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Intrarenal Renin Angiotensin System Imbalance During Postnatal Life Is Associated With Increased Microvascular Density in the Mature Kidney
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Environmental stress during early life is an important factor that affects the postnatal renal development. We have previously shown that male rats exposed to maternal separation (MatSep), a model of early life stress, are normotensive but display a sex-specific reduced renal function and exacerbated angiotensin II (AngII)-mediated vascular responses as adults. Since optimal AngII levels during postnatal life are required for normal maturation of the kidney, this study was designed to investigate both short- and long-term effect of MatSep on (1) the renal vascular architecture and function, (2) the intrarenal renin-angiotensin system (RAS) components status, and (3) the genome-wide expression of genes in isolated renal vasculature. Renal tissue and plasma were collected from male rats at different postnatal days (P) for intrarenal RAS components mRNA and protein expression measurements at P2, 6, 10, 14, 21, and 90 and microCT analysis at P21 and 90. Although with similar body weight and renal mass trajectories from P2 to P90, MatSep rats displayed decreased renal filtration capacity at P90, while increased microvascular density at both P21 and P90 (p < 0.05). MatSep increased renal expression of renin, and angiotensin type 1 (AT1) and type 2 (AT2) receptors (p < 0.05), but reduced ACE2 mRNA expression and activity from P2-14 compared to controls. However, intrarenal levels of AngII peptide were reduced (p < 0.05) possible due to the increased degradation to AngIII by aminopeptidase A. In isolated renal vasculature from neonates, Enriched Biological Pathways functional clusters (EBPfc) from genes changed by MatSep reported to modulate extracellular structure organization, inflammation, and pro-angiogenic transcription factors. Our data suggest that male neonates exposed to MatSep could display permanent changes in the renal microvascular architecture in response to intrarenal RAS imbalance in the context of the atypical upregulation of angiogenic factors.
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INTRODUCTION

Recent statistics show that nearly 40 million adults in the United States are estimated to have chronic kidney disease (CKD), while around 250 deaths per day are a consequence of end-stage renal disease (Centers for Disease Control Prevention, 2019). The majority of patients with CKD develop hypertension, a risk factor for cardiovascular disease (Ku et al., 2019). A healthy renal function is determined by genetic and environmental factors including low birth weight and intrauterine growth restriction (Franco et al., 2012; Ponzio et al., 2012; Souza et al., 2017). Particularly, both in utero and early life are periods of high tissue plasticity, susceptible to stressors and insults that impair the normal development of neuroendocrine, inflammatory, hormonal and autonomic responses (Zandi-Nejad et al., 2006; Hershkovitz et al., 2007; Stangenberg et al., 2015). From birth to age 4, congenital abnormalities and hereditary diseases are the leading causes of kidney disease (US Renal Data System, 2010). However, there is limited understanding of the pathophysiology by which psychosocial factors contribute to kidney disease.

Early life stress (ELS), or chronic behavioral stress during childhood, has been established as an independent cardiovascular disease risk factor (Su et al., 2015; Murphy et al., 2017). Overall, models of fetal programming of cardiovascular disease have been designed to test the effect of environmental stressors including perinatal low-protein diet, growth restriction or beta-dexamethasone exposure (Hershkovitz et al., 2007). These approaches induce a dramatic reduction in glomerular number, with a subsequent renal damage and development of hypertension. The human kidney is functional beginning at week 10 of gestation, and diuresis rate is 10 ml/hr at 32 weeks of gestation (Campbell et al., 1973); however, its maturation is completed during the next several years. In rodents, the developing kidney is particularly vulnerable to adverse perinatal environments affecting both the early and the late nephrogenic period, which will result in impaired renal excretory capacity later in life (Chen et al., 2004; Singh et al., 2013; Walton et al., 2018). Moreover, a hallmark of these models is the well-defined role of the intrarenal renin-angiotensin system (RAS) as a prerequisite for a normal nephron endowment (Guron and Friberg, 2000; Lasaitiene et al., 2003). Conversely, the pharmacological blockade of either angiotensin converting enzyme (ACE) or angiotensin II (AngII) type 1 (AT1) receptor during late nephrogenesis (postnatal days 2–14) impair renal maturation and is associated with the development of hypertension later in life (Loria et al., 2007; Saez et al., 2007).

Maternal separation (MatSep) is a chronic behavioral stress model that mimics the effects of ELS on behavioral, neuroendocrine, metabolic and cardiovascular responses (Loria et al., 2010; De Miguel et al., 2018). In previous studies, we have reported that adult male rats exposed to MatSep are normotensive and display reduced glomerular filtration rate (GFR) (Loria et al., 2013a; Loria and Osborn, 2017) and enhanced sensitivity to in vitro and in vivo AngII-mediated responses (Loria et al., 2010, 2011). On the other hand, adult female MatSep rats are normotensive but do not undergo impaired GFR or signs of proteinuria (Loria et al., 2013b). Furthermore, female MatSep rats show exacerbated AngII-induced hypertension independent of any significant worsening of the renal function compared to control littermates. In this regard, several studies have shown that hypersensitization to AngII after in utero exposure to low pressor doses of AngII occurs in adult male rats only (Johnson and Xue, 2018). This phenomenon can be reversed by renal denervation or ACE inhibitors (Xue et al., 2017). Thus, postnatal stress may exert the sensitization of the renal system via alteration of neuroendocrine, sympathetic and/or immune responses in a sex-specific manner.

