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Aim To quantify the mitochondrial structure of ECs in intact arteries vs. cultured cells.

....................................................................................................................................................................................................
Methods
and results

Cre-stop mito-Dendra2 mice, expressing the fluorescent protein Dendra2 in the mitochondrial matrix only, were
used to label EC mitochondria using Cre-recombinase under the control of the VE-cadherin promoter. Conduit
arteries, resistance arterioles and veins were fixed, mounted on glass slides and fluorescent images were obtained
using a laser scanning confocal microscope (ex 488 nm; em 550 nm). ImageJ was used to calculate form factor (FF)
and aspect ratio (AR) of the mitochondrial segments. Mitochondrial fragmentation count (MFC) was calculated by
counting non-contiguous mitochondrial particles and dividing by the number of pixels which comprise the
mitochondrial network. Primary aortic EC cultures (48 h on culture plates) were generated to compare the mito-
chondrial structure of cultured ECs vs. intact arteries. Aortic segments were also exposed to high glucose overnight
(33 mM) ex vivo, and separate groups of mice were either infused with a high-glucose saline solution (300 mM) via
tail vein catheter for 1 h or injected with streptozotocin (STZ; 50 mg/kg) to cause hyperglycaemia. Compared with
cultured ECs, the mitochondria of ECs from the intact aorta were more fragmented (MFC: 6.4 ± 2.5 vs. 18.6 ± 9.4,
respectively; P < 0.05). The mitochondrial segments of ECs within the aorta were more circular in shape (FF:
3.5 ± 0.75 vs. 1.8 ± 0.30, respectively; P < 0.05) and had less branching (AR: 2.9 ± 0.60 vs. 2.0 ± 0.25, respectively;
P < 0.05) compared with cultured ECs. Ex vivo exposure of the intact aorta to high glucose overnight caused
mitochondrial fission compared with normal glucose conditions (5 mM; MFC: 25.5 ± 11.1 high glucose vs. 11.0 ± 3.6
normal glucose; P < 0.05). Both 1-h infusion of high glucose saline (MFC: 22.4 ± 4.3) and STZ treatment (MFC:
40.3 ± 14.2) caused mitochondrial fission compared with freshly fixed aortas from control mice (MFC: 18.6 ± 9.4;
P < 0.05 vs. high-glucose infusion and STZ treatment).

....................................................................................................................................................................................................
Conclusions Using a novel mouse model, we were able to, for the first time, obtain high resolution images of EC mitochondrial

structure in intact arteries. We reveal the endothelial mitochondrial network is more fragmented in the intact aorta
compared with cultured ECs, indicating that mitochondria assume a more elongated and branched phenotype in
cell culture.
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1. Introduction

The mitochondria of endothelial cells (ECs) exist as dynamic networks
which continually undergo fission and fusion events (the breaking apart
of mitochondrial segments, or joining of discrete mitochondrial particles,
respectively). The role played by altered mitochondrial dynamics in the

development and progression of cardiovascular disease has been well
studied (recently reviewed by Vásquez-Trincado et al.1 and Archer2),
and the prevailing thought is that increased mitochondrial fission pro-
motes an athero-prone phenotype in the vasculature. Mechanisms by
which increased mitochondrial fission contribute to disease processes in-
clude mitochondrial depolarization, decreased ATP production,
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increased mitochondrial reactive oxygen species, mitochondrial DNA
damage, decreased calcium exchange with the endoplasmic reticulum,
and decreased mitochondrial mass.3 Conversely, mitochondrial fusion
increases connectivity between mitochondrial segments and promotes
an athero-protective phenotype through the exchange of proteins,
nutrients, ions, and mitochondrial DNA throughout the mitochondrial
network.3 However, much of this data has been generated in cell culture
models and extrapolated to human disease processes as methods cur-
rently do not exist to visualize mitochondrial structure at the whole ani-
mal level, or even in the intact artery.

