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ABSTRACT 

 

G. RYAN CRISLIP 

Assessment of Renal Ischemia Reperfusion Induced Injury in Male and Female Rats 

 (Under the direction of mentor JENNIFER SULLIVAN and co-mentor Paul O’Connor) 

Acute kidney injury (AKI) is a clinical problem often induced by ischemia 

reperfusion (IR).  Males are reported to have worse outcomes following IR compared to 

females based on measurements of blood urea nitrogen and creatinine.  However, these 

markers are produced at different levels depending on body mass.  The goal of Aims 1 and 

2 was to do a complete assessment of the impact of sex on IR to establish a model that 

displays a sex difference.  We measured multiple markers, including inulin clearance which 

is the gold standard of determining renal function.  We determined there is no sex 

difference in response to IR after 24 hours.  However, males had impaired renal function, 

higher vascular congestion and tubular injury than females 7 days following IR. 

A consequence of vascular congestion and tubular injury is fluid leakage into 

interstitial space, which increases renal volume.  The goal of Aim 3 was to determine if 

ultrasound could be used as a tool to detect progressive changes in regional kidney volume 

following IR.  To do this, we compared renal volume measurements with stereological 

assessment and examined the use of renal volume as an injury marker following IR.  We 

verified the use of ultrasound to monitor renal volume after IR and the changes in volume 

correlated with the extent of medullary injury. 
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Limiting vascular congestion improves recovery following IR.  Pericytes are 

contractile cells that line the vessels in the renal medulla that are prone to congestion 

following IR.  The goal of Aim 4 was to determine the role of renal pericytes following IR.  

To do this, we decreased pericytes in rats before IR to determine if this effected injury.  We 

found that lower pericyte density was associated with greater vascular congestion 

following IR, additionally, males lose more pericytes than females.   

 From these studies, we concluded that there was no sex difference in IR induced 

injury after 24 hours, however, following 7 days males had poorer recovery than females.  

We hypothesize that this poorer recovery is attributed to less pericytes in males following 

IR resulting in the inability to reduce vascular congestion compared to females. 

 

KEY WORDS: (sex differences, red blood cell congestion, medullary pericytes, volume 

expansion) 
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I. INTRODUCTION 

A. Statement of the Problem 

Acute kidney injury (AKI) is a very common condition that leads to increased time 

spent in the hospital, increased hospital costs, and increased mortality (Hou, Bushinsky, 

Wish, Cohen, & Harrington, 1983; Hsu, McCulloch, Dudley, Lo, & Hsu, 2013; Shusterman 

et al., 1987; Susantitaphong et al., 2013; Tsai et al., 2014).  Although extensive research 

on AKI has been conducted for years, the only treatment options available are dialysis or 

renal transplant surgery if the condition worsens over time.  A commonly reported 

characteristic of AKI is that there is a sex difference in the incident rate and mortality rate 

where men have a higher tendency to develop AKI and are more likely to die after 

development than women (Chertow, Levy, Hammermeister, Grover, & Daley, 1998; 

Cosentino, Chaff, & Piedmonte, 1994; Paganini, Halstenberg, & Goormastic, 1996; 

System, 2009).  Understanding how women are protected compared to men may provide 

insight into the mechanisms that lead to better outcomes. 

Ischemia reperfusion (IR) is the leading cause of AKI (Thadhani, Pascual, & 

Bonventre, 1996).  Experimentally, there is also a reported sex difference in IR induced 

injury where males have worse outcomes than females (Table 3).  There are 

inconsistencies in the strain and characteristics of the IR method used in these studies that 
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examine sex differences in IR injury in rats.  Due to these reasons, a thorough approach is 

required to assess IR injury experimentally in order to establish a model that exhibits a 

sex difference.  Our translational studies in Aims 1 and 2 were designed to better 

understand the injury response to IR in males and females by considering several factors 

that may influence the data: including rat strain, ischemia duration, time allowed to 

recover, and injury and functional markers measured.  Therefore, the goal of Aim 1 was 

to test the hypothesis that male Sprague Dawley rats (SD) have worse outcomes after IR 

than females when assessed by multiple markers taking into account different levels of 

ischemic injury.  For Aim 2, we tested the hypothesis that hypertensive males have worse 

outcomes following IR than females when assessed after a short, 24 hour, and a long, 7 

day, recovery period.   