As AngII has been shown to play a crucial role in the stimulation of vasculogenesis and angiogenesis during renal development (Sequeira Lopez and Gomez, 2004), MatSep-induced intrarenal imbalance of RAS components during postnatal life could result in permanent structural and/or functional alterations on male rats’ kidneys. Therefore, we investigated the effect of MatSep at different timepoints from neonatal to adult life, in order to determine (1) the renal vascular architecture and function, (2) the intrarenal renin-angiotensin system (RAS) components status, and (3) the genome-wide expression of genes in isolated renal vasculature, with the goal to create an integrative view of underlying mechanisms by which MatSep impact the normal renal structure and function in male rats.



MATERIALS AND METHODS


Maternal Separation (MatSep) Protocol

All experiments were conducted per the National Institutes of Health Guide for the Care and Use of Laboratory Animals, approved and monitored by the University of Kentucky Institutional Animal Care and Use Committee. MatSep was performed using offspring from Wistar Kyoto breeders. All pups were removed from their dam’s cage from postnatal days 2 to 14 of life at the same time of day by transferring the pups to a clean cage in an incubator (30 ± 1°C) for 3 h. The control group was the non-handled litters that remained with their mother (Loria et al., 2010; De Miguel et al., 2017). Different samples were taken under light isoflurane anesthesia at postnatal day 2 (P2), P6, P10, P14, P21, P90, and P180. Female littermates were kept for sampling or included in other studies.



Experimental Design

Groups were comprised of male rats from at least 4 different litters. Littermates were randomized at different time points. In a first subset, body weight, and kidney weights were recorded while plasma and renal tissue were collected at different timepoints and kidney gene and protein expression in frozen tissue were determined at different timepoints. The whole kidney for P2–P21 and renal cortex for P90 time points were used in the experiments. In this subset, the glomerular filtration rate (GFR) was determined at P21 and P90 in randomized littermates. In a second subset, kidneys were collected in neonates (P10) and adults (P180) to isolate the renal vasculature and perform a genome-wide transcriptome assays using Affymetrix GeneChip microarrays. In the third subset of offspring, male rats were perfused at P21 and P90 with a silicone polymer, and kidneys were collected to measure the microvascular density.



Micro-Computerized Tomography

A saline-filled cannula was placed in the aorta, the aorta was ligated below and above the renal arteries, and infusion of 0.9% saline (containing 10 units/mL heparin) was initiated under physiological perfusion pressure at a rate of 2 mL/min (Syringe Infusion Pump 22; Harvard Apparatus, Holliston, MA, United States). A small incision was performed in the inferior vena cava to allow the saline infusion to drain. After 10–15 min of saline infusion and when it drained freely from the vein, it was immediately replaced with an infusion of intravascular contrast agent (2 mL/min), which was a freshly mixed radio-opaque silicone polymer contrast containing lead chromate (SkyScan 1076, Bruker Biospin Corp., MA, United States) until the polymer drained freely from the vein as previously reported (Flynn et al., 2013; Tullos et al., 2015). Then, the polymer-filled kidneys were left at 4°C overnight and then immersed in 10% buffered formalin for 72 h before scanning. The kidney samples were scanned at 0.3° increments using a micro-CT scanner (SkyScan 1076 system; Micro Photonics, Inc., Allentown, PA, United States), and the X-ray transmission images were acquired in each angle of view at a resolution of 18 μm and digitized to 16 bits grayscale. Three-dimensional (3D) volume images were reconstructed using a filtered back-projection algorithm and displayed on a computer workstation by volume rendering for display and analysis of renal MV using the Analyze software package (Biomedical Imaging Resource; Mayo Clinic, Rochester, MN, United States).



Western Blot

The whole kidney at P21 was homogenized and protein concentration was determined using the Bradford assay (Bio-Rad), and then samples containing 30 μg protein/well were loaded in 10% SDS-PAGE and transferred onto PVDF membranes. Membranes were incubating in blocking buffer (5% non-fat dry milk/TBS) for 1 h at room temperature, followed by overnight incubation at 4°C in the presence of antibodies directed against Perlecan primary antibody 1:250 (#sc-25848, Santa Cruz, CA, United States), and GAPDH primary antibody 1:10,000 (#GTX100118, GeneTex). Membranes were washed with TBS–0.1% Tween 20 and incubated in the presence of HRP-conjugated secondary antibody 1:20,000 (#926-32211, 926-68020). Band detection was performed by the LiCor Odyssey imaging system. Blot quantification was performed using NIH ImageJ software.



Immunohistochemistry

Whole kidneys were collected at P21 and frozen in OCT. Tissue was cut in 20 μm sections using a cryostat and directly mounted onto slides. Sections were fixed with ice-cold acetone/methanol (50:50 mixture) prior to incubating in blocking buffer (5% BSA in 1xPBS with 0.1% Triton X-100) for 1 h at room temperature. The sections were then incubated overnight at 4°C with FITC-conjugated tomato-lectin (1:200; Vector Laboratories, Burlingame, CA, United States). Slides were then washed and coverslipped with fluorescent mounting media (Vector Laboratories, Burlingame, CA, United States) and images were captured using Eclipse Ti microscope/DS-Ri1 CCD color camera and NIS analysis software (Nikon Instruments). Five images per animal were then analyzed for the number of stain-specific positive pixels using Adobe Photoshop (Adobe Inc.). Briefly, images were converted to grayscale, adjusted to a set threshold equal to the antibody staining and the number of pixels calculated. The data were averaged per group and are presented a number of positive pixels.