It has been suggested that mitochondrial structure may be altered in
cultured cells compared with intact tissue, thereby producing conflicting
results that do not necessarily capture true in vivo mitochondrial architec-
tures. While numerous methods exist to fluorescently label and image the
mitochondria in cultured cells (i.e. immunofluorescence of mitochondria-
specific proteins, membrane-potential based dyes targeted to the mito-
chondria, and viral delivery of fluorescent proteins to the mitochondria),
these methods do not provide cell-specificity, and fail to provide the level
of resolution needed to quantify mitochondrial structure in three-
dimensional, intact tissue (see Figure 1). Adding to the issue of poor signal-
to-noise ratio, some of these labelling agents require significant exposure
time (up to 24 h) to stain the mitochondria of live cells. Given that mito-
chondrial structure can change within seconds to minutes,4 many labelling
techniques are too slow to insure that ex vivo labelling of tissue would

accurately capture in vivo mitochondrial structure. Furthermore, the lack
of cell-specific mitochondrial labelling makes quantification of mitochon-
drial structure in a single cell type problematic in intact tissue as fluores-
cence from other cell types can interfere with the signal from the cell-type
of interest. Thus, there is an unmet need to develop a model that allows
visualization of mitochondrial structure in intact tissues and in the whole
animal with cell specificity, high resolution, and rapid processing.2

The goal of this study was to develop a transgenic mouse model through
selective breeding which expresses the photo-activatable fluorescent pro-
tein Dendra25 targeted to the mitochondrial matrix of ECs only. We pre-
sent data which indicates that this approach provides, for the first time, the
ability to image mitochondria at the single-cell level in intact arteries with
sufficient resolution to use accepted methods to quantify mitochondrial
structure. Further, we show that mitochondrial structure in fresh, rapidly
fixed, intact arteries is not highly networked and elongated when com-
pared with cultured ECs. Lastly, we confirm functional specificity using high
glucose, a widely used inducer to mitochondrial fission in ECs, and strepto-
zotocin (STZ) treatment to induce diabetes in Creþ/Dendra2þmice.

2. Methods

Creþ/Dendra2þ mice between 10 weeks and 12 weeks of age were
used for this study. All methods were approved by the Institutional

Figure 1 Mitochondrial staining in intact vessels using primary antibodies for TOM20 (A) and Cytochrome C (B) fail to provide sufficient resolution to
quantify mitochondrial structure at a sub-cellular level. Fixed mesenteric artery staining with MitoTracker Red (C) fails to provide cell-specific staining of
ECs. Vessel outline is marked with dashed line. Live cell image of a cultured Human Umbilical Vein Endothelial Cell stained with MitoTracker Red (D) at
sufficient resolution to quantify mitochondrial structure. EC, endothelial cell; VSMC, vascular smooth muscle cell.

Mitochondrial structure in intact arteries 1547
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Animal Care and Use Committee at the Medical College of Wisconsin
and conform to the NIH guidelines for the care and use of laboratory
animals.

2.1 Generation of Creþ/Dendra2þ

transgenic mice
Mitochondrial specific Dendra2þmice, which globally express Dendra2 in
the mitochondrial matrix (targeted to subunit VIII of cytochrome c oxi-
dase) were originally created by Pham et al.5 Original breeder pairs were
obtained from Jackson Laboratories (Bar Harbor, ME). Female PhAMfloxed

(photo-activatable mitochondria; aka Denra2þ; stock No: 018385) mice
were bred to male VE-Cadherin-Cre (VE-CRE; stock No: 006137) mice
to generate animals that express Dendra2 in the mitochondrial matrix of
the vascular endothelium only (Figure 2). Dendra2þ/Creþ offspring were
used as experimental animals. All offspring were genotyped by the trans-
genic core facility at the Medical College of Wisconsin according to the
protocol provided by Jackson laboratories for stock 18 385. Cre-/
Dendra2þ mice were used as controls to show having the transgene
encoding the Dendra2 protein behind a floxed stop codon in the genome
had no negative impact on vascular function (see Supplementary material
online). Animals were born in expected Mendelian ratios.

2.2 Preparation of arteries for imaging
Euthanasia of the mice was carried out by overdose of beuthanasia
(390 mg/mL solution diluted 1:100 and 0.5 mL given via intraperitoneal
injection) combined with a bilateral pneumothorax. Arteries were care-
fully removed from euthanized animals as quickly as possible (approxi-
mately 15–30 s after sacrifice) using forceps and fine Vannas spring
scissors (Fine Science Tools), and only the ends of the arterial segments
were touched to avoid damaging the vascular endothelium. After remov-
ing the arteries from the animals, the tissues were immediately fixed in
4% paraformaldehyde to avoid morphological changes in mitochondrial
structure which could potentially occur with immersion into various buf-
fers prior to fixation. To ensure that handling of the vessels did not affect
mitochondrial structure, whole animal perfusion fixation was performed
on a separate group of three animals as previously described using 4%
paraformaldehyde.6 No differences in mitochondrial structure were

