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RESEARCH ARTICLE

The impact of chronic kidney disease on arteriovenous fistula remodeling:
studies in a murine model of autosomal dominant polycystic kidney disease
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Abstract

The arteriovenous fistula (AVF) is the gold standard for hemodialysis vascular access, although inadequate vascular remodel-
ing and intimal hyperplasia pose a major limitation. It is essential to study this in a clinically relevant model. We used an auto-
somal dominant polycystic kidney disease (ADPKD) model, the most common hereditary cause of chronic kidney disease
(CKD), to study the effect of CKD on AVFs. Jugular-carotid AVFs were created in adult B6OlaPkd1nl/nl (ADPKD) mice and
B6OlaPkd1þ /þ littermates. AVFs were harvested 7 days postsurgery for bulk mRNA sequencing or 3 wk postsurgery for histo-
logical analysis. We performed weekly AVF flow measurements using Doppler ultrasound and assessed kidney morphology
and function by histology and blood urea analysis. Blood pressure was measured using a tail cuff, before and 6 days after
AVF surgery. Longitudinal flow data was analyzed using mixed-effects model, histological data using the Mann–Whitney U
test. Pkd1nl/nl mice developed cystic kidneys and elevated blood urea levels (8.7 ± 2.8 mmol/L vs. 24.0 ± 3.8 mmol/L) and higher
mean arterial blood pressure (92 vs. 113). AVF flow in Pkd1nl/nl mice was consistently higher post-AVF creation (1.9-fold differ-
ence, P < 0.001), with a 50% reduction in intimal hyperplasia and 30% increase in luminal AVF volume. RNA sequencing
showed altered regulation of extracellular matrix in the venous ADPKD AVF, with reduced collagen deposition in the venous
outflow tract. The arterial AVF wall had disruption of the elastic laminae. Pkd1nl/nl mice are a suitable model to study AVF
remodeling in a CKD setting, resulting in enhanced luminal volume and higher AVF flow when compared with normotensive
mice with normal kidney function.

NEW & NOTEWORTHY This work explores the impact of chronic kidney disease (CKD) on arteriovenous fistula (AVF) remodeling
using an autosomal dominant polycystic kidney disease (ADPKD) mouse model. Our findings reveal that ADPKD enhances AVF
flow and luminal volume while reducing intimal hyperplasia, due to altered extracellular matrix deposition, offering new insights
into the vascular AVF changes in a CKD setting. This study highlights the suitability of the ADPKD model for investigating AVF
remodeling in a CKD context.

arteriovenous fistula; autosomal dominant polycystic kidney disease; chronic kidney disease; murine model; vascular remodeling

INTRODUCTION

To optimize the efficacy of hemodialysis treatment for
end-stage kidney failure (ESKD), a well-functioning vascu-
lar access site providing a robust blood flow supply to the
dialyzer is essential. Although the arteriovenous fistula
(AVF) is the preferred vascular access method, its frequent
primary failure poses a significant challenge. Factors such
as inadequate outward remodeling (OR) and the occur-
rence of excessive stenosis or intimal hyperplasia (IH) can
hinder AVFmaturation, creating a bottleneck for initiating
hemodialysis (1). These vascular access-related complica-
tions lead to hospitalizations, increased morbidity, and

impose a substantial burden on both patients and health
care. Therefore, comprehending the process of AVF matu-
ration failure and understanding how factors like kidney
failure influence vascular remodeling post-AVF surgery is
crucial.

To investigate the impact of the uremic environment
on AVF vascular remodeling, studies have predominantly
utilized models of acute kidney failure, such as nephrec-
tomy (2–4) or unilateral ureteral obstruction (5), L-NAME
administration to induce vascular injury and hyperten-
sion (6), or diet-induced kidney failure.(7, 8) However,
these acute kidney injury models fail to replicate the phe-
notype of ESKD, lacking the aspects of early onset kidney
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injury, the progressive injury associated with ESKD and
hypertension—key clinical characteristics observed in
many ESKD patients receiving an AVF. Consequently, a
representative ESKD model for studying its effect on AVF
maturation is currently lacking. However, as hyperten-
sion is argued to have a protective effect on AVF failure
(9, 10), whereas uremia accelerates wall thickening and
IH in mice (3, 11), it is important to incorporate both these
ESKD hallmarks in one model to study AVF maturation.