Transcutaneous Glomerular Filtration Rate (tGFR)

Renal function was evaluated by transcutaneous measurement of the elimination kinetics of fluorescein isothiocyanate (FITC)-sinistrin (Mannheim Pharma & Diagnostics). Rats were placed under light anesthesia (isoflurane) and the flank area was depilated to apply the transcutaneous receiver on top (NIC-kidney device). The receiver was secured around the body with 3M surgical tape. After the animal awakened from anesthesia, a 5-min baseline trace was recorded. Then, they were injected with 30 μl of FITC-sinistrin (5 mg/100 g BW in 0.9% saline, retroorbital, Fresenius Kabi, Linz, Austria) under light isoflurane using microneedles. After 90 min of measurement, the device was removed. The probe was read to determine t1/2 in minutes. Renal function was evaluated by the elimination kinetics (three-compartmental model) using the following formula = 21.33/(t1/2) = GFR (μl/min/100 g BW).



Intrarenal RAS Components Trajectory


Renal Gene Expression by RT-qPCR

RNA was extracted from kidneys using RNeasy mini kit (Qiagen, CA). Briefly, total mRNA was extracted from tissues using TRIZOL reagent (Invitrogen Life Technologies, Carlsbad, CA, United States) according to the manufacturer’s protocol. Rat forward (sense) and reverse (antisense) QuantiTect primers for GAPDH (Entrez ID: 35728), AGT (Entrez ID: 24179), renin (Entrez ID: 24715), AT1 receptor (Entrez ID: 24182), AT2 receptor (Entrez ID: 24180), ACE (Entrez ID: 24310), ACE2 (Entrez ID: 302668), MAS-1 (Entrez ID: 24180), Neprilysin (Entrez ID: 24590) and aminopeptidase A (Entrez ID: 64017) were analyzed by quantitative real-time RT-PCR as previously reported (Loria et al., 2011). GAPDH was used as a housekeeper gene. Ct values from each sample were normalized to GAPDH expression within the sample (ΔCt) followed by normalization to ΔCt values for AT2 control samples at P2 (ΔΔCt) prior to calculation of relative gene expression (2-ΔΔCt) as previously described (Loria et al., 2011).



Renal AGT Protein Content

Renal tissue was homogenized in ELISA buffer (∼100 mg tissue/500 μl) and diluted 1:200 following the manufacturer’s protocol (Immuno-Biological Laboratories America, Minneapolis, MN, United States) (Dalmasso et al., 2019).



Renal AngII Peptide Content

Kidneys were excised, drained, weighed, and homogenized in chilled inhibitor cocktail (EDTA 200 mM, PMSF 1 mM, 1,10 phenanthroline 125 mM, Pepstatin A 2 mM, Enalapril 1 mM) and 1 ml of methanol, centrifuged at 4°C for 10 min. The supernatants were dried overnight in a vacuum centrifuge (Savant, Hicksville, NY, United States). The dried residue was kept at −20°C until AngII peptide was determined by radioimmunoassays as described previously (Mitchell et al., 1997).



Plasma Renin Concentration (PRC)

Whole blood was collected in pre-chilled EDTA-coated tubes, centrifuged at 4°C and rapidly snap-frozen in liquid nitrogen. Immediately after thawing the samples, a protease inhibitor (PMSF) was added to the sample to prevent angiotensin I (AngI) cleavage by other proteases. PRC was determined as the amount of AngI synthesized after incubation with excess of angiotensinogen as previously described (Peng et al., 2001; Mendez et al., 2011). The assay relies on the fact that as long as the concentration of substrate is not limiting, the production of AngI by renin is constant. Substrate consumption is never greater than 3% of total AngI, and therefore assures linearity over time. Thus, plasma samples were incubated with excess rat angiotensinogen at 37°C for 1.5 h, boiled for 10 min, followed by centrifugation at 16,100 g. Supernatants were collected and generated AngI was measured using an ELISA kit (Immuno-Biological Laboratories, Minneapolis, MN, United States). Values were expressed as ng AngI/ml, generated per hour of incubation.



Renal Vasculature Isolation

Following euthanasia, kidneys from neonates (P10) or adults (P180) were removed and immediately placed into a petri dish with cold physiological saline solution (PSS). After removal of the renal capsule, the kidney was placed between a circle sieve of 70-μm pore size for neonates and 100-μm pore size for adult rats (Biodesign, Carmel, NY, United States) as previously reported (Loria and Osborn, 2017). Kidney vessels were immediately isolated by rapid and gentle grating. The kidney vessels were subsequently frozen in liquid nitrogen and stored at −80°C.