observed using either method to fix the arteries (P > 0.05 whole animal
fixed vs. postmortem fixation for mitochondrial fragmentation count
(MFC), AR, and FF; t-test). Once fixed, the arteries were carefully
cleaned of connective tissue and cut longitudinally on one side. Arteries
were then mounted onto 22 � 22 mm #1 coverslips covered in
ProLongVR Diamond Antifade Mountant with DAPI (Thermo) with the
endothelium against the glass, and then placed on a slide for imaging.
Separate segments of fresh aorta were removed and placed into M199
cell culture medium containing 100 mg/L glutamine with 20% FBS (v/v),
100lg/mL heparin, 100 U/mL penicillin, 100 lg/mL streptomycin, and
0.292 mg/mL glutamine at 37�C for 16–20 h prior to fixation with para-
formaldehyde. Glucose concentrations were adjusted to 5 mM for nor-
mal glucose treatment or 33 mM for high glucose treatment.

2.3 Immunofluorescence of CD31 and
alpha smooth muscle actin
To confirm Denda2 expression was specific to only the EC layer, we per-
formed immunofluorescence for CD31 (endothelial specific marker) and
alpha smooth muscle actin (vascular smooth muscle specific marker).
Aortas from Dendra2þ/Creþmice were fixed with either 4% paraformal-
dehyde (for CD31) or 10% neutral buffered formalin (for alpha smooth
muscle actin) for 15 min and then placed in PBS. Samples were then snap
frozen in OCT following incubations in graded sucrose solution for cryo-
protection. Samples were cryo-sectioned longitudinally at 5mm and
placed on Poly-L-Lysine coated slides. Prior to staining slides were
allowed to air-dry at least 20 min, blocked for 20 min at room tempera-
ture, then incubated with either the CD31 (1:100; OriGene Technologies,
Inc.) or alpha smooth muscle actin (1:500; Abcam) antibodies overnight at
4�C. The slides were then washed, incubated with a Cy3 secondary anti-
body and DAPI, and coversliped with ProLong Gold Antifade Mountant
(Thermo Fisher Scientific). Fluorescent micrographs were then obtained
using a Nikon A1 laser-scanning confocal microscope (see below).

2.4 Primary aortic endothelial cell culture
To generate primary cultured aortic ECs, the thoracic aorta was freshly
excised from the mouse, cleaned of fat and connective tissues, perfused
with free serum EGM-2 (Lonza) and then filled with media containing

Figure 2 Breeding schematic to generate Creþ/Dendra2þ transgenic mice.

1548 M.J. Durand et al.

https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvy294#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvy294#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
Collagenase B (Sigma Aldrich). After 45 min at 37�C, the aorta was
flushed with 3 mL of 20% FBS-EGM-2 into a conical tube. The flushed
media was centrifuged for 5 min at 12000 rpm and the pellet containing
the ECs was then re-suspended in 10% FBS-EGM2 and transferred into
two chambers of a four-chamber glass slide with a coverslip bottom
(Nunc Lab-Tek II Chamber Slide). After 2 h, the cells were washed with
fresh media and cultured in 5% FBS-EGM-2 media for 48 h at 37�C in a
5% CO2 environment. After 48 h the cells were fixed with 4% parafor-
maldehyde for 15 min, washed with phosphate buffered saline, and cov-
ered with ProLongVR Diamond Antifade Mountant with DAPI (Thermo).
Separate groups of cells were incubated in M199 culture medium (see
above) containing either 5 mM or 33 mM glucose for 16–20 h prior to
fixation. Purity of the EC cultures was not assessed as only the ECs ex-
press the Dendra2 fluorescent protein.

2.5 High-glucose infusion
To test whether in vivo EC mitochondrial structure changed in response to
an established inducer of mitochondrial fission (high glucose), we acutely
elevated blood glucose levels with a 1-h high-glucose infusion. Mice were
anaesthetized with a cocktail of Ketamine (100 mg/mL), Xylazine (20 mg/
mL), and Acepromazine (10 mg/mL) mixed in a 7/2/1 ratio, respectively, at
a dose of 1mL/g of body weight via intraperitoneal injection. The tail was
then wiped with an alcohol pad, and a 26 gauge needle was used to make
an entrance route for a tail vein catheter. After insertion through the punc-
ture wound, the catheter was primed by flushing with 50mL of a saline/hep-
arin solution to ensure the catheter did not clot. After placing the animals
on a heating pad to maintain body temperature, they were perfused with a
high-glucose saline solution (300 mM glucose) at a rate of 10mL/min for 1 h
using an electronic syringe pump. A small tail clip was performed to draw
blood before initial glucose infusion and during the hour-long procedure to
ensure sufficient elevation of blood glucose levels using a commercially
available blood glucose monitor. Glucose levels were collected at 0 min,
5 min; 10 min; 20 min, 30 min; 45 min and 60 min of glucose infusion. The
animals were maintained under anaesthesia for the entire protocol using a
cocktail of ketamine/xylazine/acepromazine. Depth of anaesthesia was
tested using paw pinch. Blood glucose was elevated significantly after
10 min (>120 mg/dL increase). Blood glucose remained elevated through-
out the 1-h infusion period (average value >400 mg/dL after 20 min).