In the present study, we used a clinically relevant CKD
model to elucidate the impact of CKD on vascular AVF remod-
eling. Specifically, we utilized a well-characterized murine
model of autosomal dominant polycystic kidney disease
(ADPKD) (12, 13), the most common hereditary cause of kid-
ney failure, and created AVFs between the carotid artery and
jugular vein.

Our analysis included the evaluation of kidney function
and blood pressure and investigating the effects of CKD on
blood flow and vascular remodeling in the AVF. Acute kid-
ney injury models showed that kidney failure mainly
affected AVF remodeling through IH aggravation (3, 11).
We however hypothesized that our chronic CKD model,
along with its impact on blood pressure and progressive
vascular damage, affects AVF maturation mostly through
medial vessel wall turnover.

MATERIALS AND METHODS

Animals and Study Design

This study was performed in compliance with Dutch guide-
lines, the Directive 2010/63/EU of the European Parliament,
and was approved by the Institutional Committee for Animal
Welfare at the Leiden University Medical Center. Adult
B6Ola-Pkd1þ /þ and B6Ola-Pkd1nl/nlmice, aged 8 to 12wk and
bred in our own facility, were used for the in vivo studies. We
decided on aminimal sample size using G�power calculation,
where we viewed intimal hyperplasia as the main parameter.
The study groups were littermates and were housed together.
Every surgery session was performed blinded, andmice of the
same cage—i.e., possibly both B6Ola-Pkd1þ /þ and B6Ola-
Pkd1nl/nl mice—received an AVF to minimize confounding.
Due to ADPKD’s genetic background, the animals could not
be randomized, instead the two groups were matched for age
and sex. Heterozygous littermates were excluded from the
study.

The previously described ADPKD model (12, 13) with an
intronic neomycin-selectable marker causing aberrant
splicing of intron 1 has a hypomorphic Pkd1 allele. This
results in reduced (10%–20%) Pkd1 transcript levels in kid-
neys of B6Ola-Pkd1nl/nl mice compared with their wildtype
B6Ola-Pkd1þ /þ controls. Before AVF surgery, the mice
were anesthetized via intraperitoneal injection of midazo-
lam (5mg/kg, Roche), medetomidine (0.5mg/kg, Orion),
and fentanyl (0.05mg/kg, Janssen) and received unilateral
AVFs, as previously described (14) between the dorsome-
dial branch of the external jugular vein and the common
carotid artery (CCA). After surgery, anesthesia was antago-
nized with atipamezole (2.5mg/kg, Orion) and flumazenil
(0.5mg/kg, Fresenius Kabi). Buprenorphine (0.1mg/kg,

MSD Animal Health) was given after surgery for 2 days to
relieve pain.

It should be noted that compared with previously used
models on a C57BL/6 or B6.129S2 background (14, 15), we
observed some challenges with anesthetizing the animals
before surgery, with delayed subconsciousness and rapid
recovery from anesthesia. Therefore, adequate monitor-
ing of the level of anesthesia presurgery through toe
pinching was performed throughout surgery, and in
some individuals, additional anesthesia was provided
during surgery.

Before AVF surgery, blood pressure was measured in six
Pkd1þ /þ and six Pkd1nl/nl mice, and in the same animals
6 days post-AVF surgery. All mice underwent Doppler ultra-
sound at baseline, day 3 post surgery and thenweekly. During
AVF surgery (day 0) and tissue harvest at day 21, blood was
retrieved to measure blood urea levels. We assessed vascular
remodeling both at the early stage, 7 days post-AVF surgery,
through RNA sequencing, to investigate which processes pre-
ceded the eventual stable phase 21 days post-AVF surgery,
which we assessed with histology. Kidneys from all mice were
harvested tomonitor cyst formation. The experimental proto-
col is shown in Fig. 1.

Blood Pressure Measurements

Systolic and diastolic blood pressure were assessed with
a noninvasive tail cuff system in conscious mice using the
CODA system (Kent Scientific, Torrington, CT, USA). To
minimize stress, blood pressure and ultrasound analysis
were measured on separate days. Blood pressure was
measured according to the manufacturer’s instructions
2 days before the AVF surgery and 6 days postsurgery.
Animals were acclimated to the restrainer before meas-
urements. Hereafter, 10 acclimation cycles were followed
by 20 measurement cycles.