The majority of the rat studies that have examined sex differences in IR injury in 

Table 3 use blood urea nitrogen (BUN) and plasma creatinine (PCr) as markers to 

determine the loss of kidney function following IR.  A property of creatinine allowing for 

its use to determine kidney function is that its production is relatively constant from day 

to day so the concentration remains essentially unchanged on a daily basis.  However, 

male rats have more muscle mass than females do resulting in more production of 

creatinine in males than females.  As a result, the rise in plasma creatinine will be greater 

in males than females after renal function is lost.  There are several factors that may also 

alter BUN concentration including protein intake and protein catabolism rates which may 

be different in males vs. females, especially after IR surgery.  In order to calculate kidney 

function clinically, an equation is used that includes several factors in addition to serum 
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creatinine, including body size and sex (Van Pottelbergh et al., 2014).  Since there is no 

comparable equation available for rats, the use of inulin infusion to calculate clearance is 

the gold standard in measuring renal function, which is a method we included in our 

assessment in Aims 1 and 2.   

The majority of injury following IR is reported to occur in the renal outer medulla 

(Hellberg, Bayati, Kallskog, & Wolgast, 1990; Venkatachalam, Bernard, Donohoe, & 

Levinsky, 1978).  Clinically, assessment of renal function is the desired measurement 

used to monitor recovery.  Monitoring medullary renal injury is not only excluded from 

clinical assessments but it is also extremely difficult to obtain (Bevc, Ekart, & Hojs, 

2017).  Medullary injury oftentimes leads to the loss of the ability to concentrate urine 

and damage to entire nephrons.  As a result, if medullary injury is excessive, kidneys can 

have drastic decreases in function (Basile, Donohoe, Roethe, & Osborn, 2001).  

Additional consequences of medullary injury following IR include dilation of tubules, 

vascular congestion, and leakage of fluids into the interstitial space, all of which lead to 

increased renal volume.  The studies in Aim 3 first tested the hypothesis that ultrasound 

assessment is a viable method to measure regional kidney volume following IR.  We then 

tested the hypothesis that kidney volume measurements are a reliable, novel marker of IR 

injury. 

A common result of IR is vascular congestion in the outer medulla which has been 

linked to worse outcomes during long-term recovery (Hellberg, Bayati, et al., 1990).  The 

idea of vascular congestion being a potential target for treatment to improve outcomes 

following IR is an understudied topic.  A unique feature of the vessels in the renal 
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medulla is that they are surrounded by contractile cells called pericytes.  A recent clinical 

study indicated that kidneys with greater pericyte density had better outcomes following 

transplantation (Kwon, Hong, Sutton, & Temm, 2008).  The goal of Aim 4 was to test the 

hypothesis that lesser medullary pericyte density is associated with worse IR injury. 

B. Acute Kidney Injury Defined 

The kidney is a complex organ that is responsible for several functions in the body.  

Kidneys demand a high amount of energy to be able to filter the entire volume of blood 60 

times a day in order to remove wastes, regulate water excretion and blood volume, maintain 

a stable composition of body fluid, control acid-base balance, and regulate long-term blood 

pressure.  Consequently, damage or loss of function to the kidneys leads to an imbalance 

in the body’s equilibrium (Gluba-Brzozka, Franczyk, Olszewski, Banach, & Rysz, 2017). 

Acute kidney injury (AKI) is defined as a sudden loss of the kidney’s ability to 

filter blood that occurs over the course of hours to weeks.  AKI, previously termed acute 

renal failure, is caused by a reduction of blood flow to the kidneys, internal damage to the 

kidneys, or the blocking of urine outflow from the kidneys (Bellomo, Kellum, & Ronco, 

2012).  AKI is a major clinical problem of common occurrence in the United States where 

cases have doubled in the last decade (Hsu et al., 2013; Susantitaphong et al., 2013; Tsai 

et al., 2014).  Additionally, ~22% of all hospitalized adults have AKI.  Patients with 

uncomplicated AKI have a mortality rate of ~10% (Hou et al., 1983; Shusterman et al., 