2.6 Streptozotocin treatment
It is well established that hyperglycaemia induced by STZ injection
(which destroys the insulin-producing pancreatic beta cells) causes en-
dothelial dysfunction in both conduit arteries and in the microvascula-
ture (reviewed by De Vriese et al.7). While the mechanisms that
contribute to hyperglycaemia-induced endothelial dysfunction are multi-
factorial, mitochondrial dysfunction plays a central role.8 For example,
cultured coronary ECs from diabetic mice have increased mitochondrial
fission9 and venous ECs freshly isolated from patients with diabetes mel-
litus have increased mitochondrial fragmentation and expression of the
fission-promoting protein Fis1.10 Thus, to determine if STZ-induced dia-
betes altered mitochondrial morphology in ECs of the intact aorta,
Dendra2þ/Creþ mice were treated with STZ using established meth-
ods.11 Briefly, 10 week old mice were injected with STZ (intraperitoneal)
dissolved in 0.1 M Na-Citrate buffer (pH 4.5) at a dose of 50 mg/kg with
anaesthetic induction. Each day blood glucose measurements were taken
with a glucometer to confirm diabetes development. If the glucose level
was higher than 200 mg/dL no further injections were administered. If
glucose levels did not reach this level, the intraperitoneal injection was

repeated. Once blood glucose was greater than 300 mg/dL the animals
were euthanized and tissue collected.

2.7 Confocal imaging of Dendra2
All images were acquired using a Nikon A1 laser-scanning confocal mi-
croscope equipped with �20 air, and �60 and �100 oil immersion
objectives. DAPI was excited by a wavelength of 405 nm with detection
at 450/50 nm, while Dendra2 was excited at 488 nm with detection at
525/50 nm. Cy3 was excited at 561 nm with detection at 595/50 nm.
Maximum projection Z-stack images were acquired using a resolution of
1048� 1048, a scan speed of 0.5 Hz, and line averaging of 4.

2.8 Quantification of mitochondrial
structure
Single cell mitochondrial structure was quantified using two accepted
methodologies, which are commonly used in cell culture models. The first
method uses ImageJ to describe each individual mitochondrial segment in
a given cell by assigning FF (4p�area/perimeter2) and AR (derived from
length of major and minor axis) values and is described by Koopman et
al.12 Briefly, a high FF value is indicative of a long, highly branched mito-
chondrial segment, and a high AR value is assigned to long, elliptical seg-
ments.13 The second method of quantification, the calculation of MFC,
was first described by Stephen Archer’s laboratory in 201214 and assigns a
single numerical value to each cell. The MFC is calculated by dividing the
number of discrete mitochondrial segments in the cell by the total mito-
chondrial mass (black pixels) and arbitrarily multiplying by 1000. A higher
MFC value corresponds to a more fragmented mitochondrial network.

To calculate FF, AR, and MFC, unedited image files were opened in
ImageJ and the brightness and contrast of the images were adjusted to
optimize visualization of the mitochondrial segments and to reduce
background noise. The images were then converted to a binary image
using the Otsu method, and the polygon selection tool was used to out-
line an individual cell within a given field. After selecting an individual cell,
the Analyze Particles function (pixel size 10-infinitiy; circularity 0.00–
1.00) was used to count the number of noncontiguous, discrete particles,
and describe their shape. The FF of each segment is calculated as the in-
verse of the circularity of each particle, and AR is automatically calculated
as 4p�area/perimeter2. The average of all FF and AR values within each
cell was then calculated for each treatment group.

To calculate MFC, the number of black pixels which comprises the bi-
nary mitochondrial network were counted using the Histogram function
within ImageJ. The number of mitochondrial particles (above) was then
divided by the number of black pixels and multiplied by 1000. A visual
representation of these quantification methods is shown in
Supplementary material online, Figure S1.

