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Abstract  

The kidney vasculature has a complex arrangement, which runs in both series and parallel to perfuse the renal 

tissue and appropriately filter plasma. Recent studies have demonstrated that the development of this vascular 

pattern is dependent on netrin-1 secreted by renal stromal progenitors. Mice lacking netrin-1 develop an arterial 

tree with stochastic branching, particularly of the large interlobar vessels. The current study investigated whether 

abnormalities in renal vascular pattern altered kidney function or response to injury. To examine this, we analyzed 

kidney function at baseline as well as in response to recovery from a model of bilateral ischemic injury and 

measured vascular dynamics in aged mice. We found no differences in kidney function or morphology at baseline 

between mice with an abnormal arterial pattern compared to control. Interestingly, male and female mutant mice 

with stochastic vascular patterning showed a reduction in tubular injury in response to ischemia. Similarly, mutant 

mice also had a preservation of perfused vasculature with aging compared to a reduction in the control group. 

These results suggest that guided and organized patterning of the renal vasculature may not be required for 

normal kidney function; thus, modulating renal vascular patterning may represent an effective therapeutic 

strategy. Understanding how patterning and maturation of the arterial tree affects physiology and response to 

injury or aging has important implications for enhancing kidney regeneration and tissue engineering strategies.  
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Introduction 

 The kidney vasculature is structurally complex to appropriately filter waste products from the blood and 

maintain water and electrolyte homeostasis1–4. In the mouse kidney, the main renal artery is derived via 

angiogenic growth from the abdominal aorta, forming a ring around the base of the developing ureteric bud 

around embryonic day 11 (E11)5. Through a series of growth and branching, the endothelium of the arterial tree 

forms a predictable pattern of vessels in the developing kidney by E13.56. This pattern consists of a single renal 

artery which branches in series after entering the hilum into interlobar, arcuate and interlobular arteries3,4. The 

afferent and efferent arteries then supply blood to and remove blood from the glomeruli4. A dense capillary 

network perfuses the cortex (peritubular capillaries) and medulla (plexus capillaries)3,4. The venous system 

tracks alongside the arterial tree to remove blood from the kidney4. The maturation of the vascular tree throughout 

nephrogenesis is dependent on the development of a variety of mural cells which closely interact with the 

vascular endothelium6,7. Vascular smooth muscle cells (VSMCs) cover the larger arterial branches, while 

pericytes stabilize the capillary networks of the cortex and medulla8–10. The glomerular capillaries mature through 

interactions with adjacent podocyte and mesangial cells precursors10. While recent studies have begun to 

elucidate the molecular signaling required to direct this precise patterning, the effect of renal vascular patterning 

on kidney function and physiology remains unknown.  

 The vascular network in the kidney is critical to its function, and disruptions of these intricate networks 

can lead to the onset or progression of kidney diseases11,12. Loss of vascular density, or capillary rarefaction, is 

associated with several kidney-related diseases including hypertension, diabetic kidney disease, and acute 

kidney injury (AKI)13–16. Vascular rarefaction or vascular dysfunction has been shown to promote regional 

ischemia, impair renal hemodynamics and promote the development of interstitial fibrosis and chronic kidney 

disease (CKD)11–13. Preventing capillary drop-out or promoting regeneration are promising therapeutic strategies 

to prevent or slow progression of functional decline in the kidney11. As such, recent efforts have been made to 

specifically target the renal vasculature in CKD including inflammation, endothelial-to-epithelial crosstalk, 

angiogenic factors, mural cell coverage as well as others11,17–19. While vascular targeting strategies show 

promising results in rodent models, limitations remain for the implementation of these therapies in the clinical 

setting. In addition to these in vivo models, bioengineering of vascularized kidneys has also been a primary 

strategy in regeneration efforts. Similarly, efforts to appropriately vascularize these tissues have remained 
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incomplete20. A critical limitation to both vascular targeting strategies and bioengineering kidneys is our lack of 

knowledge regarding whether correct, guided vascular patterning is crucial for kidney function, injury, and repair. 

 Our understanding of how the kidney vascular pattern affects kidney function has been limited, in part, 

due to our lack of animal models reflecting disrupted patterning. We recently reported that loss of netrin-1 (Ntn1) 

from Foxd1+ stromal progenitors in the kidney results in abnormal patterning of the large caliber vessels, such 

as the interlobar vessels, during kidney development without affecting the overall vascular density8. Netrin-1 

(Ntn1) is a known guidance cue for axonal growth that is highly expressed by the kidney stromal progenitors 

during nephrogenesis8,9,21,22. In addition, netrin-1 has been shown to regulate vessel growth, branching, and 

organizational patterning by generating chemo-attractive or repulsive cues through receptors CD146 and Unc5b, 

respectively23–25. Our previous studies revealed a similar role for netrin-1 in vascular guidance in the developing 

kidney, where secretion of netrin-1 by the stromal progenitor cells was required for proper vascular patterning 

and vascular maturation8. Similar to our findings, Luo et al. have also reported dysregulation in arterial branching 

and delayed VSMC coverage following deletion of Ntn1 from the stromal progenitor cells9. Taken together, these 

studies are the first to highlight a role for stromal progenitor-derived netrin-1 (Ntn1) to direct renal vascular 

patterning and maturity during kidney development. This new model is ideal to dissect the impacts of large 

vascular patterning on kidney function. 