1987), patients with AKI and multi-organ failure have mortality rates of over 50%, and if 

renal transplant is required the mortality rate is as high as 80% (Cosentino et al., 1994; 
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Liano, Junco, Pascual, Madero, & Verde, 1998).  Despite increased understanding of the 

patho-physiology of AKI and improvements in clinical diagnosis and care, treatment for 

AKI remains supportive in nature; no therapeutic modalities to date effectively treat AKI 

(Workeneh).  Moreover, patients who survive AKI further suffer long-term consequences 

with heightened risk of developing chronic kidney and cardiovascular diseases.  As such, 

AKI is considered a major health concern and is an independent risk factor for mortality 

that is also associated with increased healthcare costs (Chertow et al., 1998; Levy, Viscoli, 

& Horwitz, 1996).  

Acute kidney injury denotes dysfunction of the kidneys but not always injury.  This 

distinction is important since the kidneys do not show signs of dysfunction until at least 

50% of the nephrons are injured.  The loss of these nephrons results in a rise of serum 

creatinine which is a sign of a drop in glomerular filtration.  The new level of serum 

creatinine that is set and when GFR stops decreasing and becomes steady, excretion of 

creatinine will equal generation, but the required excretion will occur at the expense of a 

significantly higher creatinine level (Ronco, Kellum, & Haase, 2012). 

Although AKI has been recognized since the early 1900s (Baker SL, 1925; 

Bywaters & Beall, 1941), the only available treatment options are dialysis and renal 

transplantation.  Perhaps one reason for the few treatments for this condition, despite 

decades of research, is the complex anatomy of the renal structures.  The vasculature and 

tubules inside the kidney are extremely intricate and unique, making them difficult to 

access and study in vivo.  Additionally, prior to 2004, AKI was classified based on a wide 

spectrum of clinical measurements ranging from a mild increase in serum creatinine all the 
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way to anuric renal disease and did not have a globally accepted description (Thomas et 

al., 2015).  From 2004 to 2012, three different standardization scales were released as 

described below and displayed in Table 1.  The lack of standardization prior to 2004 and 

the use of different classification scales after 2004 have resulted in inconsistent diagnoses 

of the extent of AKI and incidence rates depending on what criteria were used (Sutherland 

et al., 2015).  A common goal of AKI research in general and in this dissertation, is to 

better understand this condition in hopes of improving diagnosis and treatment. 
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Table 1.  Criteria for Risk, Injury, Failure, Loss, and End-stage Kidney 

(RIFLE) classification, Acute Kidney Network (AKIN), and Kidney 

Disease: Improving Global Outcomes (KDIGO) acute kidney injury (AKI) 

stages.  Abbreviations: End-stage kidney disease (ESKD), renal 

replacement therapy (RRT).  Adapted from (Machado, Nakazone, & Maia, 

2014). 

Urine Output 

Criteria

Class Serum Creatinine Stage Serum Creatinine Stage Serum Creatinine Urine Output

Risk

1.5 times increase or 

GFR decrease > 

25%

1

> 0.3 mg/dl or > 1.5 

to 2 times increase 

from baseline 

(within 48 hours)

1

> 0.3 mg/dl within 

48 hours or 1.5 to 

1.9 times increase 

from baseline within 

7 days

< 0.5 ml/kg/hour for 

6 hours

Injury

2 times increase or 

GFR decrease > 

50%

2

> 2 to 3 times 

increase from 

baseline

2

2.0 to 2.9 times 

increase from 

baseline

< 0.5 ml/kg/hour for 

12 hours

Failure

3 times increase or 

GFR decrease > 

75%

3

> 4.0 mg/dl (with 

acute increase of at 

least 0.5 mg/dl) or > 

3 times increase 

from baseine or 

initiation of RRT

3

3.0 times increase 

from baseline or > 

4.0 mg/dl or or 

initiation of RRT

< 0.5 ml/kg/hour for 

24 hours, or anuria 

for 12 hours

Loss

Persistent AKI = 

complete loss of 

kidney function > 4 

weeks

ESRD ESKD > 3 months

KDIGORIFLE AKIN
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Ideally the definition of AKI in the clinic would achieved by tests or examinations that 

are simple, accurate, correlate between stages and outcome, and have a low cost (Thomas 

et al., 2015).  In an attempt to provide a consensus and define the stages of AKI more 