Blood Urea Measurements

Blood was obtained from the AVF at its creation, using
Lithium Heparin capillary tubes (Abbott No. 52193), and
at euthanize, 21 days after surgery. Blood urea levels were
determined with Reflotron Urea strips (Roche diagnostics,
No. 11200666202) on the Reflotron Plus (Roche Diagnostics,
Basel, Switzerland) according to themanufacturer’s protocol.

RNA Isolation and RNA Sequencing

Seven days post-AVF surgery, five mice per group were
anesthetized as described previously and perfused with
PBS through cardiac perfusion. AVFs were collected and
separated into the arterial and venous segments, which
were snap frozen in liquid nitrogen. RNA was isolated
using the Qiagen RNeasy microkit (74004) according to
the manufacturer’s protocol with several adjustments:
adding 1% b-mercaptoethanol to the RLT lysis buffer, per-
forming tissue disruption and homogenization with glass
beads at 1,800 rpm for 1 min, followed by proteinase
K digestion for 10 min at 55�C. After quality control of the
RNA, this resulted in n ¼ 4 for wild-type venous AVF sam-
ples and n ¼ 5 for venous AVF samples from Pkd1nl/nl

mice. The arterial AVF samples were n ¼ 3 for Pkd1þ /þ

and n ¼ 4 for Pkd1nl/nl mice. Preparation and bulk mRNA
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sequencing were performed at Genomescan (Leiden, The
Netherlands), with 20 million PE150 reads. Total RNA
was quantified and �250 ng was used as input on the
Illumina NovaSeq6000.

Differential Gene Expression Analysis

Differentially expressed genes (DEGs) between AVF
samples, both arterial and venous, harvested 7 days after
surgery of Pkd1þ /þ and Pkd1nl/nl mice were identified.
Reads were aligned to the mouse genome (GRCm39 M33)
with STAR (v2.7.7a). For the assessment of differential
expression, a quasi-likelihood negative binomial general-
ized log-linear model was used, using R package edgeR
(v3.42.4). Counts underwent normalization through the
Trimmed Mean of the M-values (TMM) method. Genes
were considered differentially expressed if the observed
contrast between ADPKD and controls reached statistical
significance, as indicated by a false discovery rate (FDR)-
adjusted P value below 0.05. Gene set enrichment analysis
was performed with R package clusterProfiler (v.4.8.3) of
gene ontology (https://geneontology.org/). All analyses
were performed using R statistics (v4.3.1). Figures were
produced using the R packages ggplot2 (v3.4.4) and
enrichplot (v.1.20.3), showing the data as counts per mil-
lion (cpm).

Ultrasound Analysis and 3-D VolumeMeasurements

Ultrasound analysis was performed under isoflurane
anesthesia as described previously (15) 1 day before AVF
surgery, and at days 3 and 7 post-AVF creation for every
animal, and day 14 and 21 for mice that were euthanized
at 21 days after surgery. The following recordings were
obtained at each time point: ECG-gated Kilohertz visual-
ization (EKV) brightness-mode (B-mode) of the CCA affer-
ent to the anastomosis, short-axis three-dimensional
B-mode and color Doppler, long-axis three-dimensional
B-mode and color Doppler, PW Doppler of the CCA affer-
ent to the anastomosis. For the PW Doppler measure-
ments, an angle of �59� was used. We extrapolated the
diameter and thereby area of the CCA from the EKV meas-
urements, and flow velocity from PW Doppler data. These
measurements were used to define flow volume in the
AVF: flow volume ¼ (CCA diameter/2)2 � p � mean flow
velocity. Maximum systolic accelerations (ACCmax) were
measured from PW Doppler data.

Luminal volumes of the AVFs were measured by tracing
the lumen downstream of the anastomosis in the first 63

frames, each 0.04 mm apart, directly in the short-axis
three-dimensional B-mode. The length of the AVF in the
selected frames was also measured, using the measuring
tool in VEVO laboratory andmid-lumen points of the traced
areas. The total volume was then corrected for the total
length of the AVF, allowing for the appreciation of the vol-
ume in the AVF over the first 2.5 mm downstream of the
anastomosis.

