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Background-—The arteriovenous fistula (AVF) is the preferred form of hemodialysis access for patients with chronic kidney
disease. However, AVFs are associated with significant problems including high incidence of both early and late failures, usually
attributed to inadequate venous arterialization and neointimal hyperplasia, respectively. Understanding the cellular basis of venous
remodeling in the setting of AVF could provide targets for improving AVF patency rates.

Methods and Results-—A novel vascular smooth muscle cell (VSMC) lineage tracing reporter mouse, Myh11-Cre/ERT2-mTmG,
was used to track mature VSMCs in a clinically relevant AVF mouse model created by a jugular vein branch end to carotid artery
side anastomosis. Prior to AVF surgery, differentiated medial layer VSMCs were labeled with membrane green fluorescent protein
(GFP) following tamoxifen induction. Four weeks after AVF surgery, we observed medial VSMC layer thickening in the middle region
of the arterialized vein branch. This thickened medial VSMC layer was solely composed of differentiated VSMCs that were GFP+/
MYH11+/Ki67�. Extensive neointimal hyperplasia occurred in the AVF region proximal to the anastomosis site. Dedifferentiated
VSMCs (GFP+/MYH11�) were a major cellular component of the neointima. Examination of failed human AVF samples revealed
that the processes of VSMC phenotypic modulation and intimal hyperplasia, as well as medial VSMC layer thickening, also
occurred in human AVFs.

Conclusions-—We demonstrated a dual function for mature VSMCs in AVF remodeling, with differentiated VSMCs contributing to
medial wall thickening towards venous maturation and dedifferentiated VSMCs contributing to neointimal hyperplasia. These
results provide valuable insights into the mechanisms underlying venous adaptations during AVF remodeling. ( J Am Heart Assoc.
2017;6:e004891. DOI: 10.1161/JAHA.116.004891.)

Key Words: arteriovenous fistula • neointima • remodeling • vascular smooth muscle differentiation • vein • venous maturation

H emodialysis vascular access failure is the primary cause
of morbidity in patients with end-stage renal disease

and contributes to the economic burden of this patient
population. Vascular access complications account for nearly
30% of the hospitalization of hemodialysis patients in the

United States, with an annual cost of $1 billion.1 The native
arteriovenous fistula (AVF) is the preferred form of dialysis
access but is associated with a high early failure rate. Some
studies have emphasized that up to 60% of AVFs do not
mature and of the remainder that do mature, 35% fail after
2 years.1,2

The adaptive wall remodeling in response to increased blood
flow in the venous segment of AVFs is associated with venous
wall dilation and thickening. This arterialization of venous
segments—also called maturation—is the desired clinical
outcome.3,4 The conditions and mechanisms that may lead
to adequate maturation are poorly understood. It is thought to
require the partial loss of the internal elastic lamina to facilitate
medial reorganization and deposition of new layers of vascular
smooth muscle cells (VSMCs) and extracellular matrix with the
resultant characteristic outward remodeling.4 More recent
studies have focused on the characterization of animal models
and molecular pathways of arterial versus venous specification
that may recapitulate some of the characteristic features
associated with outward vein remodeling in humans.5,6 How-
ever, the accumulated data are clearly limited.
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In addition to lack of maturation, a major cause of primary
and secondary AVF failure is the development of a hyperplas-
tic response leading to a dramatic increase in neointimal cell
deposition.7 Most commonly, neointimal hyperplasia after AVF
creation is found near the anastomotic site but can also be
observed in other segments of the draining vein.8,9 In contrast
to restenosis associated with preocclusive atherosclerotic
arteries after angioplasty and stenting, the vessels involved
are in many cases free from atherosclerotic plaques.10

Histologically, the neointimal lesions in AVFs consist of
proliferating and migrating vascular cells that are presumed to
be of many different origins including mature VSMCs,
adventitial progenitor cells, or bone marrow stem cells.11–13

In a study using transgenic rats constitutively overexpressing
the green fluorescent protein (GFP), it was suggested that
neointimal cells originate from the local resident cells in the
venous limb of the fistula.14 In other cases, a role for
adventitial fibroblasts and cells derived from the arterial side
of the artery has been suggested.15,16 Overall, the contribu-
tion of specific cell types including VSMCs through specific
cell lineage tracing has not been documented. The signifi-
cance of such studies is that the determination of the different
cell types associated with AVF may suggest specific cell
targeting for future therapeutic approaches.