accurately, the “RIFLE” criteria were published in 2004 to be used by all clinicians.  The 

defined stages of AKI were determined by glomerular filtration rate (GFR), or serum 

creatinine, and urine output measurements.  These criteria improved the diagnosis and 

evaluation of AKI as well as predicting death of patients (Hoste & Kellum, 2006).  The 

acronym “RIFLE” stands for the different levels of injury: risk, injury, failure, loss of 

function, and end-stage renal disease (Ricci, Cruz, & Ronco, 2009).  Because of the 

development of these criteria, more consistent data were collected allowing for more 

analysis and refinement of the classification of injury.  Accumulating the serum creatinine 

data and assessing its relationship with AKI provided increasing evidence that serum 

creatinine was the most sensitive marker in determining outcomes and mortality.  

Therefore, the scale was modified in 2007 and named the acute kidney injury network 

(AKIN) criteria.  The major changes were the use of lower thresholds of serum creatinine 

for the stages of AKI and dropping loss of function and end-stage levels from the scale.  

Also, patients who need a renal replacement were classified as having the highest stage.  

Another notable change was the inclusion of a time period of 48 hours where blood and 

urine collections are made for comparison to eliminate the need for a baseline sample 

(Bagga et al., 2007).  In 2012, the Kidney Disease Improving Global Outcomes (KDIGO) 

group released updated guidelines for AKI diagnosis based on the need to diagnose patients 

who remain in the hospital following AKI for an extended period of time.  These criteria 
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are similar to AKIN, however, monitoring GFR over a longer recovery of 7 days was 

included in the assessment.  Recent comparative studies have determined that all three 

criteria were successful by serving as reliable predictors of mortality (Bagshaw, George, 

Bellomo, & Committe, 2008; Levi et al., 2013).  Continued improvements to the stages of 

diagnosis are likely going to occur as more discoveries are made about AKI. 

C. Experimental Models of Acute Kidney Injury 

Setting an accepted criterion for diagnosis was critical in advancing the field of AKI, 

however, there are several obstacles that continue to complicate studying AKI.  1) 

Timing: The mechanism(s) that leads to AKI in the clinic is difficult to determine since 

AKI is oftentimes not detected until after development.  2) Multifactorial: Even if a 

patient is being monitored for the possibility of developing AKI, there are several factors 

that may contribute making it difficult to pinpoint the exact cause.  3) Assessment after 

death: In the unfortunate cases where AKI leads to death, kidneys undergo major 

structural changes which may misrepresent the injury that was already present from AKI.  

4) Inaccessibility: Lastly, renal biopsies which are oftentimes taken following the onset 

of AKI only access the cortical region and omit the medulla limiting what can be 

analyzed.  As a result, determining the pathogenic mechanism(s) that lead to the loss of 

renal function and the beneficial mechanism(s) that lead to improved recovery is not 

easily attainable in humans.  Consequently, testing potential therapeutic drugs in the 

clinic remains difficult.   
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The animal experimental models used to study AKI attempt to overcome these 

problems and provide mechanistic insight into the early pathological mechanisms that 

cause injury and help to identify what could lead to better recovery.  Animal models can 

be broadly categorized into two groups, septic and aseptic.  Sepsis is the presence of 

harmful toxins in tissues, typically through infection.  Up to 50% of patients who have 

sepsis develop AKI (Schick et al., 2014) and these patients have a higher mortality risk 

and longer hospital stays than patients with non-septic-induced AKI (M. G. Cruz et al., 

2014; Mehta et al., 2011).  Despite these patients having a higher risk of death, they also 

demonstrate better renal recovery compared to aseptic AKI patients.  This suggests that 

AKI may not be the driving force for death in patients with sepsis.  Sepsis-induced 

models generally result in AKI from inflammatory responses, but hemodynamic changes 

that occur in aseptic-like injury also occur.  These compounding variables leading to AKI 

with sepsis make it difficult to study experimentally; however, the high prevalence and 

mortality rates make studying it important.  Models used to study sepsis-induced AKI 

include administration of the endotoxin lipopolysaccharide or cecal ligation.   