Tissue Harvest and Processing for Histology

Twenty-one days after AVF surgery, mice were anes-
thetized using a mixture containing midazolam (5mg/kg,
Roche), medetomidine (0.5mg/kg, Orion), and fentanyl
(0.05mg/kg, Janssen) via intraperitoneal injection. The
thorax was opened and flushed through intracardiac per-
fusion with PBS and thereafter formalin, whereafter the
AVF and kidneys were dissected and submerged in for-
malin overnight, then embedded in paraffin. Since most
AVF remodeling occurs in the venous outflow tract of the
AVF, the first three perpendicular venous cross sections
downstream of the anastomosis with 150-μm interval
were used for morphological and immunohistochemical
analysis.

Second Harmonic Generation

Paraffin-embedded tissue was deparaffinated and rehy-
drated. Tissue sections (5 μm) were excited with a laser
using an 800 nm wavelength using Multiphoton micros-
copy (Zeiss LSM 710). Second harmonic generation (SHG)
images were obtained using a band-pass emission filter at
the SHG (380–430 nm) wavelength. A wide-band pass
emission filter (300–755 nm) was also used to collect the
combined all two-photon excited fluorescence (TPF) sig-
nal. Collagen quantification was performed with ImageJ
software by calculating the SHG-positive area over the
total vessel area.

Staining and Morphometric Analysis

Kidneys were stained using Periodic acid-Schiff (PAS)
staining. To verify RNA-sequencing findings at 21 days post-
AVF surgery, murine AVFs were stained for Tenascin-C
(Sigma Aldrich, ZRB2975) and VEGFR3 (Abcam ab317030),
which is encoded by Flt4.

Murine AVFs were stained with Weigert’s elastin to visu-
alize the elastic lamina of the venous outflow tract and
CCA afferent to the anastomosis. Tissue within the inter-
nal elastic lamina (IEL) of the venous AVF outflow tract

Figure 1. Experimental protocol of murine AVF studies. AVF, arteriovenous fistula; RNA seq, bulk RNA sequencing.
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was defined as IH and determined using histoquant soft-
ware (3DHISTECH). Slides that were used to study colla-
gen deposition were analyzed with SHG and followingly
stained for aSMA (DAKO M0851) and Vimentin (Thermo
Scientific, MS-129-P1) to determine presence of collagen-
producing cells.

Morphology of Extracellular Matrix in Human Renal
Arteries

To evaluate whether the observations in our mousemodel
corresponded to patient blood vessels, renal arteries were
obtained post nephrectomy. We included two patients with
renal cell carcinoma with normal kidney function (control
samples) and two patients with ADPKD. Specimens were
obtained at the LUMC in accordance with guidelines set out
by the “Code for Proper Secondary Use of Human Tissue” of
the Dutch Federation of Biomedical Scientific Societies
(Federa) and conform with the principles outlined in the
Declaration of Helsinki. The study was approved by the local
ethical committee, and the donors gave informed consent.
The control samples were obtained from donors with an
eGFR > 60 mL/min/1.73 m2. They underwent nephrectomy
due to renal carcinoma and did not havemetastasis or diabe-
tes mellitus. The arterial samples were used for histological
analysis to study the extracellular matrix, using a Weigert’s
elastin stain andMasson Trichrome staining.

Statistical Analysis

GraphPad Prism 8 was used to perform statistical analy-
sis. Normally distributed data are presented as means ±
SD. Nonparametric data are presented as the median ±
interquartile range. Unpaired t test, one-way ANOVA,
Restricted Maximum Likelihood (REML), and Mann–
Whitney U test (2-tailed) were used when applicable. P <

0.05 is considered significant. Analyses were also sepa-
rately performed for male and female mice; results can be
found in the Supplemental figures.

RESULTS

Surgical Outcome

Thirty-six animals received an AVF, of which 15% from the
Pkd1þ /þ mice and 14% of Pkd1nl/nl mice were excluded from
morphological analysis due to technical difficulties during sur-
gery, such as vessel spasms or bleeding, causing early occlu-
sion or distorted vascular remodeling of the lumen, as seen on
ultrasound analysis observed at early time points such as
directly or 3 days post-AVF surgery. Seventeen Pkd1þ /þ

(9 females, 8 males) and 19 Pkd1nl/nlmice (10 females, 9males)
were included in the study.