It has previously been reported that the large renal vasculature (interlobar/arcuate vessels) may protect 

the tubular epithelial cells from ischemic injury by altering reperfusion hemodynamics3. Therefore, in the current 

study, we investigated the role of arterial patterning on kidney function and injury. We utilized Foxd1GC/+;Ntn1fl/fl 

mutant mice in which arterial patterning is disrupted during development and persists into adulthood8,9. Ischemia-

reperfusion injury (IRI) was performed in male and female mice to assess their response to ischemic injury. 

Further, we examined how vascular patterning contributes to age-related losses in vascular density. 

Understanding how vascular patterning and maturity regulate kidney physiology is important to identify new 

therapeutic targets to prevent or limit vascular-associated damage following ischemia or during aging.  
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Results 

Abnormal renal vascular patterning does not alter baseline kidney function or histology in adult mice.  

To investigate the role of abnormal renal vascular patterning, occurring during nephrogenesis, on kidney 

physiology, we first assessed baseline parameters of kidney function in 4-month-old adult wild-type (Ntn1fl/fl or 

Ntn1fl/+), heterozygous (Foxd1GC/+;Ntn1fl/+) and mutant (Foxd1GC/+;Ntn1fl/fl) male and female mice. We found that 

despite kidneys from mutant mice having stochastic patterning of the arterial tree, there was no evidence of 

altered kidney function or kidney injury at baseline. Proteinuria (Figure 1A) and plasma creatinine (pCr) (Figure 

1B) were within normal physiological range (proteinuria <2mg/day and pCr <0.25mg/dL) regardless of sex or 

genotype. Baseline glomerular filtration rate (GFR, µl/min) measured by creatinine clearance showed no 

significant differences between genotypes (Figure 1C). Urine output (ml, 24-hours) matched water intake (ml, 

24-hour) in male mice regardless of genotype (Figure 1D-E, gray bars). In female mice, urine volume (ml) was 

less than water intake for all genotypes (Figure 1D-E, white bars). In addition, female mice were smaller than 

male mice, regardless of genotype (Figure 1F). Heterozygous (Foxd1GC/+;Ntn1fl/+)  and mutant female mice 

(Foxd1GC/+;Ntn1fl/fl) had reduced body weight (g) compared to the wild-type control (Ntn1fl/fl or Ntn1fl/+), however 

this was not observed in male mice (Figure 1F). 

To examine morphology at baseline, kidney sections were stained with Periodic-acid Schiff (PAS) and analyzed 

for abnormalities in the cortex, corticomedullary junction (CMJ), outer (OM) and inner (IM) medulla. The tubules, 

vasculature and interstitial space appeared normal and showed no evidence of physiological perturbations for 

any of the groups (Figure 2). There were also no signs of kidney injury as no tubular dilation, tubular necrosis, 

loss of brush boarder, protein cast formation or epithelial cell swelling was observed (Figure 2). In addition to 

kidney morphology, we also examined immune cells and found no differences in baseline circulating immune 

cells (Supplementary Figure 2A) or F4/80-positive macrophages in the kidney (Supplementary Figure 2B). 

Red blood cell counts were also no different between wild-type control and mutant mice (Supplementary Figure 

3).  

Tubular injury following renal ischemia was attenuated in mice with abnormal vascular patterning. 

As no significant differences were observed in baseline renal function or morphology between genotypes, we 

next examined the renal response to ischemic injury. We performed a warm, bilateral ischemia by clamping the 
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renal artery and vein for 26-minutes and assessed kidney injury following 24-hours of recovery. Post-IRI, the 

kidney to body weight ratio, which may indicate renal edema, was decreased in male, but not female mutant 

mice (Supplemental Figure 3). Tubular injury was semi-quantitatively scored in PAS-stained kidney sections on 

a scale of 0-5 as a percent of tubules in the cortex and outer medulla with necrosis, loss of brush borders, tubular 

dilatation, cast formation, tubular epithelial swelling, and vacuolar degeneration, as previously reported26. 

Interestingly, tubular injury was reduced in both male and female mutant mice compared to their respective 

controls despite the kidneys from these mice having an abnormal arterial pattern (pGENO=0.0092, two-way 

ANOVA) (Figure 3A). While all genotypes had an average injury area greater than 30% following IRI, wild-type 

male mice showed the greatest amount of injury (average injury score ~75% area) (Figure 3A&D-E). Tubular 

dilation and tubular protein casts were observed in all groups, however significant tubular epithelial cell 

detachment/cell sloughing in the outer medulla (more severe injury) was most prominent in wild-type males 

(Figure 3D-E, asterisks and arrow).  As expected, female mice had less injury than male mice regardless of 

genotype, and this injury was primarily localized to the outer medulla versus the cortex (pSEX=0.0122, two-way 

ANOVA) (Figure 3A&D-E). In agreement with these data, pCr (Figure 3B) and blood urea nitrogen (BUN) 

(Figure 3C) were reduced in male mutant mice compared to male control (pCr 0.46±0.16 vs 0.66±0.11 and BUN 

65.61±22.54 vs 101.97±14.36, respectively), however this did not reach statistical significance.  

To further investigate the reduction of injury observed in mutant mice, we utilized immunofluorescent staining of 

kidney injury molecule-1 (KIM-1) to assess injury to the proximal tubules (LRP2, marker of proximal tubules) in 

kidney sections post-IRI. KIM-1 localized to the tubules of both the cortex and outer medulla of control male mice 

following ischemia (Figure 4A). In contrast, KIM-1 staining was predominately localized to the tubules of the 

outer medulla and mostly absent in the cortex in mutant male mice and in both control and mutant female mice 

(Figure 4B-D).  