In the present study, we evaluated the contribution of
mature VSMCs to AVF maturation and failure using a recently
described murine model of AVF with a similar anatomical
configuration (vein end to artery side) as typically used in
humans. We crossed a transgenic mouse line expressing
CreERT2 recombinase under the control of the promoter of
Myh11, the most smooth muscle cell (SMC)–specific gene,17

with mTomato/GFP reporter mouse to achieve Myh11-Cre/
ERT2-mTmG reporter strain. In this novel reporter mouse,
only mature differentiated VSMCs possess Cre recombinase
activity following tamoxifen (TMX) induction, thereby are
labeled with membrane GFP, whereas other cell types remain
labeled with mT. We then surgically created an AVF in these
transgenic mice and analyzed the anastomosed vein (AVF)
using fluorescence microscopy. Our results indicate both
outward remodeling and neointimal hyperplasia with a
significant contribution of VSMCs to maturation and neoin-
timal hyperplasia, a finding that was supported by immuno-
histochemical analysis in human tissue sections of failed
AVFs.

Methods

Generation of Myh11-Cre/ERT2-mTmG Reporter
Mice and TMX Induction of Cre Recombinase
Protocols of the related animal breeding and mouse AVF
model were approved by the Institutional Animal Care and

Use Committee. In order to fate map mature VSMCs during
AVF placement and at failure, mice carrying Myh11-Cre/ERT2
(+/�)18 were bred with ROSAmT/mG mice (Jackson Labora-
tory, Bar Harbor, ME) to generate Myh11-Cre/ERT2-mTmG
mice. TMX injection (33 lg/g body weight in 100 lL
sunflower oil) was performed intraperitoneally to specifically
activate Cre recombinase in mature VSMCs. The reporter
mice were viable and born at the expected mendelian ratio.
Mice at 10 to 12 weeks of age were used for AVF surgery
3 weeks after TMX injection.

Mouse AVF Model
The AVF mouse model in which the end of the jugular vein
branch was ligated to the side of the carotid artery
recapitulates the radiocephalic or brachiocephalic AVF per-
formed in the clinic19 (Figure 1A and 1B). A total of 39 mice
(C57/BL6 and mTmG reporter mice) were used in this study,
26 of which (66%) underwent successful AVF surgery and
were subjected to further pathological evaluation. Briefly,
mice were anesthetized with 1.5% isoflurane followed by the
creation of a skin incision on the ventral midline of the neck
under the microscope. The dorsomedial distal branch of the
right external jugular vein was dissected with a vascular clamp
placed proximally and transected distally. The right common
carotid artery was dissected and clamped both proximally and
distally and an incision (1 mm) was created longitudinally in
the carotid artery. The end of the dissected vein was
anastomosed to the incision of carotid artery. Immediately
after AVF construction, mice were injected with heparin
(0.2 IU/g body weight). Success of AVF construction was
initially determined by visualization of a sudden increased
blood flow in the ligated vein from the artery side and further
confirmed by histopathological examination of the outward
remodeling and neointima formation. Neointima formation in
the proximal region of AVF were quantitated using ImageJ
software as previously described,20 and the unit for the
absolute area of the neointima and lumen is expressed as
pixel square.

Mouse Tissue Harvesting and Processing
AVF samples at 1, 2, and 4 weeks after AVF surgery were
initially isolated to optimize the time point for observing
adequate venous outward remodeling and neointima forma-
tion. We found that this was best achieved 4 weeks after AVF
placement and most lineage tracing studies were performed
at this time point. Tissues were fixed in 4% paraformaldehyde
at 4°C for 4 hours before embedded in either optimal cutting
temperature compound or paraffin for histology. Samples
were first immersed in specimen processing HistoGel (HG-
4000-012, Thermo Fisher Scientific, Waltham, MA) to
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maintain the shape of soft veins before paraffin processing
and embedment. Eight micrometer cross sections were
prepared continuously from the distal region of the ligated
vein to the anastomosis site.