Pkd1nl/nl Mice Developed Chronic Kidney Disease and
Hypertension

Kidneys of Pkd1nl/nl mice were visibly larger in size com-
pared with control mice and presented with cysts throughout
the kidneys (Fig. 2, A and B). Furthermore, impaired kidney
function was observed in Pkd1nl/nl mice, with elevated blood
urea levels at AVF creation (24.0±3.8 mmol/L, Fig. 2C), which
remained stable over the 3-wk study period (23.1±3.7mmol/L),
compared with Pkd1þ /þ mice (8.7± 2.8 mmol/L at AVF crea-
tion and 8.3±3.4mmol/L at 21 days). Pkd1nl/nl mice also devel-
oped hypertension, with elevatedmean arterial blood pressure
(MAP) at both timepoints compared with Pkd1þ /þmice.
Pkd1þ /þ mice, demonstrated a 20% (113 vs. 92, P ¼ 0.00001)
and 30% (100 vs. 76, P ¼ 0.002, Fig. 2D) increase in MAP pre-
surgery and 6 days post-AVF surgery. The exact systolic and
diastolic blood pressure measurements in Pkd1þ /þ mice are
shown in Supplemental Fig. S1.

Figure 2. Kidney function and blood pressure in
the mouse model. Periodic acid-Schiff (PAS)
staining of a healthy Pkd1þ /þ (A) and Pkd1nl/nl pol-
ycystic kidney (B). Pkd1nl/nl mice have increased
blood urea levels throughout the 21-day study
period (C), and hypertension presurgery and
6 days post-AVF creation (D). Data are expressed
as means ± SD. ADPKD, autosomal dominant pol-
ycystic kidney disease; AVF, arteriovenous fistula.
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Venous Disturbed ECM Remodeling in AVFs of Pkd1nl/nl

Mice

To determine early vascular response and which pathways
cascade the vascular remodeling, bulk poly-A RNA sequenc-
ing was performed 7 days post-AVF surgery. Differentially
expressed (absolute log2 fold change [FC] � 1, adjusted P
value� 0.05) processes of vascular remodeling of the arterial
AVF segment were mostly related to oxygen exchange and
vascularmuscle contraction (Supplemental Fig. S2).

The venous outflow tract of AVFs in Pkd1nl/nl mice showed
several downregulated genes involved in vascular remodel-
ing (Flt4, Tbx1, Olfml3, Fig. 3A), and the ECM (extracellular
matrix: Col11A1, Tnc, Tnn, and Acan). Genes related to
mechanical tension (Palmd, Ablim1) were upregulated. Gene
set enrichment analyses of DEGs (Fig. 3B) indeed demon-
strated transcriptional activation of muscle contraction
(vasoconstriction), whereas transcription of processes
involved in ECM regulation was inhibited in Pkd1nl/nl

mice. IPA pathway analysis (Supplemental Table S1)
revealed upregulation of transcription factors Gata6,
Sox2, Smarca2, Npm1, and Esrra and cytokines CSF1 and
IL-13. To verify RNA sequencing findings at 21 days post-
AVF surgery, murine AVFs were stained for Tenascin-C
and VEGFR3, which is encoded by Flt4 (Fig. 4). Although
not statistically significant, we see a similar trend on both
day 7 and 21 post surgery as observed with RNA sequenc-
ing, namely, less Tenascin-C and VEGFR3 protein in AVFs
of Pkd1nl/nl mice compared with Pkd1þ /þ mice.

Pkd1nl/nlMice Have Increased AVF Flow

Blood flow in the CCA proximal to the site of anastomosis
was assessed weekly via ultrasonography. Pkd1nl/nl and
Pkd1þ /þ mice had comparable flow volume presurgery
(Fig. 5A), whereafter AVF flow was increased in both groups
over the 21-day study period (time, P< 0.0001). Pkd1nl/nlmice

show increased AVF flow volume compared with Pkd1þ /þ

mice (group effect, P ¼ 0.001), with an increase in both peak
and mean blood velocity (Fig. 5B) but not increased luminal
area of the CCA compared with Pkd1þ /þ mice (Fig. 5C). To
verify whether hypertension and increased flow velocity in
the ADPKDmodel was caused by vascular stiffness, the max-
imum acceleration (ACCmax) in the CCA was determined.
However, no increase in systolic ACCmax over time nor a
group difference between Pkd1nl/nl and Pkd1þ /þ mice
(Fig. 5D) was observed. Male and female mice were also ana-
lyzed separately and showed similar differences between
Pkd1nl/nl and Pkd1þ /þ mice (Supplemental Fig. S3).