Perfused renal vasculature was preserved in aged mice with abnormal vascular patterning.  

Our findings indicate that mutant mice with abnormal patterning of the renal vasculature have reduced tubular 

injury and improved kidney function following ischemia. As loss of renal vascular density following ischemia and 

in normal aging has been shown to contribute to the development of chronic kidney disease, we next wanted to 

determine whether renal vascular patterning played a role in age-related vascular impairment. To examine this, 

we perfused the renal vasculature with Evans blue dye in 2 and 7-month-old mice to fluorescently label the 
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arterial tree27. We then cleared the kidney tissue and performed whole mount imaging using light-sheet 

microscopy to assess vascular parameters of branching and total area27. In control mice, we observed an age-

related decrease in number of vascular branches (control mice: 2 vs 7-month, p=0.0043) and total perfused 

vasculature (control mice: 2 vs 7-month, p=0.0004) (Figure 5A&B, white bars). Similar to the protective effect 

observed following ischemia, neither the number of branches nor the total perfused vasculature significantly 

decreased with age in mutant mice (Figure 5A&B, gray bars). Such that, 7-month mutant mice had a greater 

area of perfused vasculature compared to age-matched control mice (approximately 70 vs 50 µM (x106), 

respectively) (p=0.0152) (Figure 5A&B).  Importantly, glomerular number, plasma creatine (<0.5 mg/dL) and 

BUN (<25 mg/dL) were not different between groups in adult mice, suggesting that an age-related decline in 

kidney function was not responsible for the differences in vascular metrics (Figure 5C&D). Circulating immune 

cells (Supplementary Figure 2A) and red blood cell counts (Supplementary Figure 3) also showed no 

differences between genotypes with aging. Taken together, these data suggest that despite mutant mice 

developing stochastic arterial branches in the kidney, these mice are protected from both ischemic injury and 

age-related loss of vascular density. 
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Discussion 

In this study we demonstrate that proper patterning of the renal interlobar arteries is not required for 

normal kidney function. Further, our results suggest that it is possible for arterial patterning to be more efficient 

and aid in improving response to ischemic injury or age-related vascular loss. These data expand on previous 

studies which identified Netrin-1, secreted by stromal progenitors during nephrogenesis, as an essential 

regulator of arterial patterning and maturation8,9. Importantly, the results from the current study highlight that our 

understanding of renal vasculature remains incomplete. Understanding how patterning and maturation of the 

arterial tree affects physiology and response to injury or aging is likely to have important implications for 

enhancing kidney regeneration and tissue engineering.  

Netrin-1 is a known axonal guidance cue that has also been shown to play a role in angiogenesis21–24. In 

the developing kidney, netrin-1 is secreted by Foxd1+ stromal progenitors during kidney development8,9. The 

physiological response observed in the current study is independent of the loss of this source of netrin-1 as the 

Foxd1+ progenitors are depleted around post-natal day 4. Rather, the protective effect observed in our netrin-1 

(Ntn1) mutant mice appears to result from the changes to patterning or maturation of the renal vasculature. In 

the uninjured kidney of adult mice, netrin-1 has low levels of secretion from tubular epithelial cells, however 

following kidney injury, netrin-1 secretion from the tubules is greatly increased28–30. In human kidney injury, 

urinary netrin-1 is similarly increased31,32. This endogenous increase in netrin-1 following injury is thought to play 

a protective role by modulating the immune response and promoting regeneration29–31. Importantly, this source 

of tubular netrin-1 remains intact in our mutant mice, as our deletion specifically targets only the interstitial 

progenitors during development. While the underlying molecular mechanisms mediating this protection remains 

unknown, future studies aim to identify whether this effect is a result of alterations in blood flow due to the 

differential patterning or a result of molecular changes to the vascular wall, i.e. endothelial cells or vascular 

smooth muscle cells.  

Changes in blood flow during early reperfusion have previously been shown to play an important role in 

the severity of tubular injury in the kidneys following ischemia3. Honeycutt et al and Luo et al reported a delay in 

vascular smooth muscle cell (VSMC) coverage of the arterial tree in netrin-1 (Ntn1) mutant mice8,9. VSMCs are 

a critical component of the arterial wall, and their contractile properties allow for tight control of blood flow and 

blood pressure33,34. It remains unknown if there are changes to VSMC density along the renal arterial tree in 
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adult mutant mice. However, changes in VSMC density or function following a delay in their coverage during 

nephrogenesis could result in alterations to management of vascular tone under physiology stress (i.e. ischemia 

or again). Changes in perfusion have also been suggested to play a role in age-related vascular loss in the 

kidney through arterial stiffening35,36. Endothelial dysfunction, oxidative stress, and inflammation are all thought 

to contribute to stiffening of the arterial tree with age35,36. However, given we did not see changes in circulating 

or kidney resident immune cells at baseline with aging, we speculate that a reduction in inflammation is unlikely 

to drive the protection we observed in mice with an abnormal vascular pattern. Whether the abnormal pattern of 

the arterial tree observed in our netrin-1 (Ntn1) mutant mice alters baseline or post-ischemic perfusion to reduce, 

or prevent, either of these mechanisms warrants further investigation.  