Immunofluorescence Staining
The cryosections were dried at room temperature for
30 minutes, baked at 55°C for 20 minutes, cooled down at
room temperature for 10 minutes, and finally immersed in
PBS Tween (PBST) for 5 minutes to remove optimal cutting
temperature compound. To retain the mTmG fluorescence,
trypsin-mediated antigen retrieval (REF TA-015–TR; Lab Vision
Corporation, Fremont, CA) was employed. Sections were
incubated with 1x trypsin at 37°C for 10 minutes for antigen

retrieval, and a cool stopping buffer was used to stop the
reaction. Sections were then permeabilized by 0.5% Triton
X-100, blocked with DAKO blocking buffer (Carpinteria, CA),
and probed with primary antibody at 4°C overnight. After 3
washes with 0.1% PBST, sections were finally incubated with
Alex Fluor conjugated secondary antibody (1:500; Life Tech-
nologies, goat anti-rabbit 647, A21245 for MYH11 and CNN1;
donkey anti-mouse 647, A31571 for ACTA2; goat anti-rabbit
488, A11034 for Ki67) for 1 hour at room temperature. After
3 washes with PBST, sections were mounted with anti-fade
mounting medium, which contains 40,6-diamidino-2-phenylin-
dole (DAPI; H-1200, VECTASHIELD, Vector Laboratories,
Burlingame, CA). Fluorescent signal was captured using a
confocal microscope (DMI 4000B; Leica Microsystems, Wet-
zlar, German) and processed using ImageJ under the same
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Figure 1. Arteriovenous (AV) fistula (AVF) model construction and histological characterization. A, Schematic illustrating the creation of a
brachiocephalic AVF in humans. Most commonly, an AVF is created through anastomosis of the end of a cephalic vein branch to the side of the
brachial artery. Arrows indicate the direction of blood flow. B, Schematic for mouse AVF construction, which recapitulates human AVF as shown
in (A). C, Mouse AVF is constructed by anastomosing the end of one branch of the external jugular vein to the side of the common carotid. White
arrows indicate blood flow direction. D, Mouse AVF after saline perfusion 4 weeks after AVF surgery. The indicated distal and proximal regions in
the anastomosed vein were selected for histological examination. E, Representative hematoxylin and eosin (HE) staining for the control unligated
jugular vein branch and the AVF samples (distal and proximal regions), which were isolated as depicted in (D). n=5. F, Quantitation of neointima
formation at the proximal AVF region as depicted in (E). n=5. Unit for absolute area is expressed as pixel square. A indicates adventia; EJV,
external jugular vein; L, lumen; NI, neointima.
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conditions. Information of all the primary antibodies used
were as follows: MYH11 (1/200, ALFA AESAR Co, #J64817);
ACTA2 (1/500, #M0851; DAKO); CNN1 (1/300, #13938-AP;
Proteintech); Ki67 (1/500, #Ab15580; Abcam); and CD45 (1/
20 per instruction, #550539; BD Pharmingen).

For paraffin-embedded sections, antigen retrieval was
performed using a pressure cooker with high pressure for
10 minutes in 1x target retrieval solution (pH=6; Dako-
S1699). The remaining procedure for staining was performed
as described above.

Determination of VSMC Layer Thickness,
Membrane GFP (+), MYH11 (+), and Ki67 (+) Cells
in Neointima
Images containing neointima proximal to the anastomosis site
were captured by confocal microscopy and analyzed using
ImageJ software. The neointima area was defined as the area
inside of the internal elastic lamina. Total cell number in the
neointima for each image was counted according to the
number of DAPI-labeled nuclei. Membrane GFP (+), MYH11
(+), and Ki67 (+) cells were quantified automatically using
ImageJ and the percentage of each individual cell type in the
neointima was calculated. Media thickness measurements
were based on GFP (+)/MYH11 (+) staining in both ligated
and nonligated control veins. At least 10 images from 4
animals per group were examined.