2.9 Statistical methods
All data are presented as mean value ± standard deviation and all statisti-
cal analysis was performed on a per-cell basis (vs. per animal). All data
sets were tested for normality using the Shapiro–Wilk test. When ap-
propriate, either a parametric unpaired Students’ t-test or non-
parametric Mann–Whitney rank sum test were used to compare differ-
ences in FF, AR, and MFC between cultured cells and intact arteries, and
normal and high glucose treated cells and arteries. A Kruskal–Wallis one
way analysis of variance (ANOVA) on ranks with a post hoc Dunn’s test
was used to compare the FF, AR, and MFC of mitochondria from ECs
from high glucose infused animals and STZ treated animals to animals
that were whole-animal fixed (control). A P-value of <0.05 was consid-
ered statistically significant.
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3. Results

3.1 The fluorescent protein Dendra2 is
specifically expressed in the mitochondria
of endothelial cells
Mice carrying the Dendra2 transgene under the VE-cadherin promotor
specifically express the green fluorescent protein Dendra2 in the vascular
endothelium. Figure 3 is a representative image of an intact mesenteric ar-
tery from a Creþ/Dendra2þ animal, which displays green fluorescence in
the EC layer (left panel), whereas arteries from a Cre-/Dendra2þ mouse
have no discernable fluorescence aside from weak autofluorescence (right
panel). As shown in Figure 4, the expression of Dendra2 is specific to the
EC layer as there is co-localization of Dendra2 fluorescence with CD31
(endothelial specific marker) with no green Dendra2 fluorescence ob-
served in the vascular smooth muscle cell layer (stained with alpha
smooth muscle actin). Supplementary material online, Figure S2 shows
representative images of mitochondrial structure in the ECs of six

different intact arteries, the (A) aorta; (B) carotid artery; (C) femoral ar-
tery; (D) mesenteric artery; (E) middle cerebral artery; and the (F) pulmo-
nary artery. Robust Dendra2 fluorescence is also observed in the EC layer
of the jugular vein (Supplementary material online, Figure S3). All images
were taken with a laser-scanning confocal microscope at�100 magnifica-
tion using an oil-immersion lens, and are maximum-projection Z-stacks.

3.2 The fluorescence of Dendra2 in the
mitochondrial matrix of intact arteries is
robust and the signal-to-noise ratio is
sufficient to allow high resolution
imaging and quantification of
mitochondrial structure
As shown in Supplementary material online, Figure S1, the resolution of
mitochondrial structure in the intact arteries of Creþ/Dendra2þ mice is
sufficient to accurately count the number of discrete, non-contiguous

Figure 3 Laser-scanning confocal micrographs of an intact mesenteric artery from a Creþ/Dendra2þ mouse (left; A, C, E) and a Cre-/Dendra2þ (right;
B, D, F) mouse. Nuclei were stained with DAPI (A, B). Green Dendra2 fluorescence was observed only in the Creþ/Dendra2þ artery (C), while no green
fluorescence was observed in the artery from the Cre-/Dendra2þmouse (D). Merged images indicate the green fluorescence of the Dendra2 protein co-
localizes with EC nuclei (E), which run parallel to the lumen of the vessel. All images were taken at �20 magnification and are maximum projection Z-
stacks. Scale bar = 50mm. Images were taken from three consecutive mice.

1550 M.J. Durand et al.
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.
mitochondrial segments, as well as the number of pixels which comprise
the mitochondrial network in a binary image, allowing calculation of the
MFC.14 Further, using standard methodology, we were able to describe
the degree of branching of each mitochondrion, as well as the relative cir-
cularity of each segment, by calculating the FF and AR, respectively.12,13

Of note, the composite Z-stacks (typically 10 unique planes) which
form each image can give the illusion that individual mitochondrion are lo-
cated within the nucleus. Because of the three-dimensional shape of ECs,
these mitochondria are above or below the nucleus as there was no
Dendra2 fluorescence present in the nuclear area in the specific Z-plane
at which the DAPI signal was acquired. As shown in Supplementary mate-
rial online, Figure S4, Dendra2 fluorescence is localized only to the mito-
chondrial matrix, as there is precise co-localization of the Dendra2
fluorescent signal with MitoTracker Red fluorescence in cultured aortic
ECs from a Creþ/Dendra2þ mouse. This is consistent with the previous
work by Pham et al. who developed the breeder mouse lines with the
Dendra2 protein targeted selectively to the mitochondrial matrix (with a
mitochondrial targeting sequence to subunit VIII of cytochrome c oxidase)
as evidenced by exact colocalization of the signal with HSP-60, a marker
for the mitochondrial matrix.5