Loss of vascular density, or microvascular rarefaction, is known to play a critical role in kidney function 

and progression to chronic kidney disease (CKD) following ischemic kidney injury37. In studies which utilize 

rodent models and mimic what is observed in the clinical setting, loss of cortical peritubular or outer-medullary 

plexus capillaries is often observed in association with severe tubular injury following periods of renal 

ischemia37,38. It is thought that capillary loss contributes to non-recovery and progression to CKD through 

impaired hemodynamics and prolonged inflammation, ultimately leading to glomerulosclerosis and 

tubulointerstitial fibrosis37,39,40. Similarly, loss of capillary density is often observed with aging41–44. In the kidney, 

vascular aging has also been shown to drive CKD progression42,45. The protection associated with the abnormal 

vascular pattern in mutant mice was observed in both sexes, despite females having less ischemic injury than 

males. The further decrease in tubular injury in female mutant mice have important implications for sex-specific 

mediators of CKD. This is of particular importance as studies have shown that more women than men are 

diagnosed with CKD, but female patients are protected from the development of end-stage kidney disease46,47. 

The data from the current study suggests that it is possible to prevent loss of vascular density and maintain 

vessel integrity. As such, the protection observed in our netrin-1 (Ntn1) male and female mutant mice may provide 

insight into the factors which positively regulate vascular density in order to prevent capillary drop-out.  

 While the current data shows a reduction in kidney injury in mutant mice with an abnormal vascular 

pattern, there is variability in the response. Our previous study also found variation in the arterial patterning 

between netrin-1 (Ntn1) mutant mice8. Whole-mount imaging of the vascular tree revealed the interlobar arteries 

of some mutant mice show only a slight variation from wild-type, while the patterning in others was completely 
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stochastic. We speculate that this variation in renal vascular patterning contributes to the range of injury in mutant 

mice. Such that, the mutant mice with higher levels of injury likely have vascular patterning that is more similar 

to wild-type. Future studies utilizing Evans blue perfusion of the renal vasculature post-ischemia can be 

performed to investigate this association. Additionally, selection of a moderate (26-minute) period of ischemia 

may also contribute to the variability of injury in mutant mice as it is known that moderate levels of ischemia 

result in greater variability in injury than using more severe ischemic times48–51. 

 To date, our characterization of vascular patterning in netrin-1 (Ntn1) mutant mice has focused on the 

arterial tree and the effect on the renal veins is currently elusive. The patterning of the renal veins is of interest 

as they have been implicated in playing a significant role in ischemic injury3,52. However, to date, there are no 

appropriate markers to specifically label the venous vessels in the kidney. Whole-mount imaging to visualize the 

vasculature utilizing SMA requires significant VSMC coverage, and therefore was an unreliable marker for 

venous vessels. Co-labeling vessels with VSMCs and endothelial marker CD31, was also insufficient to label the 

large venules and veins in the kidney. Similarly, perfusion with Evans blue did not label the vasculature past the 

glomeruli. While this remains unknown, we speculate that the renal veins are patterned in parallel with the arterial 

tree, particularly the larger arcuate and interlobar vessels. Therefore, altered venous patterning in the netrin-1 

(Ntn1) mutant mice could also contribute to the observed protective effect through improved blood flow or a 

reduction in venous pressures to the kidney.  

 To our knowledge, this is the first study to investigate the impact of renal vascular patterning on kidney 

function. While it was surprising that netrin-1 (Ntn1) mutant mice with a stochastic arterial tree were protected 

from ischemic injury and age-related vessel loss, we are now able to utilize this model to investigate mechanisms 

of vascular integrity. The current study also has important implications for vascularization of kidney organoids 

and de novo kidney tissue engineering, which have proved challenging to form appropriate vessel networks. 

These data suggest that “normal” patterning of these vessels may not be necessary in order to for appropriate 

function. In fact, it may be possible to guide the vasculature to a more efficient pattern. Understanding how 

vascular patterning affects a number of physiological responses in the kidney provides critical insight for 

identifying novel therapeutic targets for clinically relevant approaches to treat kidney disease. 
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Methods 

Animals: All animal studies were approved by the Office of Animal Care and Use at the University of North 

Carolina at Chapel Hill (UNC-CH) and the UNC-CH Institutional Animal Care and Use Committee (IACUC). 

Animal husbandry is performed by UNC’s Division of Comparative Medicine (DCM). All animals for this study 

were kept in a temperature and humidity-controlled environment with a 12-hour light/dark cycle. No more than 

five adult animals were housed per cage. All mice had free access to food (LabDiet PicoLab Select Rodent) and 

water. All mouse lines were maintained on the C57Bl6/J background (Jackson Labs, Strain #000664). Details of 

genetically edited mouse lines utilized are as follows: Foxd1GC/+ (Cre Strain #012463)8,53 and Ntn1fl/fl (Floxed 

Strain #028038)8,54 strains were utilized. Foxd1GC/+;Ntn1fl/fl mutant mice were generated by crossing a Cre-

expressing Foxd1 male mouse to a Ntn1 floxed female mouse. Wild-type (WT) mice were either Ntn1fl/fl or Ntn1fl/. 

Heterozygous (Het) mice were Foxd1GC/+;Ntn1fl/+. For IR experiments, WT and Het mice were combined into a 

single control group as we did not find differences between genotypes for any of the analyses. Genotyping 

primers are listed in Table S1. Male and female mice were run in parallel to appropriately analyze the data for 

sex differences.  