Human Sample Harvesting, Tissue Processing
and Histology, and Immunofluorescence Staining
Human AVF samples were deidentified discarded segments
from patients undergoing surgical revision of failed AVFs at
Albany Medical College (institutional review board protocol
IRB# 3733). AVF samples were dissected of any adherent
fibrous or fatty acid tissue before immediate preparation for
histological studies. Tissue sections (7–10 lm) were cut
from prepared optimal cutting temperature blocks using a
Leica CM1850 cryostat and transferred to Colorfrost Plus
Microscope slides (Thermo Fisher Scientific) and stored at
�80°C until use. For hematoxylin and eosin staining, slides
were air-dried briefly, fixed in 10% formalin, then stained
with a progressive hematoxylin and eosin staining kit
(Cardinal Health, Dublin, OH). For elastin/collagen staining,
tissues were stained with Thermo Scientific Richard-Allen
Scientific Chromaview–Advanced Testing Elastic Stain kit
according to the manufacturer’s instructions. Briefly, the
tissues were fixed in 10% formalin for 30 minutes,
immersed in prepared working elastic stain solution for
30 minutes, rinsed briefly in running tap water, then
decolorized in working differentiating solution. The tissues
were monitored under a microscope to prevent

overdifferentiation. Sections were rinsed in water and
immersed in sodium thiosulfate solution for 1 minute, rinsed
again in water, and then immersed in van Gieson stain
solution for 1 minute. Tissues were dehydrated with two
changes of anhydrous alcohol, and cleared with 3 changes
of xylene. Both hematoxylin and eosin and elastin slides
were coverslipped with VectaMount permanent mounting
media (Vector Laboratories). For immunofluorescence, the
sections were air-dried, fixed with ice-cold acetone for
10 minutes then outlined with a liquid blocker super PAP
pen (Cardinal Health). Slides were rinsed with PBS/0.1%
Triton X-100 (PBST), blocked with 0.5% Fish gelatin (Sigma)
for 30 minutes, incubated with primary antibody overnight
at 4°C, washed in PBST, incubated with secondary antibody
for 1 hour at room temperature, washed again, and then
coverslipped with VectaShield Antifade Mounting Medium
(Vector Laboratories) with DAPI. The coverslips were sealed
with clear nail polish and the slides were stored at 4°C until
viewing. Primary antibodies included MYH11 as above,
ACTA2 (Proteintech, Rosemont, IL), and CNN1 (Sigma-
Aldrich, St Louis, IL). Secondary antibodies were Alexa
Fluor goat anti-rabbit 488 and chicken anti-mouse 594
(Invitrogen, Eugene, OR).

Statistical Analysis
Statistical analysis was performed using the statistical
package included in GraphPad. Differences between groups
were evaluated with Student unpaired t test (2-tailed). Results
shown are means�SD. P values of <0.05 were considered
significant.

Results

AVF Model Construction and Histological
Characterization
The mouse AVF used in the present study was created
through anastomosis of the end of a jugular vein branch with
the side of the carotid artery4 (Figure 1B), an anatomical
configuration similar to the human brachiocephalic AVF
(Figure 1A). Patency of the AVF can be initially determined
by visualization of the increased blood flow from the artery
side to the ligated vein branch immediately after surgery
(Figure 1C). Four weeks after AVF creation, a pulsatile blood
flow, which was presumably arterial blood flow from the
carotid artery, was clearly observed flowing through the
ligated vein (data not shown), indicating the successful AVF
construction. At this time point, we frequently observed a
neointima-like structure extending from the anastomosis site
to the middle region of the ligated vein after left ventricle
saline perfusion (Figure 1D).
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Hematoxylin and eosin staining of sections derived from
the distal and proximal regions of the mouse AVF was
performed for initial histological and morphological charac-
terization. The control jugular vein branch was soft with much
fewer cells sporadically distributed all around the vessel wall
compared with the anastomosed vein (Figure 1E). Evident
outward remodeling characterized by medial and adventitial
thickening occurred in the proximal and distal region of the
AVF, with a neointima in the proximal region but none in the
distal (Figure 1E and 1F). Compared with control veins,
hematoxylin and eosin staining also revealed marked accu-
mulation of matrix deposition and a considerably increased
cell population in the ligated vein both distally and proximally
to the anastomosis site, indicating that venous cells are
undergoing phenotypic transition to a “synthetic “and “pro-
liferative” state towards arterialization, in response to the
arterial homodynamic environment.