3.3 The mitochondrial network is more
fragmented in endothelial cells of the
intact artery compared with cultured
endothelial cells from the same animal
EC mitochondria generally exist in a highly dynamic and largely net-
worked state to maintain homeostatic conditions; however, to date all
studies of EC mitochondrial dynamics have been performed in cultured
cells as methods haven’t been developed to visualize EC mitochondrial
structure in intact arteries. In Figure 5, EC mitochondrial structure is
shown in the intact, abdominal aorta of a Creþ/Dendra2þ mouse (A)
compared with primary cultured ECs from the thoracic aorta of the
same animal (B). After 48 h in culture, the ECs appear much larger and
the mitochondria exist in a highly elongated and networked structure.
As shown in panels C and D, respectively, the MFC of cultured aortic
ECs is approximately one-third that of ECs from the intact artery

(P < 0.001 vs. intact aorta; Mann–Whitney rank sum test) and the FF and
AR are significantly less in the intact artery (P < 0.001 vs. cultured cells,
Mann–Whitney rank sum test). While the mitochondria appear to exist
in a highly fragmented state (typically associated with endothelial dys-
function), mesenteric resistance arteries from Creþ/Dendra2þ animals
exhibit dose-dependent vasodilation to both acetylcholine and shear
stress, similar to arteries from Cre-/Dendra2þ animals which do not ex-
press Dendra2 in the mitochondrial matrix, but still carry the Dendra2
transgene (Supplementary material online, Figure S5). These data suggest
that the presence of Dendra2 in the mitochondrial matrix exerts no ad-
verse effects on endothelium-dependent vasodilation in the
microvasculature.

3.4 High glucose causes mitochondrial
fission in cell culture and in intact arteries
Exposure to high concentrations of glucose is a well-studied inducer of
mitochondrial fission in the vascular endothelium.10,15 As shown in
Figure 6, overnight (16–20 h) exposure to 33 mM glucose increased MFC
(P < 0.001, unpaired t-test) and reduced FF (P < 0.001, Mann–Whitney
rank sum test) and AR (P < 0.001, Mann–Whitney rank sum test) in pri-
mary culture aortic ECs despite those cells having a higher degree of
baseline mitochondrial networking compared with the intact artery. A
similar increase in MFC (P < 0.001, Mann–Whitney rank sum test) and
reduction in FF (P < 0.001, Mann–Whitney rank sum test) and AR
(P < 0.001, unpaired t-test) were observed in ECs from isolated vessels
exposed to 33 mM glucose for 16–20 h overnight ex vivo.

3.5 Acute high-glucose infusion and STZ
treatment cause mitochondrial fission
in vivo
As shown in Figure 7, 1-h infusion of a high-glucose saline solution
(300 mM glucose) via the tail vein to anaesthetized mice caused mito-
chondrial fission in vivo, as the mitochondria in the endothelium of intact
arteries from the high glucose infused animals had a reduced FF and AR
and increased MFC compared with their native structure (P < 0.001 vs.
native structure, one-way ANOVA on ranks). Similarly, treating

Figure 4 Visualization of Dendra2 protein expression within the intact aorta. Dendra2 protein expression (green fluorescence) is only observed in the
EC layer and not the vascular smooth muscle cell layer as evidenced by co-localization with CD31 (top), and not alpha smooth muscle actin (bottom) im-
munofluorescence. Image taken at�60 magnification. Scale bar = 10mm.
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..Creþ/Dendra2þmice with STZ to induce diabetes significantly increased
blood glucose levels (mean blood glucose at time of euthanasia =
338 ± 58 mg/dL) and caused mitochondrial fission in the aortic ECs
within the intact artery.

As shown in Figures 6 and 7, ex vivo treatment of the aorta with high
glucose or STZ treatment, respectively, causes robust mitochondrial

fission. As shown in Supplementary material online, Figure S6, this is
much less apparent in electron micrographs of ECs in mesenteric arter-
ies from the same animals due to the large degree of heterogeneity of
mitochondrial structure, even within the same image. We believe this is
a limitation of the EM method, which is limited to a two-dimensional
view (i.e. a tubular mitochondrion would appear circular if imaged