Ischemia-Reperfusion surgery: For each surgery, all surgical instruments were sterilized by autoclave. Mice 

were anesthetized with inhaled isoflurane (~4% induction, ~2% maintenance). Ophthalmic lubricant was applied 

to the eyes to prevent dryness. Following confirmation anesthesia (toe pinch), the hair was shaved from the 

abdomen and the surgical site was cleaned with alternating betadine and 70% ethanol (3 times). The mice were 

then placed on a servo-controlled heating table to maintain a temperature at 37oC. The kidneys were approached 

via a small dorsal flank incision. The upper and lower poles of both kidneys and the renal pedicle were carefully 

dissected from surrounding tissue by blunt dissection with forceps. An atraumatic microvascular clamp (Fine 

Science Tools 18052-03) was then applied to each renal pedicle (artery and vein), occluding blood flow to/from 

the kidneys for 26-minutes. A clamp was first applied to one renal pedicle, and as quickly as possible (within 

approximately 2 mins) a clamp was applied to the other renal pedicle to ensure bilateral ischemia. The body 

cavity and skin incision were covered during the ischemic time with sterile saline-soaked gauze. Following 

ischemia, the clamps were removed, and restoration of blood flow to the kidneys was confirmed visually by a 

change in color from dusky purple to pink. Sterile saline (approximately 0.2 ml) was introduced into the 

retroperitoneal space to help replace any fluids lost and the wound closed (5-0 Vicryl absorbable suture for the 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 1, 2024. ; https://doi.org/10.1101/2024.10.29.620969doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.29.620969
http://creativecommons.org/licenses/by-nc/4.0/


muscle layer, 6-0 Monofilament Nylon Nonabsorbable Suture for the skin). Bupivacaine and Meloxicam 5mg/kg 

(diluted with sterile saline to 0.5mg/ml then adjusted to body weight) were administered for analgesia. As the 

anesthesia was withdrawn, the mice were monitored until fully conscious and allowed to recover in a warm, clean 

cage with free access to food and water. The mice were humanely euthanized following one-day of recovery.  

Metabolic cages: Mice were housed in metabolic cages for 24-hour urine collection following an overnight 

acclimation period. Metabolic cage experiments were performed in an AAALAC approved UNC animal facility in 

a temperature and humidity-controlled environment. Normal 12-hour light/dark cycles were maintained. Mice had 

free access to food and water for the duration of the study. 24-hour urine was collected, centrifuged (4000 RPM, 

10-minutes), and stored at -80oC until analyses were performed.  

Tissue Harvest: Mice were deeply anesthetized with isoflurane (approximately 4-5%), and a midline abdominal 

incision performed. Blood was collected from the abdominal aorta into tubes coated with 100 mM EDTA (pH 7.4). 

The kidneys were then rapidly excised. The right kidney was snap frozen in liquid nitrogen and stored at -80oC. 

The left kidney was cut at midline and one-half was fixed in 10% neutral buffered formalin (VIP-Fixative, Fisher 

23–730–587) for histologic analysis. The other one-half of the left kidney was fixed in 4% paraformaldehyde for 

1 hour, washed with 1X PBS (3 times), maintained overnight in 30% sucrose and embedded in OCT compound 

for sectioning. Blood was centrifuged (3500 RPM, 10-minutes) and plasma stored at -80oC. Ear clip to confirm 

genotyping was performed prior to weaning and at euthanasia for each animal.  

Assessment of Kidney Function: Creatinine (Cr) concentration in urine and plasma and blood urea nitrogen 

(BUN) concentrations were determined by a QuantiChrom Cr assay kit (BioAssay Systems, DICT 500) and 

QuantiChrom urea assay kit (BioAssay Systems, DIUR 100), respectively, according to the manufacturer’s 

instructions. Proteinuria was measured in 24-hour urine using a Bradford Assay. Creatinine clearance was 

determined using the following equation: Creatinine Clearence (GFR) = (UrineCr x 24h Urine Volume) / PlasmaCr 

Periodic Acid Schiff: Periodic Acid Schiff (PAS, Abcam ab150680) staining was performed on formalin-fixed 

(VIP-Fixative, Fisher 23-730-587), paraffin-embedded kidney sections (3µm) per the manufacturer’s instructions. 

Briefly, slides with kidney sections were deparaffinized in xylene and rehydrated with graded ethanol and water. 

Slides were then placed in Periodic Acid Solution for 10-minutes and rinsed with deionized water (4 times). Slides 

with kidney sections were then immersed in Schiff’s solution for 30-minutes before washing in warm, running tap 
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water for 10-minutes. Slides were next immersed in Hematoxylin for 3-minutes, rinsed briefly with water, and 

incubated in Bluing reagent for 30-seconds. Slides with kidney sections were placed in a final rinse with water, 

dehydrated with 100% ethanol, re-immersed in xylene, and mounted (Cytoseal XYL, Fisher 22-050-262).  

Tubular Injury Scoring: PAS-stained slides were scored by research collaborators who were expertly trained 

in kidney injury pathology as previously reported26 and who were blinded to both sample identifiers and study 

hypotheses. Large cortical and outer medullary stitched images were captured with Axio Imager by tiling nine 

20x images (9 images: 3x3) per slide. Each image was divided into 144 areas and then assessed if the injured 

tubules are >50% of one small area (these areas are considered as positive injured area). Renal damage 

including dead tubules, loss of brush borders, tubule dilatation, cast formation, tubular epithelial swelling, and 

vacuolar degeneration was semi quantitatively scored. Score 0 represents injury area ≤ 5%, scores 1, 2, 3, 4, 

and 5 exhibit the damage involving 5% to 30%; 31% to 50%; 51% to 70%; 71% to 90% and >90% of the whole 

kidney area, respectively. Representative histology images were taken with a Leica DMi8 inverted widefield 

fluorescent microscope with Leica DFC9000 GT camera and LASX software.  