Aseptic models, although still associated with inflammation, are induced by 

damaging the kidney internally either by administration of a nephrotoxic agent such as 

cisplatin, or by the occlusion of blood flow to the kidneys followed by reperfusion (IR 

models) (Jang & Rabb, 2015).  A hallmark of experimental AKI is the development of 

acute tubular cell death or necrosis, however, tubular necrosis is rarely seen in kidney 

biopsies from patients (Heyman, Rosenberger, & Rosen, 2011).  One reason for the rare 

detection could be the fact that most injury and cell death occur in the S3 segment of the 
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outer medullary stripe, which is rarely included in a biopsy sample (Venkatachalam et al., 

1978).  The prevalence of septic vs. aseptic AKI is comparable in patients admitted to the 

intensive care unit (M. G. Cruz et al., 2014).  Though both types of AKI occur frequently 

in the clinic, we use an aseptic model of AKI for this dissertation since the initial insult of 

injury occurs in the kidney. 

D. Ischemia Reperfusion Injury Defined 

IR is the temporary restriction of blood to the kidney followed by a rapid restoration 

of perfusion.  Clinically, IR can occur in many situations, including (during/following) 

major surgical procedures that require occlusion of blood vessels, renal transplantation, 

renal artery stenosis, and severe allergic reactions.  Although the insult of IR seems as 

simple as stopping blood flow then allowing reflow, the pathology that it leads to is much 

more complex.  Changes in renal hemodynamics, vascular and tubular injury, cell death, 

and activation of inflammatory responses all occur in response to ischemia reperfusion.  

IR is the leading cause of AKI (Thadhani et al., 1996) which is why it is one of the most 

commonly used models to study AKI and the reason for being the focus of my 

dissertation.   

E. Experimental Models of Ischemia Reperfusion 

There are several factors to consider when deciding on an IR model to study.  

Although several species can be used, due to accessibility and how rodent models are 

prominent in IR research, we chose rats.  The experimental conditions considered can be 
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subdivided into several categories: kidney temperature during surgery, IR surgery type, 

ischemia duration, and time allowed for recovery.  Maintaining a low kidney temperature 

during ischemia is a way of preserving the kidneys, where warm ischemia causes 

significantly more injury.  Cold ischemia closely resembles the process of preserving 

kidneys that will be used for renal transplantation by either cooling the kidney to 4oC (del 

Moral et al., 2013) or maintaining the body’s temperature at 32oC (Zager & Gmur, 1989).  

Kidneys following cold ischemia have much less injury than kidneys maintained at 

normal body temperature.  This is one reason why donor kidneys are kept on ice 

immediately following removal and during transport to the recipient.  Warm ischemia is 

more commonly used experimentally to study AKI since it better resembles the ischemic 

injury that more typically occurs in humans.  For this reason, our studies employed warm 

ischemia to represent a wider variety of ischemic events that occur. 

The types of IR surgeries that are performed include unilateral with contralateral 

nephrectomy, unilateral with the contralateral kidney untouched, and bilateral.  Unilateral 

ischemia with contralateral nephrectomy is used as an AKI model with preexisting renal 

injury since 50% of renal nephrons are removed prior to IR (Le Clef, Verhulst, D'Haese, 

& Vervaet, 2016).  A uni-nephrectomy results in morphological changes to the 

contralateral kidney such as an increase in volume and an increase in function to 

compensate for half of the renal mass being removed.  Unilateral ischemia without 

contralateral nephrectomy only injures the occluded kidney.  This type of IR is beneficial 

to use experimentally to assess the loss of kidney function and development of injury 

insult compared to an unaffected kidney in the same animal.  Although morphological 
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changes still occur in the occluded kidney, total renal function often does not change 

since the contralateral kidney is able to compensate for the injured one.  Determining 

renal function in this model is difficult and requires the separation of the outflow of urine 

from each kidney.  Kidneys have an amazing ability to increase the workload of healthy 

tissue to compensate for injured regions, or in this case a whole contralateral kidney.  