Characterization of VSMC Differentiation
Program in Mouse AVF Model
Because extensive neointima formation and outward remod-
eling occurred 4 weeks after surgery in the proximal region of
the mouse AVF, we examined VSMC differentiation program in
this region by immunofluorescence staining of contractile
proteins. We found that adventitial cells did not express any
VSMC contractile proteins such as ACTA2, CNN1, or
MYH1117,21,22 (Figure 2A through 2D), suggesting that adven-
titial remodeling in the setting of AVF may not involve
fibroblasts to myofibroblasts or VSMCs transition. Neointimal
cells expressed relatively low levels of ACTA2 and CNN1, two
early but less specific VSMC markers, compared with control
veins (Figure 2A and 2B). We observed little to no expression
of MYH11, the most specific VSMC marker, in the neointima17

(Figure 2C). Furthermore, most of the neointimal cells were
positive for Ki-67, indicating that these cells were proliferative
(Figure 2D). Together, these results suggest that—similar to
arterial remodeling—VSMC phenotypic switching from the
quiescent/differentiated state to a dedifferentiated/prolifer-
ative mode may also be the underlying mechanism for
neointima formation in the context of AVF.

Lineage Tracing of Mature VSMCs Using Myh11-
Cre/ERT2-mTmG Reporter Mouse
To faithfully track the fate of mature VSMCs during AVF
maturation and failure, we sought to utilize a novel reporter
mouse strain carrying Myh11-Cre-ERT2/mTmG. This is a dual
fluorescence labeling system driven by a chimeric cytomega-
lovirus and b-actin promoter (pCAG). Before TMX induction, all
cells were labeled with membrane localized tomato (mT).
Upon TMX induction, only differentiated mature VSMCs were

labeled with membrane localized GFP (mG) whereas all other
cells remained mT (Figure 3A). We isolated the branch of
external jugular vein and carotid artery (which we utilized for
AVF construction), aorta, and bladder to validate the specific
labeling for mature SMCs. As expected, confocal microscopy
confirmed that SMCs in all these tissues showed mT-labeled
red fluorescence prior to TMX induction (Figure 3B, –TMX).
After TMX induction, only SMCs in these tissues were labeled
with mG (Figure 3B, +TMX).

Contribution of Mature VSMCs to Venous
Maturation
We applied the system described above to fate map mature
VSMCs in AVF remodeling. As described earlier in Figure 2,
we found that the optimal time for the anastomosed vein to
achieve outward remodeling and neointima formation was
4 weeks after AVF surgery, and sections from the distal,
middle, and proximal regions were prepared at this time point
as described in Figure 4A. Control jugular veins were
characterized by a single medial VSMC layer that was GFP+
after TMX induction (Figure 4B, left panel). Four weeks after
AVF surgery, we observed a thickening of the VSMC layer in
the middle region of AVFs, with 2 to 3 layers of VSMCs
labeled with membrane GFP (Figure 4B, right panel), which
was not seen in the distal AVF region (data not shown).
Quantitative analysis showed a 4-fold increase in the thick-
ness of the medial VSMC layer in AVFs compared with the
control vein (Figure 4C). The majority of the medial GFP+ cells
(�99%) in the middle region of AVFs exhibited comparable
protein levels of MYH11 to those in control veins (Figure 4D
and 4E). Similar to control vein VSMCs, the GFP+ cells in the
middle region of AVFs were negative for Ki67 staining (data
not shown). All together, we demonstrated that maturation of
the AVF in this mouse model was associated with medial wall
thickening. This medial layer was solely composed of
differentiated/quiescent VSMCs, which originated from pre-
viously differentiated mature VSMCs.