ACE and ACE2 Activity in Neonatal Kidneys

Both ACE and ACE2 activities were measured using fluorescence assays, as previously described (Eriguchi et al., 2018). Briefly, whole snap-frozen kidneys were gently homogenized in 20 mM HEPES (pH 7.3) and centrifuged at 3,000 g for 15 min at 4°C. The supernatant was discarded, and the pellets were vigorously re-homogenized in 20 mM HEPES with 0.5% Triton X-100 (pH 7.3). After a second centrifugation at 20,000 g for 20 min at 4°C, the supernatant was collected and the protein concentration was determined using a Pierce BCA protein assay kit (Thermo Scientific, Rockford, IL, United States). The ACE activity was measured using 2 μg of protein extract and 10 μM of the fluorescent substrate (Mca-Arg-Pro-Pro-Gly-Phe-Ser-Ala-Phe-Lys(Dnp)-OH (R&D Systems, Minneapolis, MN, United States) with and without the 2 μM ACE inhibitor captopril. ACE2 activity was measured using 3 μg of protein extract and 50 μM of the fluorescent substrate Mca-Ala-Pro-Lys(Dnp)-OH (Anaspec, Fremont, CA, United States) with and without 1 μM of the ACE2 inhibitor DX600. The degradation of the fluorogenic peptides (fluorescence) was measured over time in a spectrophotometer (FLUOstar Omega, BMG LABTECH) at 320 nm excitation and 405 nm emissions. Only the hydrolytic activity inhibited by the specific inhibitors was considered for calculations.



Microarray

Frozen renal tissue was used to extract and assess RNA purity and integrity. Tissue RNA was isolated from neonates and adults MatSep rats and their control littermates (P10 and P180, respectively; n = 5 per group). The genome-wide analysis was performed using rat GeneChip expression RaGene2.0_st arrays (Affymetrix, Thermo Fisher Scientific, United States). The microarray assays were run in the Microarray Core Facility at the University of Kentucky. Briefly, tissue RNA was labeled using WT-IVT whole transcriptome amplification procedure (following Affymetrix rat array protocol). For each sample, the labeled probes were applied on a rat Gene2.0 ST array for hybridization overnight, followed by array scanning to obtain probe signal intensity data file. The array data files of tissue samples were further processed to obtain signal intensity for each gene transcript. Enriched Biological Pathways functional clusters (EBPfc) affected by MatSep were analyzed by gene over-representation analysis using DAVID Functional Annotation Bioinformatics Microarray Analysis v6.81. Data are available at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE151402. Extended microarray findings including a general validation can be found in the Supplementary Material.



Statistical Analysis

Analysis was performed using the GraphPad Prism version 7.00 (Macintosh, GraphPad Software, La Jolla, CA, United States2). Data are reported as means ± SE. The criterion for significance was p < 0.05. Differences between control and MatSep groups between more than two-timepoints (P2-P90) were determined by two-way ANOVA. Differences in means among groups for non-repeated variables were compared by t-test when normality was verified.

For the statistical analysis of the microarray data, gene specific analysis (GSA) model implemented in Partek Genomics Suite (Partek, Inc., MO) was used to assess differential expression among the four experimental groups. Each RNA transcript signal intensity was first normalized to its mean value across all samples from the four experimental groups. Differentially expressed genes affected by MatSep in neonates and adult rats were identified by post hoc pair-wise comparisons.



RESULTS


Effect of MatSep on Renal Mass and Function

Exposure to maternal separation did not affect the body weight trajectory from P2 to P90 in male rats (Figure 1A). In addition, MatSep and control rats displayed similar kidney weights at the same time points (Figure 1B). MatSep and control weanlings showed similar GFR. However, although older animals showed increased renal filtration capacity was increased in older rats, MatSep reduced GFR when compared with control littermates. These data indicate that MatSep induces long-term changes in renal function that are not caused by low birth weight or reduced renal mass (Figure 1C).


[image: image]

FIGURE 1. Effect of MatSep on the trajectory from neonatal to adult male rats in: (A) body weight, (B) Kidney, and (C) conscious GFR. #p < 0.05 vs. P21, *p < 0.05 vs. C. P: postnatal day. n = 6–8 per group.




Effect of MatSep on Renal Microvascular Architecture

In response to MatSep, the number of vessels in the 0–200 and 0–500 μM range in kidneys from 21-day-old weanlings was significantly increased in both medulla and cortex areas (Figure 2A). Similarly, microvascular density was increased in kidneys from MatSep rats at P90 (Figure 2B), suggesting that MatSep exerts early, long-lasting effects on the density of the renal microvasculature. Figures 2C,D show representative images of the renal vascular tree at P21 and P90, respectively.


[image: image]

FIGURE 2. Effect of maternal separation (MatSep) on microvascular density in renal cortex and medulla at (A) P21 and (B) P90. Renal microphotographs in Control (right) and MatSep (left) at (C) P21 and (D) P90. P: postnatal day. *p < 0.05 vs. C. n = 5–7 per group.


Furthermore, we determined perlecan (a marker of basement membrane) and tomato-Lectin (a marker of vascular endothelium) in kidneys from P21 rats. While perlecan protein expression was similar between groups (1.1 ± 0.1 vs. 0.9 ± 0.2 AU, Figure 3A), tomato-Lectin staining was reduced in kidneys from MatSep compared to control (32687 ± 4185 vs. 52578 ± 5988 positive pixels, p < 0.05, Figure 3B). Thus, MatSep induces a mismatch between increased microvasculature and cells expressing vascular endothelium in kidneys.
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FIGURE 3. Effect of maternal separation (MatSep) on: (A) renal protein expression of perlecan, and (B) immunostaining intensity for lectin in 3-week old male weanlings (P21). *p < 0.05 vs. C. n = 5 per group.