Pkd1nl/nl Mice Have Reduced IH and Increased Luminal
AVF Volume

To assess the result of the vascular remodeling process at
a stable phase, histological and morphological analysis
(Fig. 6A) of the AVF were performed on samples obtained
21 days post-AVF surgery. The venous outflow tract of the
AVF of Pkd1nl/nlmice showed a 50% reduction in IH (Fig. 6B,
P ¼ 0.03) and 40% reduction of total vessel wall area
(Fig. 6C, P ¼ 0.02). Ultrasound analysis showed a 28%
increase in luminal volume of the venous outflow tract of
Pkd1nl/nl mice compared to Pkd1þ /þ mice (Fig. 6, D and E,
P ¼ 0.04). Sex-specific analyses showed similar trends
between Pkd1nl/nl and Pkd1þ /þ mice (Supplemental Fig. S4).
Pkd1nl/nl mice show reduced extracellular matrix deposition
in the AVF.

We evaluated the afferent artery for aberrant morphol-
ogy of the elastic lamina to monitor for potential dilatory
effects and the venous outflow tract for collagen deposi-
tion. The CCA in Pkd1nl/nl mice displayed a reduction in
the number of elastic lamina (Fig. 7A, P ¼ 0.002), despite
having similar elastic laminae presurgery. Moreover, the
venous AVF outflow tract of Pkd1nl/nl mice showed a 2.2-
fold decrease in collagen deposition comparatively with
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the vessel wall area (Fig. 7B, P ¼ 0.04), which could not be
explained by a reduction of collagen producing vascular
cells (aSMA or Vimentin positive cells, Fig. 7C, P ¼ 0.97)
since comparable values between Pkd1nl/nl and controls

(median 45% vs. 37%, P ¼ 0.97) were observed. Sex-specific
analyses showed similar differences in the number of elas-
tic laminae in the CCA and collagen in the vein wall
(Supplemental Fig. S5).

Figure 5. Flow dynamics of the AVF
through ultrasound analysis. Blood flow
though the AVF increased over time in
both groups (A), with significantly higher
flow in the Pkd1nl/nl mice due to increased
velocity (B). There was no difference in the
luminal area of the common carotid artery
(CCA) afferent to the AVF anastomosis
(C) or maximum systolic acceleration (D)
between the two groups. T represents the
number of days post-AVF surgery, data are
expressed as means ± SD, n ¼ 12. Pkd1nl/nl

mice and n ¼ 10 Pkd1þ /þ mice. AVF, arte-
riovenous fistula.

Figure 4.Quantitative analysis of Tenascin-C and VEGFR3. A: quantification of Tenascin-C (TNC) in Pkd1þ /þ and Pkd1nl/nl AVFs 7 and 21 days postopera-
tively. B: representative images of Tenascin-C quantification. C: quantification of VEGFR3 in Pkd1þ /þ and Pkd1nl/nl AVFs. D: representative images of
VEGFR3 quantification. Scale bars represent 200 lm in the full vein images and 50 lm in the magnified insets. AVF, arteriovenous fistula.
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Renal Arteries of Patients with ADPKD Show ECM
Dysregulation

We obtained renal arteries of patients undergoing a
nephrectomy to investigate ECM deposition in the vascu-
lature of patients with ADPKD. Masson trichrome and
Weigert’s elastin staining (Fig. 8) of the renal arteries of
controls with a normal kidney function and patients with
ADPKD showed dysregulation of ECM deposition and loss
of elastic lamina integrity of the renal artery of patients
with chronic kidney failure.

DISCUSSION

In addressing the need for a chronic preclinical model
reflective of patients with ESKD undergoing AVF surgery,
we utilized an autosomal dominant polycystic kidney dis-
ease (ADPKD) model to study AVF maturation in a murine
CKD setting.