Contribution of Mature VSMC to Neointima
Formation
Extensive neointimal hyperplasia was frequently seen in the
region adjacent to the anastomosis site, a phenomenon
recapitulating pathological characteristics of failed human
AVF8,9 (Figure 5A, bottom panel). A large portion of neointi-
mal cells were GPF+, indicating that mature VSMCs were a
primary source of the cells populating the neointima. Consis-
tent with Figure 2, the majority of neointimal cells exhibited
barely detectable levels of MYH11 (Figure 5A). Quantitative
analysis showed that 50% were GFP+ and 15% of neoinitmal
cells expressed MYH11 protein but with much decreased
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levels. Interestingly, among all of the MYH11+ cells (15%),
only 8.5% were labeled with GFP (Figure 5B). Neointimal cells
expressed decreased CNN1 protein compared with control
vein (Figure 5C). Quantitative analysis revealed that 42% of
neointimal cells were CNN1+ (Figure 5D). Similarly, 24.5% (of
42% CNN1+) of cells were positive for both GFP and CNN1
(Figure 5D). This suggested that, during the course of
neointima formation, some cells of unknown origin (such as
resident progenitor cells) may transdifferentiate to VSMC-like
cells. Ki67 staining for cell proliferation revealed that 12% of
neointima cells were positive, with 4.7% (of 12%) of the cells
positive for both GFP and Ki67, indicating that beyond
proliferative VSMCs, neointima formation might also involve
non-SMCs such as infiltrated inflammatory cells (Figure 5E
and 5F). Indeed, we found there were CD45 (+) GFP (�) cells
present in the neointima region (data not shown). Taken
together, we demonstrated that VSMCs phenotypically

switching from a differentiated to a dedifferentiated state
was one of the underlying mechanisms for neointima
formation in this AVF mouse model.

Characterization of VSMC Differentiation in
Human AVF Samples
To evaluate whether our findings in the mouse AVF model
could be extended to human AVFs, we examined deidentified
human AVF samples collected from hemodialysis patients
undergoing AVF placement or revision. Verhoeff-van Gieson
staining showed black staining for the elastin fibers and
clearly marked the internal elastic lamella in the samples
(Figure 6A). Consistent with a normal vein, the medial region
of 10 of the 12 placement vessels consisted of 3 to 4 cell
layers, with only two placement vessels showing higher
numbers. In contrast, all of the revision vessels analyzed
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Figure 2. Characterization of vascular smooth muscle cell (VSMC) differentiation program at 4 weeks of arteriovenous fistula (AVF)
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displayed an increase in medial cell layers relative to the
placement vessels. Quantitative analysis showed a significant
increase in the thickness of the medial layer in revision
samples compared with placement veins (Figure 6B). Exam-
ination of contractile proteins by immunofluorescence stain-
ing demonstrated that the 3 contractile proteins CNN1,
MYH11, and ACTA2, were abundantly expressed in the medial
SMC layer in placement veins (Figure 7). Significantly, the
thicker medial cell layer in the revision veins had comparable
levels of contractile proteins to those found in the placement
samples, suggesting that medial VSMCs-mediated venous
maturation is also operative in human AVF. All revision AVF
samples showed extensive hyperplastic neointima in addition
to venous maturation. Some neointimal cells in the revision
AVF samples displayed some levels of VSMC contractile
protein expression, albeit at lower levels than those in the
medial layer. In conclusion, similar to our findings in the

mouse AVF model, both medial thickening (venous maturation
or arterialization) and VSMC-derived neointima formation
were also found to be operative in human AVF.

Discussion
Patients with end-stage renal disease rely on hemodialysis,
which requires a functional high-flow vascular access prefer-
ably achieved through an AVF conduit.2 However, inadequate
venous maturation and neointimal hyperplasia leading to
occlusion are frequently found in AVF constructed in
patients.23 The underlying mechanism of venous maturation
and neointima formation in AVF is poorly understood. In this
study, we used a novel VSMC lineage tracing reporter mouse
model to faithfully track mature VSMCs in an AVF mouse
model with a vessel configuration similar to human AVF. We
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show that the VSMC phenotypic switch classically associated
with arterial remodeling is also operative in the course of
venous remodeling and that dedifferentiated VSMCs are a
major cellular component of the neointima in AVF. Most
significantly, we demonstrate for the first time a profound
medial VSMC layer thickening in the draining vein of mouse
AVF 4 weeks after surgery, indicating maturation of the
vessel. This thickened medial SMC layer is solely composed of
GFP-labeled VSMCs, which are also positive for MYH11, a
rigorous marker of the VSMC contractile phenotype. When
examining human samples derived from patients undergoing
revision of failed AVF, we confirmed that both medial VSMC

layer thickening and VSMC phenotypic modulation–mediated
neointima formation also occur in humans. Therefore, we
demonstrated a dual function of mature VSMCs in the setting
of AVF, with differentiated VSMC contributing to medial wall
thickening towards beneficial venous maturation and dedif-
ferentiated VSMC contributing to detrimental neointimal
hyperplasia.