Effect of MatSep on Intrarenal RAS Trajectory

In the neonatal kidney, angiotensinogen (AGT) mRNA expression was not statistically different among the groups (Figure 4A). Renin (Figure 4B), Agtr1 (AT1) receptors (Figure 4C) and Agtr2 (AT2) receptors (Figure 4D) mRNA expression were higher in MatSep offspring between P6-P14 compared to controls. Renin and AngII receptors mRNA abundance were similar in kidneys from MatSep and control adult rats and significantly reduced compared to neonatal levels.
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FIGURE 4. Effect of maternal separation (MatSep) on intrarenal RAS mRNA expression trajectory from P2 to P90: (A) Angiotensinogen (Agt), (B) renin, (C) angiotensin type 1 receptor (Agtr1) and (D) angiotensin type 1 receptor (Agtr2). Each RAS component was normalized to Agtr2 receptor control levels at P2. #p < 0.05 vs. P2–P21, *p < 0.05 vs. C. n = 6–8 per group.


Notably, ACE mRNA expression was unchanged from P6-14 in MatSep neonates (Figure 5A), while ACE activity was increased (Figure 5B). However, both ACE2 mRNA and enzymatic activity were significantly reduced in kidneys from MatSep neonates compared to controls. In addition, the ACE/ACE2 ratio at P6 was ∼10 fold increased in MatSep tissue (Figure 5C). Furthermore, enpep (aminopeptidase A), another RAS enzyme which converts AngII to AngIII, was increased by MatSep during this postnatal window.
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FIGURE 5. Effect of maternal separation (MatSep) on intrarenal RAS components at postnatal day 6, 10, and 14 in male neonates: (A) Ace, Ace2, Mas1, Nep, and Enpep; (B) ACE and ACE2 enzymatic activity; (C) ACE/ACE2 ratio. *p < 0.05 vs. C. n = 4–8 per group.


Renal AGT protein content was not significantly different between groups at any age (Figure 6A); however, AngII peptide levels were reduced by MatSep at P2, 6, 10, and 14 (Figure 6B). Nevertheless, PRC was increased at P6, P10, and P14 (Figure 6C).
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FIGURE 6. Effect of maternal separation (MatSep) on RAS trajectory from neonatal to adult life in: (A) renal angiotensinogen (AGT), (B) renal angiotensin II (AngII), and (C) plasma renin concentration (PRC) in ng AngI/ml generated per hour of incubation. *p < 0.05 vs. C. n = 6–8 per group.




Age Effect on Gene Expression in Isolated Renal Vasculature From Control Rats

Comparisons were made taking as a reference the changes in gene expression underwent by control samples from neonatal to adult life (P10 and P180). Of a total of 20258 annotated genes RNA transcripts, 12821 genes did not have significant changes in gene expression associated with age (p < 0.03 at step-up FDR < 0.05). However, 3745 genes showed a higher expression in neonates compared to adults and called “early life” genes. The 3692 remaining genes showed a higher expression in adults compared to neonates and were classified as “adult life” genes. A total of 489 genes altered by MatSep (FDR < 0.05). In addition, we identified 368 genes in which the expression was affected by the MatSep x Age interaction (FDR < 0.4). A detailed description of MatSep x Age interactions on isolated renal vasculature gene expression can be found in the Supplementary Excel Spreadsheet.



Effect of MatSep on Isolated Renal Vasculature Transcriptomics

Renal vasculature of MatSep neonates showed increased RAS of (Table 1), angiogenic (Table 2) and inflammatory (Table 3) gene expression compared with controls. Ace2 transcript was not included in the rat microarray that was used for this study.


TABLE 1. Effect of MatSep on RAS gene expression trajectory from neonate-to-adult life.
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TABLE 2. Effect of MatSep on angiogenic gene expression trajectory from neonate-to-adult life.
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TABLE 3. Effect of MatSep on inflammatory gene expression trajectory from neonate-to-adult life.

[image: Table 3]Furthermore, MatSep induced downstream effects in a group of genes, whereas some of them were also linked to inflammation and angiogenesis (Supplementary Table S2). These genes were expressed similarly between groups in neonates but significantly changed by MatSep in adult rats. The 25 upregulated genes participate in diverse metabolic processes, embryonic cranium morphogenesis, anatomical structure development, circadian regulation of gene expression as well as ion homeostasis.

Table 4 shows that EBPfc affected by MatSep in neonates and adult rats are mostly related to cell proliferation and immune system activation. Finally, due to the fact that MatSep changes the vascular architecture of the kidney, we validated the tubular contamination and the proportion of vascular vs. non-vascular cells by RT-qPCR in our preparation. Similar to lectin, the vascular endothelium marker PECAM-1 was significantly reduced in both neonate and adult isolated vascular samples; however, the expression of tubular markers remained unchanged between groups (Supplementary Figure S1). Similarly, we found that the expression of these and other tubular markers in the microarray was similar amongst the groups (Supplementary Table S3).