Pkd1nl/nl mice had increased AVF blood flow, with larger
venous outflow tracts. We demonstrated that the increase in
luminal AVF volume is due to a combination of increased
blood pressure, diminished IH and dysregulated extracellular

Figure 6. Morphometric analysis of the AVF 21 days postsurgery. A: Weigert’s Elastin staining of the venous outflow tract representative of Pkd1þ /þ

(left) and Pkd1nl/nl (right) mice. The black scale bar indicates 100 lm. Pkd1nl/nl mice have decreased intimal hyperplasia formation (B), and a smaller vessel
wall area (C). Analysis of the luminal volume of the AVF outflow tract from ultrasound analysis showed an increased venous luminal volume in Pkd1nl/nl

AVFs at 21 days post-AVF surgery (D). Data are expressed as means ± SD. E: visual of the AVF anatomy (left) and representative images of volumetric
measurements and corresponding 3-D renders of the venous limb of the AVF in Pkd1þ /þ and Pkd1nl/nl mice. Volume is standardized over the first
2.5 mm from the anastomosis, represented by the yellow arrow. AVF, arteriovenous fistula; CCA, common carotid artery, VJ, vena jugularis; 3-D, three-
dimensional.
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matrix deposition. IPA pathway analysis revealed upregula-
tion of transcription factors Gata6, Sox2, Smarca2, Npm1, and
Esrra and cytokines CSF1 and IL-13, suggesting enhanced vas-
cular remodeling, increased (smoothmuscle) cellular prolifer-
ation, an altered immune response, and metabolic activation
in the ADPKD model (16–22). Altered ECM remodeling in
mice with ADPKD was observed, both during early remodel-
ing using RNA sequencing, and at the end point of our study
on a histological level. Pkd1nl/nl AVFs showed downregulation
of Col11A1, Tnc, Tnn, and Acan in the first week post-AVF sur-
gery, which are related to ECM interaction and organization
(23–26). This was followed at the later time point by disrup-
tion of arterial elastin, and decreased venous collagen

deposition. The ECM is also proven essential in clinical AVF
remodeling: Martinez et al. (27) demonstrated that failed and
matured AVFs can be categorized by distinct clusters of differ-
entially expressed ECM components. Pathway enrichment
analysis revealed a significant increase in collagen remodel-
ing, both degradation and production, from preaccess veins
to pair-matched brachiobasilic AVFs of patients with ESKD.
AVF maturation is characterized by phases of ECM degrada-
tion, reorganization of the collagen and elastin scaffold, and
deposition of ECM proteins (28, 29).

Although murine studies show the importance of hinder-
ing elastin deposition (30, 31), direct elastin inhibition in
randomized double-blind placebo-controlled trials did not

Figure 7. Extracellular matrix protein regulation in murine AVF. Venous and arterial AVF tissue harvested 21 days post-AVF creation. Weigert’s elastin
stain of the afferent AVF artery (A) shows a loss of elastic laminae in the Pkd1nl/nl vessel with deposition in between the laminae, top figures are higher
magnifications. Second harmonic generation on the venous outflow tract (B) showing diminished collagen deposition (band-pass emission filter at 380–
430 nm for collagen in red) in the Pkd1nl/nl venous outflow tract. The presence of aSMA or Vimentin positive collagen-producing cells was comparable in
the venous outflow tract of both groups (C). Data are expressed as means ± SD. Scale bar indicates 50 lm. AVF, arteriovenous fistula.
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have an effect on AVF venous diameter, stenosis, blood flow,
or maturation rates (32, 33). This indicates that solely
increasing elastin degradation might not be of therapeutic
value to improve maturation and AVF patency. In con-
trast, inhibiting lysyl oxidase (LOX), which aids crosslink-
ing of collagen and elastin fibers, had beneficial effects on
fibrosis, vessel distensibility, and OR of AVFs in rats (34,
35). Concurrently, preaccess veins of patients with ESKD
that had higher LOX expression were associated with AVF
failure (34). During early AVF remodeling, RNA sequenc-
ing analysis showed disturbed venous ECM remodeling,
later on followed by decreased collagen expression in the
venous outflow tract and disrupted elastin matrix in the
afferent artery in Pkd1nl/nl mice. This altered vascular
remodeling might be essential for the increase in luminal
AVF volume, vessel distensibility, and increase in flow.
Excessive ECM degradation or inadequate repair, however,
can lead to a weakened or even aneurysmal AVF (29),
stressing the importance of balanced ECM degradation fol-
lowed by deposition.