Consistent with previous results by Wong et al,19 we
observed prominent neointimal hyperplasia at the anastomo-
sis site of the mouse AVF. It has long been believed that
intima hyperplasia, stenosis, and the consequential thrombo-
sis are the major pathological causes of AVF failure.23 In the
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context of arterial remodeling, detailed studies have demon-
strated that several cell populations, including medial
contractile VSMCs phenotypically switching to a dedifferen-
tiated/synthetic phenotype, resident multipotent progenitor
cells transdifferentiating to VSMC-like lineage, and inflamma-
tory cells all contribute to neointima formation.24–26 However,
in the context of AVF, most of the related studies have been
limited to polymerase chain reaction analysis and immunos-
taining of nonspecific marker genes (such as vimentin, ACTA2,
and inflammatory cytokines).13,27 Polymerase chain reaction
analysis of the whole vessel is rather ambiguous for
determining cell lineage because of the heterogeneous RNA
samples. In addition, gene programs during vascular remod-
eling are dynamic and mutually interactive. Accordingly,

immunostaining of even the most definitive marker genes
cannot define cellular origins. Because the influence of gene
programs and pathways on vascular pathology is cell-context
dependent, precise characterization of cellular contribution to
venous remodeling is of high interest for an effective
therapeutic strategy for AVF failure.

Genetically engineered mouse models offer a superior
approach to map a particular cell lineage in a given disease
context. The reporter mouse Myh11-Cre-ERT2/mTmG is a
TMX-inducible VSMC-specific Cre-mediated dual fluorescence
labeling system in which all mature VSMCs are labeled with
membrane GFP at the time of TMX induction. Since Cre-
mediated genome engineering is permanent and transmissible
to progeny cells, all mature VSMCs are permanently labeled
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with membrane GFP following TMX induction regardless of the
varied gene expression in these cells under different patho-
physiological conditions. This system has been successfully
utilized to track mature VSMCs in arterial disease models of
atherosclerosis and vascular injury, and has defined a pivotal
role of mature VSMCs in these settings.28,29 In contrast, the
role of mature VSMCs in AVF remodeling has never been
precisely characterized. Following AVF construction, the
surgical trauma, sudden increased blood flow, high shear
stress, exacerbated inflammatory response, and redox stress
might all contribute to endothelial dysfunction in a fashion
similar to some pathophysiologies associated with arteries.4 A
distinct feature of AVF remodeling is the adaptation of the
draining vein to the arterial hemodynamic environment, which
results in outward remodeling, a process usually referred to as
venous maturation or arterialization.4,23 With this distinction
in mind, we would like to speculate that different and maybe
more complex changes related to mature VSMC functions
might occur in AVF remodeling. We found that the neointima
surrounding the anastomosis site is mainly composed of
previously differentiated VSMCs labeled with GFP but negative
for MYH11. This suggests that VSMC phenotypic adaptation
operates during neointima formation in the setting of AVF.
Interestingly, we observed a small portion of GFP (�)
neointimal cells but positive for MYH11, which could possibly
be derived from alternative cell lineages such as resident
progenitor cells.

Our findings together with those from a previous report
indicating that migratory arterial VSMCs could contribute to
neointimal hyperplasia in an end-to-end AVF mouse model
demonstrate that VSMC phenotypic modulation is critical for
neointima formation in AVF.16 This is in contrast to a previous
study using a vein graft mouse model in which endothelial-to-
mesenchymal transition was shown to play an important role
in venous remodeling.12 The construction of an AVF creates a
high flow and high shear stress arterial environment, whereas
vein grafting results in moderate flow and moderate shear
stress.4 It is likely that high flow and shear stress causes
more severe endothelium damage and that in the absence of
endothelium, neointima formation in AVF is dominated by a
VSMC response. This suggests that therapeutic strategies to
limit neointimal hyperplasia in AVF and vein grafting might
need to reflect their pathophysiological differences.