After reperfusion, the healthy kidney may continue to take over all functional duties 

leaving the occluded kidney to continue diminishing in health.  Due to a kidney not being 

exposed to IR, ischemia times on the occluded kidney can be very long and reach 

upwards of 190 minutes in rats (Craddock, 1976) compared to 60 minutes of ischemia 

which is severe for the other 2 types of IR.  Also, more severe fibrosis is reported in this 

model compared to others (Skrypnyk, Harris, & de Caestecker, 2013).  Bilateral ischemia 

is the simultaneous occlusion of blood flow to both kidneys.  Since injury and loss of 

function occurs in both kidneys, whole body measurements can be collected to determine 

total kidney function following IR.  Clamping both kidneys for an extended period of 

time mimics many of the causes that lead to AKI clinically, such as major surgical 

procedures, drugs, hypotension, allergic reactions and any other stimuli that reduces or 

temporarily shuts off blood flow to the kidneys.  The studies in this dissertation use warm 

bilateral ischemia. 

The duration of time for which kidneys are occluded is another way to manipulate the 

severity of injury, which also may influence the model it is used for experimentally.  

Shorter ischemic periods, 25-40 minutes (Decuypere et al., 2015), causes mild to 

moderate injury and typically allows for a quick and full recovery.  This model is often 



 

 

 14   

 

used for ischemic preconditioning and is useful when comparing injury between groups 

since it is not severe.  Longer ischemic periods, 40-60 minutes (Decuypere et al., 2015), 

causes much more severe injury.  Longer ischemic times are used as models for chronic 

kidney disease development following AKI, AKI-induced fibrosis, and comparing 

survival by measuring mortality rates.  Most studies indicate that the greatest amount of 

injury occurs at 24-48 hours following IR and that kidneys return to normal, when the 

insult is not too severe, after 2 weeks recovery in normotensive animals. 

High blood pressure is a common risk factor for AKI (Chawla, Eggers, Star, & 

Kimmel, 2014) particularly in patients in the intensive care unit from septic AKI where 

as much as 80% of them are predisposed to hypertension (D. N. Cruz et al., 2014).  

Patients with hypertension as a comorbidity also have worse outcomes following AKI 

(Szczech et al., 2010), however, there are very few experimental studies that include 

hypertensive animals.  There is evidence experimentally demonstrating worse outcomes 

following IR in rats with hypertension compared to normotensive rats (Raman et al., 

2011).  These data are summarized in Table 2.  For these reasons we used spontaneously 

hypertensive rats (SHR) in Aim 2 to better understand the response to IR in the presence 

of hypertension. 
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Table 2.  Survival rates following IR in normotensive male Wistar and SD and 

hypertensive SHR. 

F. Assessment of Ischemia Reperfusion Injury 

1. Function 

Glomeruli, tubules, blood vessels and the renal interstitial space are all structures 

in the kidney that are susceptible to injury following IR.  GFR is the best index for renal 

function, however, quantifying GFR directly is difficult since all of the approximately 

million glomeruli are constantly filtering at different rates which fluctuates overtime.  

Calculating the clearance, or the amount of plasma needed to clear a substance over time, 

clinically and experimentally is used to determine GFR as long as the substance that is 

targeted is only filtered and neither secreted nor reabsorbed.  The gold-standard for 

calculating GFR experimentally is inulin clearance (Smith, Goldring, & Chasis, 1938).  

Since inulin is not normally present in the body, continuous infusion of inulin with 

urine/plasma collection is required for this method.  Several other markers have been 

shown to be as effective as inulin.  These include: chromium 51-labeled 

Reference
Rat Sex and 

Strain
IR Procedure

Ischemia 

Duration

Recovery 

Duration
Survival %

20 min 30 days

SD - 100%

Wistar - 100%

SHR - 89%

150 min 30 days

SD - 55%

Wistar - 67%

SHR - 0%

Ramen RN, 

et al. 2011

Male SD, 

Wistar, and 

SHR

Uninephrectomy, 

Warm Unilateral
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ethylenediaminetetraacetic acid (51Cr-EDTA), diethyleneetriaminepentaacetic acid, 

iohexol, and iothalamate.  Creatinine is a waste product in the body produced by normal 

wear and tear of the muscles that fits the qualification to be a marker for GFR since it is 

exclusively filtered, however, endogenous creatinine clearance has been shown to be an 

inaccurate method due to overestimation when compared to inulin clearance in patients 

(Proulx et al., 2005; Soveri et al., 2014).  To overcome this limitation, clinicians use serum 

creatinine measurements to calculate estimated glomerular filtration rate (eGFR).  There 

are at least 6 variations of elaborate formulas used to calculate eGFR which take into 

account one’s age, sex, and race.   