Studying AVF outcomes in other, although more acute,
kidney-failure models, Song et al. (36) observed that 5/6th
nephrectomy caused vascular fibrosis due to increasedmyo-
fibroblast differentiation and intimal-ECM. Second, Kang
et al. (3) detected increased MMP-9 and TGF-b1 expression in
the AVFs in a similar model. Overall, compared with acute
renal failure model studies, chronic kidney failure in the
form of ADPKD had a differential effect on AVF outcome in
general. Surgically or diet-induced loss of kidney function
mainly resulted in hindered AVF flow and enhanced forma-
tion of IH in rats andmice (2–7, 11, 37). Some attributed AVF
failure in their models on EC-related processes such as loss
of vascular endothelial-cadherin expression and delayed
regeneration of the endothelium (37), oxidative stress (2),
and impaired dilatation of both the afferent artery and
downstream venous outflow tract (7). Others observed exces-
sive IH formation due to increased VSMC migration and
downregulation of contractile VSMC markers a-actin and
calponin (5, 11). In our CKD model, however, there was no
effect on collagen-producing cells such as VSMCs and fibro-
blasts. Instead, combined hypertension and uremia resulted

in decreased IH formation and ECM deposition, leading to
increased AVF venous outflow tract volume and AVF flow.

ADPKD is associated with a higher incidence of aneurysms,
mainly intracranial and abdominal (38–41), but also a higher
frequency of AVF aneurysms compared with other patients
with ESKD has been reported (42). This could be due to
altered vasculopathy. 93% of patients with polycystic kidney
disease have a mutation in the PKD1 or PKD2 gene, encoding
polycystin-1 and -2, and the remaining 7% have an undiag-
nosed mutation or one in a gene involved in polycystin pro-
tein regulation.(43–48) Polycystin-1 and -2 interact to form an
ion channel complex regulating calcium influx, involved in
sensing mechanotransduction and fluid flow (49, 50). PKD1,
which is affected in our mouse model (12), is expressed in
both endothelial cells (ECs) and vascular smoothmuscle cells
(VSMCs) and is essential to maintain vessel wall integrity (51,
52). Reduced Pkd1 expression in VSMCs causes the threshold
pressure for myogenic contraction to go up (53) and induces
phenotypic switching and affects the extracellular matrix
(54–56). This can explain the decreased ECM organization in
the AVF of Pkd1nl/nl mice. It is important to note that we did
not observe either venous or arterial AVF aneurysm forma-
tion, as there was no significant increase in the diameter of
the CCA afferent to the AVF, and we observed a thicker
venous wall, strengthened by increased collagen deposition.
However, we cannot rule out the possibility of aneurysm for-
mation over a longer time frame. In addition, our model may
be influenced by general CKD as well as ADPKD-specific
effects, which poses an interesting research question for fur-
ther studies. Nonetheless, our model is a clinical representa-
tive model for a substantial portion of patients with an AVF,
as patients with ADPKD comprise 	9% of patients requiring
kidney replacement therapy, and 69% of this patient group
undergoes HD (57). The majority of patients with ADPKD on
HD utilize an AVF as vascular access (58). The question arises
whether the observed differences in AVF remodeling primar-
ily relate to the impaired kidney function or if they are spe-
cific for ADPKD. In this respect, it is important to notice that
in our recent clinical study, patency rates of AVF/AVG in
ADPKD patients were similar to those of patients with ESKD
with other primary kidney disease (59). This suggests that

Figure 8. Extracellular matrix in the human
renal artery. Masson trichrome staining of a
renal artery from a patient with normal kid-
ney function (A) and patient with ADPKD
(B) indicates dysregulated extracellular
matrix deposition in human ADPKD ves-
sels. This is also shown by samples stained
with Weigert’s elastin, where compared
with the healthy control (C), ADPKD vessels
show loss of integrity of the elastin fibers
(D). Scale bar indicates 100 lm. ADPKD,
autosomal dominant polycystic kidney dis-
ease; AVF, arteriovenous fistula.
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ADPKD does not affect AVF outcomes differently than other
causes of ESKD, reinforcing the representativeness of our
ADPKDmodel for patients with ESKD receiving AVFs.

In conclusion, our study introduced a novel in vivo
model suitable for studying AVF remodeling in the setting
of chronic kidney disease, resulting in improved AVF mat-
uration in mice with ADPKD, as illustrated by enhanced
luminal volume and higher AVF flow. Moreover, this
ADPKD model holds promise for investigating the effects
of hypertension, uremia, and interventions targeting the
ECM in AVF remodeling.
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