Outward remodeling, a process characterized by the
thickening of the vessel wall outside the internal elastic
lamella, is generally considered a beneficial adaption of veins
to the arterial hemodynamic environment. Our mechanistic
understanding of venous arterialization is somewhat limited.
Related to vein graft remodeling, recent studies have focused
on molecular mechanisms of venous versus arterial iden-
tity.16,30 An important finding of the present study is the
demonstration of outward remodeling or, more specifically,
medial VSMC layer thickening in our mouse model of AVF. The
intact mouse jugular vein consists of only one single SMC
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layer. Four weeks after surgery, multiple VSMC layers (2–3)
appeared in the draining vein. Although there was comparable
adventitia layer thickening, virtually no GFP-labeled cells were
present in the adventitia except for cells in the vasa vasorum
(data not shown). This suggests that the adventitia remodeling
in AVF involves different cellular origin(s). It is noteworthy that
the thickened VSMC layer is solely composed of cells that are
GFP+/MYH11+/Ki67�, indicative of an authentic VSMC
contractile phenotype. This raises the question of the
mechanism by which mature VSMCs contribute to medial
SMC layer thickening. One possible answer is that it is a
unique response of the local venous SMCs to the arterial
environment. Venous SMCs could proliferate to produce more
SMCs and at the same time still retain contractile features
due to the beneficial arterial hemodynamic environment.
Alternatively, the thickened VSMC layer could be populated by
migrating arterial VSMCs, whereby arterial VSMCs initially
dedifferentiate, migrate into the venous segment, and differ-
entiate back to a contractile phenotype. This would be an
important, yet difficult, question to answer due to the lack of a
Cre-driver to distinguish venous from arterial VSMCs cur-
rently.

Evidence for a direct morphological and biochemical
characterization of mature vessels associated with clinical

maturation (ie, adequate access flow) in humans is difficult to
establish because the failed AVF is usually left ligated in situ
in the patient. In the present study, we provided direct
evidence that the contribution of mature VSMCs in venous
maturation and neointima formation extends to human AVF.
Most significantly, we observed medial VSMC layer thickening
in the failed revision AVF samples. The expanded VSMCs in
the thickened medial layer of the human revision AVF
displayed equivalent levels of contractile proteins (MYH11,
CNN1, and ACTA2) to those of placement vein samples. We
also found that the neointimal cells in the revision veins
showed some expression of contractile proteins but at
reduced levels compared with medial VSMCs. This would
suggest that VSMC phenotypic modulation is also operative
for neointima formation in human AVF. We speculate that
promoting VSMC differentiation after AVF construction could
simultaneously promote beneficial venous maturation and
prohibit the detrimental neointimal hyperplastic response.
This could be a novel and effective “two birds with one stone”
therapeutic strategy to treat AVF failure.

Our work provides new and important results on the
maturation and adaptation of venous segments to the arterial
environment. Our results suggest a dual role for mature
VSMCs in venous maturation and neointimal hyperplasia
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during AVF remodeling. This delineates an important founda-
tion for more detailed studies aimed at optimizing venous
adaptation to the arterial environment during postsurgical
processes. As previously established in other human vessels,
examination of epigenetic histone markers in the promoter
regions of MYH11 will facilitate the precise characterization of
VSMC lineage in human AVF remodeling and in other vein
graft conduits.31

Conclusions
By using a novel VSMC lineage tracing reporter mouse, Myh11-
Cre/ERT2-mTmG in a clinically relevant AVF mouse model, we
have shown that contractile VSMCs derived from previously
differentiated VSMCs are the sole cell components in the
thickened medial wall of the arterialized vein branch. Similar to
arterial remodeling, previously differentiated VSMCs also
undergo phenotypic transition to dedifferentiated VSMCs,
contributing to neointimal hyperplasia. Importantly, we con-
firmed that both medial VSMC layer thickening and VSMC
phenotypic modulation also occur in AVF constructed in
patients. The present studies have uncovered a dual function
for mature VSMCs during AVF remodeling. These results
provide novel and valuable insights into the cellular mecha-
nisms underlying both beneficial venous maturation and
detrimental neointima formation following AVF construction.
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