Figure 5 Juxtaposition of mitochondrial structure of ECs within the aorta and primary cultured aortic ECs. Mitochondrial structure of ECs from the in-
tact aorta (A) of a Creþ/Dendra2þ mouse vs. primary culture aortic ECs (B) from the same mouse. After 48 h in culture the AR and FF are significantly
higher (C and D, respectively) and the MFC (E) is significantly lower in the cultured cells, indicating the mitochondrial structure is more elongated and
highly networked in the cultured cells. Both images were taken at�100 magnification. Scale bar = 10mm. Green: Dendra2; Blue: DAPI. Inserts are proc-
essed, binary examples from ImageJ. Intact aorta: n = 40 cells, four biological replicates. Primary cultured cells: n = 40 cells, three biological replicates.
*P < 0.05 vs. Intact Aorta, Mann–Whitney rank sum test. • indicates a measurement from an individual cell.
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Figure 6 Effect of ex vivo high glucose exposure on mitochondrial structure in primary culture aortic ECs or intact aortas from a Creþ/Dendra2þmouse.
Representative micrographs of normal and high glucose incubated cells and aortas are shown in A–D. In primary cultured cells high glucose caused a decrease
in FF and AR (E) and an increase in the MFC (F). Similar changes in FF, AR, and MFC were observed in aortas incubated in high glucose overnight (G and H).
All images were taken at�100 magnification. Scale bar = 10mm. Green: Dendra2; Blue: DAPI. Inserts are processed, binary examples from ImageJ. n = 30–
40 cells in each group, three or four biological replicates. *P < 0.05 vs. normal glucose, Mann–Whitney rank sum test (E, G, H) or unpaired t-test (F). • indi-
cates a measurement from an individual cell.
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.
transversely) vs. the three dimensions used to form composite Z-stacks
on a confocal microscope.

4. Discussion

The novel findings in this study are three-fold. First, using a transgenic
mouse model which specifically expresses the fluorescent protein
Dendra2 targeted to the mitochondrial matrix of the vascular endothe-
lium, we show mitochondrial structure at high resolution in the ECs of
intact arteries. Importantly, the optical properties of Dendra2 fluores-
cence in intact tissue are sufficient to allow quantification of mitochon-
drial structure using accepted methods. Second, we present novel data
which indicates that mitochondrial structure in cultured ECs is markedly
different than in the intact arterial endothelium. Specifically, the mito-
chondrial structure of ECs in culture is highly elongated and networked,
while the mitochondria exist in a more punctate and less networked
structure in the intact artery. Third, we show that high glucose, a well-
established inducer of mitochondrial fission, causes fission in cultured

ECs, in the intact artery exposed to high glucose ex vivo, and in vessels
excised from live animals after infusion of high glucose. Further, in vivo
STZ treatment significantly raises blood glucose and causes mitochon-
drial fission. These data suggest that the physiological processes that me-
diate mitochondrial fission operate similarly in cultured cells compared
with the intact blood vessel in vivo.

The reason that EC mitochondria exist in a more punctate structure
in the intact blood vessel compared with cell culture remains to be de-
termined. The fluid dynamic forces of flowing blood, the presence of
blood elements, the influence of underlying parenchymal cells, the pres-
ence of cell-culture media growth factors, and various cell isolation tech-
niques may exert influence on EC mitochondrial structure. Alternatively,
in intact vessels, mitochondrial fission could be a consequence of a
greater degree of autophagy, a cellular reparative process. It is unlikely
this observation is an artefact of Dendra2 expression in the mitochon-
drial matrix, or a consequence of fixation with paraformaldehyde, be-
cause cultured aortic ECs from Creþ/Dendra2þ mice, also fixed with
paraformaldehyde, have a highly networked and elongated mitochon-
drial structure which is typical of what is observed in cells cultured under

Figure 7 Effect of in vivo high-glucose infusion or STZ treatment on mitochondrial structure in intact aortas from a Creþ/Dendra2þ mouse.
Representative micrographs of ECs from an intact aorta of a whole-animal fixed control mouse (A), a mouse infused with 300 mM glucose for 1 h (B) or a
mouse treated with STZ to induce diabetes (C). Compared with a whole-animal fixed control mouse, both high-glucose infusion and STZ treatment re-
duced FF and AR (D) and increased the MFC (E). All images were taken at �100 magnification. Scale bar = 10mm. Green: Dendra2; Blue: DAPI. Inserts
are processed, binary examples from ImageJ. n = 30–40 cells in each group, three to four biological replicates. *P < 0.05 vs. Native, Kruskal–Wallis one-
way ANOVA on ranks. • indicates a measurement from an individual cell.
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.
standard conditions. In addition, isolated mesenteric arterioles from
these animals display typical dose-dependent vasodilation to multiple
endothelium-dependent stimuli, indicating that Dendra2 expression
does not impair endothelial function which typically occurs with mito-
chondrial fission. Future mechanistic studies are warranted to determine
which of these factors contribute to the different mitochondrial pheno-
type observed in the intact artery.