Immunofluorescent staining and Imaging: Slides with kidney sections (8-10µm) for immunofluorescent 

staining were removed from the −80°C freezer and equilibrated to room temperature. Sections were rehydrated, 

and OCT was removed by incubating the slides in 1x PBS for 10-minutes. A hydrophobic barrier was drawn 

around the section using a histology pen (Vector Laboratories H-4000) and sections were incubated for 45-

minutes in blocking solution (1X PBS, 4% donkey serum (Equitech-Bio SD30-0100), 1% bovine serum albumin 

(Fisher BP9706-100), and 0.25% Triton X-100 (Fisher BP151-500)). Sections were incubated at room 

temperature for 2 hours with primary antibodies (Megalin/LRP2, MyBiosource MBS690201, 1:500) (KIM-1, R&D 

Systems MAB1817, 1:250) in block solution. Slides were washed (5-minutes, 3x) at room temperature wash 

solution (1X PBS + 0.25% Triton X-100).  Sections were then stained with Alexa Fluor secondary antibodies 

(488, 568, or 647 conjugated) in blocking solution for 1-hour. Finally, slides were washed (5-minutes, 3x) covered 

from light using wash solution with the last wash containing DAPI diluted at 1:10000. Slides were mounted using 

Prolong gold mounting media (ThermoFisher P36930). Images were captured with a Leica DMi8 inverted 

widefield fluorescent microscope with Leica DFC9000 GT camera and LASX software. Images were taken at 5x 

magnification and acquisition settings were the same for all samples.  
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Evans blue staining and whole mount imaging: Evans blue staining and imagine was performed as previously 

described8,27. Briefly, mice were anesthetized under isoflurane (~2%) and surgical plane was confirmed by toe 

pinch. The chest cavity and peritoneum are cut to expose the diaphragm. Evans blue dye (2%) in 0.9% saline at 

3 μl/g of body weight was injected into the left ventricle through the diaphragm. The dye circulated (~2-5 minutes) 

until the exposed areas (paws, tail, chin) turn blue. The animal is subsequently euthanized. Evans blue-stained 

kidneys were then collected, rinsed briefly in 1X PBS several times to remove excess dye, and fixed in 4% PFA 

overnight at 4°C. Samples are washed in 1X PBS (3 times) and stored at 4°C until clearing. 

Tissue clearing and imaging: Tissue clearing of Evans blue-stained kidneys was performed via a modified 

iDISCO protocol55. All following steps are performed with rocking unless otherwise noted. Adult kidneys were 

dehydrated in increasing methanol (MeOH)/H2O series of 25%, 50%, 75%, and 100% for 1 hour at RT. Samples 

were then incubated in 66% dichloromethane (DCM)/33% MeOH for 3 hours at RT. Samples were then 

processed through two rounds of incubation with 100% DCM at RT. DCM is removed, and 100% dibenzyl ether 

(DBE) is added. Samples are incubated, with no rocking, until clear (+ 24 hours). Samples are stored in 100% 

DBE until imaging. Light-sheet imaging of whole kidneys was performed using a LaVision UltraMicroscope II 

(LaVision BioTec). 3D reconstruction of images and vascular network quantification was conducted using Imaris 

imaging software. Analysis of the 2-month vascular metrics was previously reported8. These data have been re-

analyzed in Figure 5 for age-related comparisons to 7-month-old mice. 

Quantification of wholemount 3D vasculature: Quantification of renal vasculature was performed with Imaris 

as previously described8. Briefly, a surface of the 3D image was first created to visualize the stained vasculature. 

A binary mask of the rendered surface was created using the “Mask channel” function. “Constant inside/outside” 

settings for voxel intensity was set to 0 outside and 100 inside which was necessary to render the vasculature 

solid in order for the filament tracer module within Imaris to develop wireframes for statistical analysis. Supervised 

automatic tracing was performed to ensure that automatically generated paths were not duplicated, or artifacts 

inaccurately rendered as vasculature. As both kidneys from the same animal had similar statistical values with 

little deviation when averaged, only one kidney per animal was quantified. This method allowed unbiased 

quantification of the renal arterial trees for Evans blue-stained kidneys from adult mice. For graphical display of 

vascular patterning and imaging that were not quantified, a surface was created for the desired channel. This 
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surface was then masked using the same procedure, but “Constant inside/outside” settings for voxel intensity 

were set to 0 outside with the inside setting left unchecked. 

Glomerular Counts: Glomerular counts were performed following the acid maceration protocol from Peterson 

et al56. In brief, kidneys were collected and weighed, then bifurcated lengthwise. Each kidney half was then cut 

into roughly 2mm pieces and transferred to a 15ml conical tube. 5ml of 6M HCl acid was added to each tube. 