PCr and BUN, individually, are often used to monitor kidney function when they 

are measured sequentially in the same patient over time.  Like creatinine, urea is also a 

waste product which is produced from the breakdown of proteins in consumed foods.  

Several factors influence creatinine and urea levels in the blood; such as age, gender, 

muscle mass and metabolism, diet, medications, and hydration.  With that being said, many 

experimental studies still use PCr and BUN comparison even if there are variations in the 

factors listed between groups.  In particular, studies examining sex differences in IR injury 

traditionally use PCr and BUN to compare males vs. females without considering the caveat 

of differences in production.  Aims 1 and 2 thoroughly investigate sex differences 

following IR in two separate rat strains by not only using the traditional functional markers 

PCr and BUN, but also the gold standard, inulin clearance. 
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2. Damage to Structure 

Protein found in the urine, also known as proteinuria, is a marker often used to 

detect kidney disease.  When nephrons are damaged and glomerular pressure increases, 

the filtration barrier that normally keeps protein in the blood becomes compromised and 

allows protein to leak into the urine.  Urinalysis is able to detect protein when there is a 

moderate loss of kidney function making proteinuria a useful early marker for kidney 

disease.   

Histological staining of kidney sections is performed to detect structural 

morphologies to measure injury.  Kidney biopsies are occasionally collected clinically to 

evaluate the extent of renal damage or determine the cause of a failed renal transplant by 

way of histological staining.  Kidneys are stained and examined to assess glomerular, 

cortical vasculature, and tubule injury.  A benefit to animal research is the ability to 

examine the entire kidney for morphological changes.  This is important since early 

following IR there is significant increases in tubular injury and congestion in the renal 

medulla.  The cause of these changes is incompletely understood.  Markers of tubular 

injury that can be detected following IR include: tubular necrosis, tubular dilation, tubular 

cell loss, formation of protein casts, and the loss of the brush border.  The deprivation of 

oxygen and other nutrients during ischemia, as well as the depletion of cellular adenosine 

triphosphate which leads to toxic levels of calcium, lead to tubular cell necrosis and the 

loss of brush borders.  Additionally, the increase in reactive oxygen species and 

activation of phospholipases following IR also contribute to cell transformations or 

necrosis.  Sloughing of the tubular cells occurs resulting in the formation of casts in the 
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tubular lumen (Thadhani et al., 1996).  Vascular markers that are measurable from 

histological assessment include red blood cell (RBC) congestion, vascular leakage, and 

cast formation.   

3. Novel Biomarkers 

Research is continuously being done to discover novel biomarkers that can be 

used to detect AKI more efficiently and effectively than what is currently used.  A 

biomarker is a substance whose presence is an indicator of a specific biological state, in 

particular the risk for or presence of a disease.  Characteristics of good biomarkers are 

noninvasive, easily measured, inexpensive markers that are detected early and with high 

sensitivity and correlate well with severity of the disease (Endre, 2014).  Neutrophil 

gelatinase-associated lipocalin (NGAL) is a biomarker that is reported to significantly 

increase in the thick ascending limb of the loop of Henle and the collecting duct 

following IR injury (Kusaka et al., 2012).  Another biomarker that is used to detect IR 

injury is kidney injury molecule 1 (KIM-1).  KIM-1 is a transmembrane protein that is 

up-regulated in the proximal tubules following IR and has also been shown to be a 

predictor of future development of AKI (Han, Bailly, Abichandani, Thadhani, & 

Bonventre, 2002; Ichimura et al., 1998).   

4. Urine Output 

Urine output is a vital sign in AKI where, when oliguria is matched with elevated PCr 

and BUN, patients have worse outcomes.  An adult on a standard diet produces 

approximately 600mmol osmolytes a day.  Since the maximum concentrating ability of 
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urine is approximately 1200 mmol/l, or 4 times that of plasma, kidneys need to produce a 

minimum of 500ml of urine per day to excrete the normal daily osmolar load.  If a patient 

is producing less urine than the obligatory water loss volume then the body is not 

sufficiently getting rid of the consumed osmolytes which results in a shift in the body’s 

equilibrium.  The minimum volumes of urine output that result in the diagnosis of AKI 

are described in Table 2. 