TABLE 4. Enriched Biological Pathways functional clusters (EBPfc) affected by MatSep.
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DISCUSSION

This study shows that MatSep, a rat model of early life stress, dysregulates the expression and activity of several components of the RAS, which normal function is required for an optimal nephron and vascular tissue development during early postnatal life (Guron and Friberg, 2000; Lasaitiene et al., 2003; Walton et al., 2018). Surprisingly, intrarenal AngII levels were reduced in neonates, along with reduced ACE2 expression and activity. These data suggest that other AngII-derived peptides, in addition to the lack of anti-angiogenic effects elicited by Ang 1–7, could be responsible for the exacerbated microvascular density found in MatSep weanlings and adult rats. Furthermore, our transcriptomic analysis indicates that MatSep induces the upregulation of pro-angiogenic and pro-inflammatory gene expression that may contribute to the permanent alterations of the renal microvascular architecture. Our data support the notion that MatSep serves as a strong stimulus during the early postnatal life capable of inducing temporospatial changes in the intrarenal RAS. Overall, these data imply a potential link between postnatal stress and impaired renal structure and function.

Different models of developmental origins of adult disease are based on the exposure to low protein diet, excess of glucocorticoids, induced intrauterine growth restriction and postnatal blockade of the renin-angiotensin system. A common feature of these models is the development of renal damage and hypertension (Zandi-Nejad et al., 2006; Hershkovitz et al., 2007; Ingelfinger and Nuyt, 2012; Stangenberg et al., 2015; Cuffe et al., 2016; Vieira-Rocha et al., 2019; DuPriest et al., 2020; Lamothe et al., 2020). Conversely, MatSep is a chronic behavioral stress model that induces subtle effects on the cardiovascular system in baseline/unstimulated conditions. However, the sensitization of the autonomic, neuroendocrine and immune system becomes a key feature in the enhanced response to secondary stressors (Sanders and Anticevic, 2007; Trombini et al., 2012; Loria et al., 2015). Renal developmental length is species-specific. The initiation of the nephrogenic involves 1/8 of gestation in the humans, 1/3 of gestation in the sheep and 1/2 of gestation in rats. The permanent kidney formation (Metanephros) begins at day 12 in the rat (Seely, 2017). Thus, rats are born during active nephrogenesis. However, once the metanephros stage is achieved, further development and differentiation of tubular and vascular architecture continues throughout P22 (Sequeira Lopez and Gomez, 2004). Importantly, the generation of microvessels in the kidney is not restricted to in utero development and can also be activated in response to renal damage later in life (Sequeira Lopez and Gomez, 2004, 2011). During development, renal vascularization occurs in parallel with nephrogenesis, as blood vessels develop through two mechanisms: vasculogenesis (neoformation of vessels) and angiogenesis (sprouting and branching from pre-existent vessels) (Sequeira Lopez and Gomez, 2004, 2011). Newborn renal blood flow (RBF), initially low after birth, progressively increases during postnatal maturation until reaching the adult levels. Newborns display low RBF primarily due to the occurrence of elevated renal vascular resistance (RVR). The increase in RBF observed from postnatal to adult life is caused by progressive reduction of RVR given by the concomitant RAS activation (Nada et al., 2017).

One potential explanation describing the connection between MatSep and an upregulation of RAS components is via the actions of the stress hormones. The chronic behavioral stress associated to MatSep induces the dysregulation of the glucocorticoid (Marais et al., 2008; Chen et al., 2012; Roque et al., 2014), which are well-known for upregulating RAS components, including AGT and angiotensin receptors density and binding in vascular smooth muscle cells and blood vessels (Sato et al., 1994; Schelling et al., 1994; Ullian and Walsh, 1995), adrenal gland (Bobrovskaya et al., 2013), liver epithelial cells (Shelat et al., 1999a) and brain (Aguilera et al., 1995; Shelat et al., 1999b). These actions are mediated by the stimulation of the glucocorticoid response element present in regions of both the AGT and angiotensin receptor promoter (Guo et al., 1995; Matsubara, 1998). AngII synthesis rate depends upon the availability of substrate, AGT, renin, and the activity of the ACE/ACE2 enzymes. Our data shows that MatSep lowered AngII intrarenal concentration while most of the RAS components were upregulated during postnatal life. Thus, we investigated potential explanations and found that ACE in kidneys from MatSep neonates is increased while ACE2 expression and activity are reduced. This data suggests that anti-angiogenic effects mediated by Ang 1–7 could be dramatically attenuated, thus promoting further vessel development (van Esch et al., 2008; Pei et al., 2016; Touyz and Montezano, 2018). Furthermore, it has been shown that AngIII pro-angiogenic effects are mediated by both AT1 and AT2 receptors binding (Kawasaki et al., 1988; Cheng et al., 1994; Del Borgo et al., 2015; Alanazi and Clark, 2019, 2020). Therefore, our data suggests that in the context of glucocorticoid stimulation due to chronic stress, the upregulation of several RAS components could be a major player in the increased renal vascular density via the overstimulation of the AT1 and AT2 receptors along with the reduced Ang 1–7 anti-angiogenic effects. Therefore, factors contributing to AngII degradation in this postnatal milieu, such as increased aminopeptidase A (Enpep) need further investigation.