Tubes were then gently agitated and incubated in 37°C water bath for 90 minutes (gentle agitation every 15 

minutes). Following incubation, samples were homogenized by backfilling a 5ml syringe with the kidney-acid 

solution then extruding through an 18G needle and repeated through a 21G needle. PBS was then added to the 

kidney-acid solution to bring the total volume to 50ml. Samples were incubated overnight on a rocker at 4°C and 

glomeruli counted within 2 days of processing. To count glomeruli, the tube was inverted to mix the sample, 500µl 

of the kidney solution and 500µl of PBS were added to a 12 well plate. The total number of glomeruli per well 

was counted using a Leica DMi8 inverted widefield microscope with a Leica DFC9000 GT camera and LASX 

software. The glomeruli were counted in triplicate then averaged. Counting was blinded and performed twice by 

independent researchers. 

Whole Blood Analysis: 250ul of whole blood was collected from each animal by submandibular puncture at the 

required timepoints in EDTA coated tubes. The whole blood was immediately analyzed via an IDEXX ProCyte 

Dx veterinary CBC hematology analyzer.  

Statistics: Data were analyzed using GraphPad Prism software (GraphPad Inc.). Baseline and post-ischemia 

data were analyzed by two-way ANOVA to compare genotype and sex. Data in aged mice were analyzed using 

two-way ANOVA or Student’s unpaired t test. Specific statistical analysis utilized for each dataset is listed in 

figure legends. Significance was determined by P<0.05. 
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Figures 

Figure 1 – Baseline function 
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Figure Legends 

Figure 1. Netrin-1 mutants with abnormal patterning of the renal vasculature exhibit normal baseline kidney 

function. 

Proteinuria (mg/day) (A), plasma creatinine (mg/dL) (B), creatinine clearance (µl/min) (C), urine volume (ml) (D), 

water intake (ml) (E), and body weight (g) (F) in wild-type (Wt, Ntn1fl/fl or Ntn1fl/+), heterozygous (Het, 

Foxd1GC/+;Ntn1fl/+), and mutant (Mut, Foxd1GC/+;Ntn1fl/fl) mice (~4 months old). Male mice are represented in gray 

bars and female mice are represented in white bars. Metabolic cage parameters were collected over 24-hours 

following an overnight acclimation period. Values are mean±SEM, n=3-8 mice per group. Two-way ANOVA, 

statistical significance p<0.05. 

Figure 2. Netrin-1 mutants with abnormal patterning of the renal vasculature exhibit normal baseline kidney 

morphology. 

Representative images of baseline kidney histology from the cortex (A), corticomedullary junction (CMJ) (B), 

outer medulla (OM) (C), and inner medulla (IM) (D) in control (Ntn1fl/fl or Foxd1GC/+;Ntn1fl/+) and mutant 

(Foxd1GC/+;Ntn1fl/fl) adult mice (~4 months old). Male mice are shown in columns 1 and 2. Female mice are shown 

in columns 3 and 4. Kidney sections were stained with Periodic Acid Schiff (PAS) and assessed for abnormal 

morphology including, tubular dilation, loss of brush boarder in the proximal tubules, tubular necrosis, protein 

casts, glomerular damage, and fibrosis. N=3-8 mice per group. Kidneys are from mice used for kidney function 

analysis in figure 1.  

Figure 3. Netrin-1 mutants with abnormal patterning of the renal vasculature show a reduction in kidney injury 

following ischemia.  

Tubular injury scores (A) following a 26-minute bilateral ischemia and one-day of recovery in control (Ntn1fl/fl or 

Foxd1GC/+;Ntn1fl/+) and mutant (Foxd1GC/+;Ntn1fl/fl) adult mice (~4 months old). Tubular injury was scored (0-5) in 

kidney histology sections stained with Periodic Acid Schiff (PAS). Renal damage including dead tubules, loss of 

brush borders, tubule dilatation, cast formation, tubular epithelial swelling, and vacuolar degeneration was semi 

quantitatively scored on a scale of 0-5; a score of 0 representing no injury up to a score of 5 representing >90% 

of kidney tissue was injured. Plasma creatinine (pCr, mg/dL) (B) and blood urea nitrogen (BUN, mg/dL) (C) were 

measured one-day following a 26-minute bilateral ischemia. Wild-type (WT) and heterozygous (het) mice were 

combined into a control group as no differences were observed. Male mice are represented in gray bars and 

female mice are represented in white bars. Representative histology images from PAS-stained kidney sections 

from the renal cortex and medulla in male (D) and female (E) control and mutant mice. Asterisks denote tubular 

protein casts, and the black arrow denotes tubular cell death. Values are mean±SEM, n=6-8 mice per group. 

Creatinine and BUN was not measured for one female mutant as not enough plasma was collected at euthanasia 

to run the assays.  Two-way ANOVA, statistical significance p<0.05 (*). 

Figure 4. Netrin-1 mutants with abnormal patterning of the renal vasculature show attenuated injury to the 

proximal tubules.  

Representative images of immunofluorescent staining of kidney injury marker-1 (KIM-1, magenta) and megalin 

(LRP2, cyan) one-day following a 26-minute bilateral ischemia in control (Ntn1fl/fl or Foxd1GC/+;Ntn1fl/+) and mutant 

(Foxd1GC/+;Ntn1fl/fl) male (A-B) and female (C-D) mice (~4 months old). For localization, the renal cortex (C), 

outer (OM), and inner (IM) medulla are labeled on the merged image. N=6-8 mice per group, kidneys are from 

mice used for injury analysis in figure 3. Scale bar = 750 µm. Images were captured with a Leica DMi8 inverted 

widefield fluorescent microscope with Leica DFC9000 GT camera and LASX software. Images were taken at 5x 

magnification and acquisition settings were the same for all samples. Note, KIM-1 is localized to predominately 

the OM except for kidneys from male control mice where staining localized to tubules in both the cortex and OM. 
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Figure 5. Netrin-1 mutants with abnormal patterning of the renal vasculature exhibit improved preservation of 

perfused vasculature with age.  