It is important to note that while the native mitochondrial structure
within the intact vessel is significantly more punctate, exposure to a
fission-inducing stimulus (high glucose), or in vivo treatment of mice with
STZ to induce diabetes, caused further dissolution of the mitochondrial
network, indicating that while in vivo mitochondrial structure may be
more punctate than the cell-culture literature would suggest, the pro-
cess of mitochondrial fission appears to still occur in a predicable man-
ner. Future studies which involve genetic and pharmacological
manipulation of the primary fission-inducing proteins such as dynamin re-
lated protein 1 (DRP-1) and mitochondrial fission 1 protein (FIS1) may
provide key insight into the induction and regulation of mitochondrial fis-
sion in the intact vasculature. Conversely, up-regulation and overexpres-
sion of the proteins responsible for mitochondrial fusion, such as the
mitofusins (MFN1 and 2) and optic atrophy protein 1 (OPA1), would
provide insight into how varying degrees of mitochondrial fusion impact
vascular endothelial function and protect against stress-induced fission at
the level of the whole animal. Further, creating double transgenic mouse
lines which manipulate these genes on the Dendra2 background would
provide many opportunities to study the pathways involved in mitochon-
drial fission and fusion in vivo.

The development of this novel animal model will also provide a valu-
able tool to investigate how in vivo mitochondrial structure responds to a
broad range of physiological processes, environmental stressors and car-
diovascular pathologies which cannot be replicated in cell culture. For
example, ECs within an intact blood vessel are continuously exposed to
varying levels and types of shear forces that can directly alter mitochon-
drial structure and promote mitochondrial biogenesis.16,17 The approach
of using an animal model which expresses fluorescently labelled mito-
chondria also allows investigation into how inter-cellular signalling be-
tween other cell types which come into contact with the vascular
endothelium (e.g. vascular smooth muscle cells, platelets, or macro-
phages) can affect EC mitochondrial structure, which is not possible
without co-culturing ECs with different cell types (an approach which is
rarely practiced). Finally, this model will provide a tool to investigators
who are developing and testing therapeutics which target the mitochon-
dria as a means to treat cardiovascular disease, an area of high interest
and importance, which was recently highlighted by a Scientific Statement
from the American Heart Association on the roles of mitochondrial dys-
function in the development of disease.18

We did not examine differences in mitochondrial structure within
different arteries or arterial beds and also propose this as a future
area of investigation. For example, the Creþ/Dendra2þ animals will
provide a valuable tool to examine the differences in mitochondrial
structure in conduit vs. smaller resistance arteries. Another future
area of investigation will be to examine how mitochondrial structure
differs in different regions within the same artery where flow patterns
may be different, for example in the descending aorta vs. the aortic
arch. Further, it is unknown if mitochondrial structure is more
affected by stressors in the conduit arteries, arterioles, or on the
venous side of the circulation.

In this study, we imaged Dendra2 fluorescence in fixed arteries only.
Dendra2 was developed as a photo-switchable protein, and when

imaged under live-cell conditions, undergoes photo-conversion from
green to red fluorescence after brief exposure to UV light, allowing for
the study of mitochondrial dynamics and turn-over in real-time.5 It is
worth mentioning that with the use of intravital confocal microscopy, it
could be possible to visualize in vivo mitochondrial dynamics in the intact
microvasculature of live animals in real-time, using techniques like the
cranial window or cremaster muscle preparations. Thus, applying intravi-
tal microscopy techniques to study in vivo mitochondrial dynamics repre-
sents a critical next step to these studies.

In summary, we present a novel method to visualize and quantify mi-
tochondrial structure in intact arteries by using a transgenic mouse with
fluorescently labelled mitochondria specifically in the vascular endothe-
lium. Our data indicates that the mitochondria exist in a more punctate
and less networked structure in the intact artery compared with cul-
tured ECs, but still undergo mitochondrial fission in response to a well-
described fission-inducing stimulus. Future studies utilizing this animal
model will provide valuable insight into how mitochondrial dynamics are
regulated at the whole animal level and will provide a vehicle to study mi-
tochondrial fission and fusion responses to conditions that cannot be re-
capitulated in cell culture.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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