Kidneys from MatSep weanlings show reduced lectin expression, and both neonates and adult rats show reduced PECAM-1 expression. These data indicate that the alterations in the vascular architecture could be linked to a reduced number of endothelial cells and thus microvascular rarefaction. Potential mechanisms by which MatSep increases microvascular density could be given by the capacity of (pro)renin (Yokota et al., 2008; Uraoka et al., 2009; Zhu et al., 2015) and renin cells (Amaral et al., 2001; Rider et al., 2015) to induce the transcription of angiogenic factors; or linked to the fact that the most of the genes upregulated by MatSep in isolated renal vasculature are associated with angiogenesis during pathophysiological processes. One of them is the microfibrillar-associated protein (Mfap5), which is implicated in the regulation of cell proliferation, differentiation, angiogenesis and apoptosis (Choi et al., 2015; Marti et al., 2015; Saikawa et al., 2018; Boopathy and Hong, 2019). Other gene that shows a strong upregulation in neonates is the fatty acid-binding protein 4 (Fabp4). Fabp4 display both pro-angiogenic (Elmasri et al., 2012; Harjes et al., 2017) and pro-inflammatory (Steen et al., 2017; Dou et al., 2020) actions, therefore its upregulation in the context of chronic stress could be implicated with the enhancement of the vascular density. Finally, despite changes in the angiogenesis regulation directly modulated by MatSep, we are not able to rule out possible vascular remodeling secondary to stress-induced transient blood pressure increases during postnatal life.

It is important to highlight that reduced renal function in MatSep rats at baseline is associated with a moderate increase in proteinuria and no considerable histological renal damage, in rats that otherwise are normotensive and show similar circulating RAS components. Previously, we have reported that adult male MatSep rats display increased sympathetic outflow to the kidneys (Loria et al., 2013a; Loria and Osborn, 2017), showing a reduced number of alpha-adrenergic receptors in isolated renal vasculature. Furthermore, renal filtration capacity was normalized by renal denervation. Taken together, these data suggest that increased microvascular density could also be interrelated with the effects of a greater sympathetic tone on renal hemodynamics. A summary of the current and previous findings related to circulating, vascular and renal RAS in male MatSep rats across the lifespan can be found in Supplementary Table S4.

Nonetheless, this study presents several limitations that may impact the interpretation of the outcomes. First, further studies performing an in-depth characterization of the microvasculature to determine changes in arteriolar alpha SMA actin, ACTA2, MYH11, myosin heavy chain will pinpoint the relationship between increased microvascular density and the vascular wall properties. For instance, it has been shown that postnatal RAS inhibition impairs the development of the microvasculature causing medullary injury. A common characteristic of all these manipulations is the presence of concentric vascular hypertrophy. Thus, determining the effects of MatSep on this type of variables will contribute to the interpretation of the functional consequences of increased renal microvascular density. Second, the isolation of the renal vasculature was performed by the mechanical separation of the vascular from the tubular structures. As such, our samples are enriched in vessels but certainly contains tubular cells. However, we were able to determine that the expression of tubular markers was not different between groups. In addition, this type of procedure is normally associated with a low recovery of the renin cells, which could result in an underestimation of its gene expression. Third, the use of in situ hybridization showing whether the increased pro-angiogenic genes are localized on the renal vasculature could address the lack of cell type-specificity. Hence, from all these matters pointed, a single cell analysis will be preferable over the whole vasculature due to the complexity of the sample. The kidney development is based on differential 25-cell type-specific expression of a vast number of genes. Thus, in situ hybridization, laser capture microdissection (LCM) and fluorescence-activated cell sorting (FACS) may help to tease the genes specifically involved in the vascular endothelium or vascular wall. Gene expression microarrays provide a powerful tool for studying multifaceted physiological processes. However, implications from microarray data are often impeded by multiple comparisons, small sample sizes, and uncertain relationships to functional endpoints. To date, several genomic studies have been performed in the developing kidney, but fewer have been conducted in the isolated renal vasculature.

Although this study was performed exclusively in male rats, it has been reported that female MatSep rats also display exacerbated AngII-induced hypertension, yet independent of any significant worsening on renal function compared to control littermates (Loria et al., 2013b). The well-described mechanisms by which female rodents show lower blood pressure and protected renal function compared to males is based in the increased pro-vasodilatory factors and greater number of infiltrating T regulatory cells in combination with reduced sympathetic drive, differences that are most likely stimulated by estradiol (Yanes et al., 2008; Garovic and August, 2016). Thus, postnatal stress may exert the sensitization of the renal system via alteration of neuroendocrine, immune and sympathetic responses in a sex-specific manner. Future studies will determine whether intrarenal RAS in female rats respond to MatSep in a similar fashion, while other compensatory factors may account for an optimal renal function during adult life.

In summary, our data show that MatSep is associated with the temporospatial changes in the expression of a cluster of genes, including several RAS components, expressed in the kidney and the renal vasculature. Our results reveal a molecular context to define the critical pathways mediating growth and developmental aberrations resulting in potential changes of function. Although processes such as vasculogenesis and angiogenesis were initially thought to occur only in the developing kidney, now is more accepted that these processes also occur during (physio)pathologic responses during postnatal life. Thus, vasculogenesis and angiogenesis could be activated during the remodeling of the vasculature in response to environmental insults, including this model of psychosocial stress. The kidney is a highly vascularized organ that normally receives ∼20% of the cardiac output. The unique architectural organization of the kidney vasculature with each nephron is critical for the regulation of renal hemodynamics and water and electrolytes balance. However, mechanisms that govern the development of the kidney vasculature are poorly understood. This study provides insights regarding the endowment of renal vessels, with the potential to benefit children and adults with congenital and acquired kidney diseases, vascular diseases, and hypertension.
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RefSeq Gene Fold Increase neonate p-value Fold Increase adult p-value

