samples were fixed, cryosectioned (15 um) onto
slides, stained with Hoechst dye (nuclear label) and then mounted with coverslips. The displayed image
was captured by an EVOS M7000 conventional fluorescence microscopy system. The merged image
shows tdTomato (red) and Hoechst (blue) channels. Arrowhead indicates tdTomato+ endothelial cells
of the internal elastic lamina of a renal glomerulus arteriole. Asterisks (*) show tdTomato+ convoluted

tubules also present in this micrograph.



Additional Figure 2 Confocal microscopy orthogonal analysis of VE-cadherin-traced cerebellar
granule neurons and hair follicle cells presented in Figure 3.

(A) NeuN (green) /tdTomato (red) co-labeling (arrowheads) by IHC confirmed for cerebellar granule
neurons through orthogonal reconstruction from confocal image stacks. (B, C) Rare hair follicular cells
exhibit K15 (green)/tdTomato (red) co-localization (arrowheads). (D) The vast majority of tdTomato
hair follicle cells do not exhibit co-labeling with K15 (green) despite often being in very close

proximity. Images captured using a Zeiss Laser Scanning Confocal Microscope Meta 510 system.



100 pm

Additional Figure 3 Examination of skeletal myocytes following VE-cadherin cell lineage tracing
high resolution confocal image.

Hamstring tissue was harvested from VEcad-CreER?/Rosa-flox-STOP-tdTomato transgenic mice 3
months post-tamoxifen treatment initiation. Fixed samples were sectioned (15 pm) onto slides, labeled
with Hoechst dye, mounted with coverslips and imaged using an Olympus FV3000 Laser Scanning
Confocal Microscope system. The displayed image was obtained from a series of 10 um z-stacked
planes compressed into a maximum intensity projection image showing tdTomato (red) and Hoechst

(blue) channels.



100-pm

Additional Figure 4 VE-cadherin-traced cerebellar granule neurons confocal microscopy high
resolution tiled image.

Tissue was harvested from VEcad-CreER™/Rosa-flox-STOP-tdTomato transgenic mice 3 months
post-tamoxifen treatment initiation. The cryosectioned tissue (15 um) was fixed, labeled with Hoechst
dye and mounted with a coverslip. A tiled image was captured for 10 pm z-stacked planes and stitched
using a Zeiss 880 Airy Scan system. Hoechst dye (blue) and tdTomato (red) channels are displayed in

the maximum intensity projection image shown.



Additional Figure 5 Confocal microscopy orthogonal analysis of VE-cadherin-traced pancreatic
islet cells presented in Figure 5.

(A) Immunohistochemistry for insulin/tdTomato-co-labeled cell (arrowhead) assessed by orthogonal
reconstruction from confocal stacked images. (B) Almost all tdTomato positive islet cells examined are
insulin (green)-negative despite very close physical proximity. (C) No glucagon (green)/tdTomato
co-labeled cells were observed in any pancreatic section examined. Arrowheads indicate a point of
assessment. A Zeiss Laser Scanning Confocal Microscope Meta 510 system was used to capture and

analyze the images shown.



Additional Figure 6 VE-cadherin cell lineage tracing high-resolution confocal image of
pancreatic acini.

Pancreatic tissue was harvested from VEcad-CreER™/Rosa-flox-STOP-tdTomato transgenic mice 3
months post-tamoxifen treatment initiation. Tissue samples were fixed, cryosectioned (15 pm) onto
slides, stained with Hoechst dye and then mounted with coverslips. The displayed image was captured
by an Olympus FV3000 Laser Scanning Confocal Microscope system from 10 um z-stacked planes and
represented as a maximum intensity projection. The merged image shows tdTomato (red) and Hoechst

(blue) channels.