Wholemount imaging with light-sheet microscopy of the renal arterial vasculature perfused with Evans blue in 7-

month-old control (Ntn1fl/fl or Foxd1GC/+;Ntn1fl/+) and mutant (Foxd1GC/+;Ntn1fl/fl) mice (A). Quantification of 

wholemount imaging for vascular branching and total vascular area (µm x106) in 2-month versus 7-month-old 

male mice (B). Light-sheet imaging of whole kidneys was performed using a LaVision UltraMicroscope II and 3D 

reconstruction the vascular network and quantification was conducted using Imaris imaging software. Two-way 

ANOVA, n=3-6 per group. Glomerular counts (C), plasma creatinine (mg/dL) and blood urea nitrogen (BUN, 

mg/dL) (D) in adult control and mutant mice, t-test, n=3 per group. Control mice are shown in white bars and 

mutant mice are shown in gray bars. Values are mean±SEM or SD. Statistical significance p<0.05 (*). 
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Supplemental Figure Legends 

Supplemental Table 1. Primer sequences for genotyping  

Genotyping primer name (column 1), primer sequences (column 2), annealing temperatures (column 3), percent 

(%) agarose gel (column 4), and gel running voltage (column 5). Abbreviations: Netrin 1 floxed allele (Ntn1), 

Foxd1 Cre (Foxd1), forward primer (F), reverse primer (R). All primers sequences were obtained from Jax 

Laboratories and confirmed with positive and negative controls. Mice are genotyped prior to weaning and at 

euthanasia.  

Supplemental Figure 1. Circulating and kidney immune cells 

Complete blood count based inflammatory score (CBCs) in control (Ntn1fl/fl or Foxd1GC/+;Ntn1fl/+) and mutant 

(Foxd1GC/+;Ntn1fl/fl) mice at 2, 4, 11, and 22 months of age (A). Control mice are shown in white bars and mutant 

mice are shown in gray bars. Values for each animal is shown and are expressed at percent (%) or number (#) 

of cells or concentration (pg, g/dL, K/µl, fL). N= 2-4 mice per group. Abbreviations: lymphocytes (LYMPH), 

reticulocyte low fluorescent ratio (LFR), mean corpuscular volume (MCV), immature reticulocyte fraction (IRF), 

hematocrit (HCT), neutrophils (NEUT), mean corpuscular hemoglobin concentration (MCHC), red blood cell 

distribution width (RDW-SD/CV), reticulocyte high fluorescent ratio (HFR), reticulocyte middle fluorescent ratio 

(MFR), reticulocyte hemoglobin content (RET-He), mean corpuscular hemoglobin (MCH), hemoglobin (HGB), 

white blood cells (WBC), red blood cells (RBC), (PDW), mean platelet volume (MPV), reticulocytes (RET), 

monocytes (MONO), platelet-large cell ratio (p-LCR), eosinophils (EO), plateletcrit (PCT), basophils (BASO). 

Representative immunofluorescent images of F4/80 monocytes/macrophages in the kidney from control (Ntn1fl/fl 

or Foxd1GC/+;Ntn1fl/+) and mutant (Foxd1GC/+;Ntn1fl/fl) mice at baseline (~4 months old) (B). Wilms tumor (WT1) 

positive podocytes (magenta) and F4/80 positive monocytes/macrophages (yellow). Representative images are 

from the renal cortex of two mice. N=3-8 mice per group, kidneys are from mice used for injury analysis in figure 

1. Images were captured with a Leica DMi8 inverted widefield fluorescent microscope with Leica DFC9000 GT 

camera and LASX software. Images were taken at 20x magnification and acquisition settings were the same for 

all samples. 

Supplemental Figure 2. Red blood cell counts  

Red blood cell (RBC) counts in control (Ntn1fl/fl or Foxd1GC/+;Ntn1fl/+) and mutant (Foxd1GC/+;Ntn1fl/fl) mice at 2, 4, 

11, and 22 months of age. Control mice are shown in white bars and mutant mice are shown in gray bars. Values 

for each animal is shown, horizontal line indicates mean. Concentration is shown as millions of cells per microliter 

(M/µl). N= 2-4 mice per group and are the same animals from the CBC panel in supplemental figure 1.   

Supplemental Figure 3. Body and kidney weight metrics post-ischemia 

Kidney to body weight ratio (KW:BW) (A), body weight (g) (B), and kidney weight (g) (C) following a 26-minute 

bilateral ischemia and one-day of recovery in wild-type (Wt, Ntn1fl/fl) and heterozygous (Het, Foxd1GC/+;Ntn1fl/+) 

compared to mutant (Foxd1GC/+;Ntn1fl/fl) adult mice (~4 months old). Wt and Het mice were combined into a 

control group as no differences were observed. Male mice are represented in gray bars and female mice are 

represented in white bars. Values are mean±SEM, n=6-8 per group. Weights are from mice used for injury 

analysis in figure 3. Two-way ANOVA, statistical significance p<0.05 (*). 
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