Up
NM_001108644 Mfap5 2.639 0.0001 —1.145 0.484
NM_012494 Agtr2 1.589 0.003 —1.082 0.563
ENSRNOT00000015395 Rspo3 1.545 0.003 —1.117 0.377
NM_001107100 Col8a1 1.536 0.017 —1.153 0.393
NM_031970 Hspb1 1.480 0.012 —1.163 D.283
NM_030868 Nov 1.430 0.009 —1.232 0.105
ENSRNOT00000013093 1118 1.402 0.006 —1.071 0.532
NM_001109383 Angpti1 1.309 0.034 1.015 0.896
NM_199115 Angptl4 1.281 0.035 —1.247 0.057
ENSRNOT00000038994 Cybb 1.302 0.002 —1.033 0.649
ENSRNOTO00000016485 Fgf10 1.273 0.006 1.170 0.055
NM_031054 Mmp2 1.262 0.020 —1.162 0.135
NM_017154 Xdh 1.250 0.004 —1.088 0.215
ENSRNOT00000012216 C3ar1 1.241 0.001 —1.099 0.101
NM_053560 Chi3I1 1.236 0.004 —1.058 0.385
NM_012769 Gucy1b3 1.233 0.017 —1.106 0.218
NM_019185 Gata6 1.230 0.014 —1.110 0.185
NM_001107159 Mmp19 1.214 0.041 —1.069 0.453
NM_133569 Angptl2 1.203 0.029 —1.062 0.450
NM_001109093 Grb10 1.185 0.005 1.006 0.913
NM_017364 Zfp260 1.175 0.002 —1.061 0.181
NM_001106579 Semag3e 1.161 0.011 1.078 0.169
NM_134452 Col5a1 1.152 0.005 —1.010 0.827
NM_031798 Sic12a2 1.135 0.017 1.053 0.290
NM_134454 Angpt2 1.026 0.674 —1.070 0.274
NM_031530 Ccl2 1.203 0.074 —1.511 0.914
ENSRNOT00000003313 Tgfb2 1.179 0.236 1.017 0.900
NM_012802 Pdgfra 1.164 0.108 —1.418 0.001
NM_053394 Kif5 1.118 0.222 1.014 0.878
NM_031525 Pdgfrb 1.080 0.474 —1.211 0.087
XM_002725723 Adami12 1.064 0.413 —1.292 0.003
NM_024400 Adamts1 1.047 0.475 1.007 0.916
ENSRNOT00000001248 Fit1 1.041 0.580 1.032 0.664
NM_053549 Vegfb 1.089 0.310 —1.054 0.525
Down
ENSRNOT00000019210 Col24a1 —-1.170 0.025 —1.025 0.697
NM_133386 Sphk1 —1.249 0.0002 1.037 0.440
NM_012801 Pdgfa —1.247 0.001 —1.006 0.908
NR_031903 Mir185 —1.231 0.002 —1.005 0.925
NM_133286 Fgf8 —1.042 0.416 —1.084 0.122
ENSRNOT00000009669 Amot —1.080 0.097 1.027 0.550

Fold change was calculated from control samples at P10. In bold: genes with significant increases vs. C.
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RefSeq Gene Fold Increase Neonate p-value Fold Increase adult p-value

Classical
NM_030985 Agtria 1.14 0.020 —1.080 0.150
NM_012576 Nr3C1 1.11 0.004 1.023 0.482
NM_134432 AGT —-1.07 0.484 —1.135 0.214
NM_012642 REN —1.02 0.800 1.042 0.657
NM_012544 ACE 1.16 0.239 1.100 0.458
ENSRNOT00000052018 Nr3C2 —1.09 0.169 1.039 0.513
NM_017080 HSD11b1 —1.02 0.7117 1.008 0.902
ENSRNOT00000023130 HSD11b2 —1.03 0.738 1.075 0.482
Non-classical
NM_012494 AGTR2 1.59 0.003 —1.082 0.563
ENSRNOT00000021840 IGF2R 1.16 0.027 1.039 0.531
NM_012757 MAS1 1.08 0.607 1.214 0.229
NM_001007091 ATPBAP2 —1.06 0.519 1.008 0.925
NM_031012 ANPEP —-1.07 0.253 —1.054 0.398
ENSRNOT00000009198 RNPEP 1.04 0.521 —1.002 0.970
Related
ENSRNOT00000014970 CPA3 1.61 0.005 —1.01 0.939
NM_031523 KLK1 1.34 0.014 1.02 0.843
NM_012608 MME —1.22 0.088 1.04 0.702
ENSRNOT00000010831 CYP11A1 —1.08 0.197 1.04 0.724
NM_012538 CYP11b2 —1.01 0.971 1.07 0.657
NM_012537 CYP11b1 1.21 0.151 —-1.22 0.136
NM_012753 CYP17A1 1.13 0.316 1.10 0.106
ENSRNOT00000006087 EGFR 1.07 0.233 -1.07 0.265
NM_001113403 LNPEP 1.02 0.661 1.00 0.926
NM_053748 DPP3 1.01 0.724 1.038 0.329
NM_134334 CTSD —1.01 0.823 1.08 0.408
NM_001011959 CTSA —1.02 0.838 1.05 0.634
ENSRNOT00000000360 PREP 1.00 0.951 1.01 0.902

Fold change was calculated from control samples at P10. In bold: genes with significant increases in fold vs. control, n = 5 per group. Noting, ACEZ2 transcript was not
available in the array.