5. Renal Volume 

Renal imaging tests are also performed to detect any abnormalities in size or position; 

ultrasound recordings are often used to monitor these indicators in AKI clinically.  This 

assessment does not include measuring renal volume, even though the majority of 

ultrasound machines have 3D imaging mode capability.  Swelling of the kidneys is an 

event that occurs following IR but the reason for this increase in volume is not well 

understood.  Vessels may become damaged following AKI leading to increased vascular 

permeability.  The interstitial edema that forms makes it more difficult for oxygen and 

other nutrients to diffuse in and toxic byproducts to diffuse out of tissue which may lead 

to cell death (Scallan, Huxley, & Korthuis, 2010).  The kidneys require high pressures in 

order to filter blood and are filled with fluid that is constantly being reabsorbed and 

secreted.  To help protect the kidney from too much expansion from fluid build-up there 

is a tough fibrous capsule that surrounds the kidneys limiting the how large the kidneys 

can grow (Evans L.C., 2010).  If too much pressure builds, then this protective restriction 

can have a negative effect by damaging and constricting the tubules from added pressure 

and the vasculature may become constricted by the surrounding fluid.  Moreover, tubular 
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dilation, vascular RBC congestion, and decreased colloid osmotic pressure from 

hypoproteinemia promote increases in pressure as well.  These responses start a feedback 

loop that leads to more damage and injury.  No studies to date have monitored kidney 

volume following AKI to determine if it can be used as a reliable marker of injury.  Non-

invasive ultrasound imaging has been used to measure the volume of organs and tumors 

(Ayers et al., 2010; Bakker et al., 1999), however, ultrasound imaging has not been used 

to calculate the regional volume of kidneys.  The goal of Aim 3 is to determine if 

ultrasound is a viable method of measuring regional kidney volume by comparing 

measurements with the gold standard of an unbiased volumetric analysis, stereology.  

Additionally, the use of kidney volume as a novel maker of injury is carefully assessed.  

6. Mortality 

Severe or recurrent IR-induced AKI is associated with chronic kidney disease and 

end-stage renal disease.  Due to the central role of the kidney in total body homeostatic 

regulation, loss of function following IR over an extended period of time leads to 

surrounding organ failure and eventually death (Basu, Donaworth, Wheeler, Devarajan, 

& Wong, 2011).  Mortality rates are another way to assess how well the kidneys recover 

in response to IR.  Mortality seems to be the least biased indicator when comparing IR 

injury between different groups, however, it is not always an achievable statistic 

depending on the model. 
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G. Sex Differences in Acute Kidney Injury 

Although both sexes develop AKI, most literature supports the commonly accepted 

notion that there is a sex difference in the incidence rate where men are more likely to 

develop AKI than women (Cosentino et al., 1994; Paganini et al., 1996; System, 2009).  

Analysis of a large random sample of Medicare beneficiaries, that included over 5 million 

people, showed that more men developed AKI compared to women (Xue et al., 2006).  

Additionally, more men were reported to have AKI develop outside of the hospital than 

women (Talabani et al., 2014).  There is also evidence indicating men have higher 

mortality rates than women following AKI (Chertow et al., 1998; Cosentino et al., 1994; 

Paganini et al., 1996).  In a recent United States Renal Data System report from 2009, 3 

large cohorts were studied: Medicare cohort consisting of people age 66 and older, 

MarketScan cohort consisting of people aged between 20 and 64 and Ingenix I3 cohort 

that includes people with the same age span.  The patients who developed AKI (8,900-

19,000 patients per cohort) in each data set were tabulated and separated by gender.  The 

percentage of men with AKI were approximately 47% in Medicare, 60% in MarketScan, 

and 58% in Ingenix I3, largely supporting the notion that AKI is more common among 

men, particularly when age-matched with women who are pre-menopausal.  This report 

also notes an increased mortality rate following the development of AKI in men who 

were discharged from the hospital in the MarketScan cohort, although mortality rates of 

patients in the hospital in the Medicare cohort were comparable between men and women 

(System, 2009).  Higher mortality rates in men vs. women following AKI is a compelling 

statistic that should not be ignored. 
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In addition to literature directly assessing the incidence and outcomes following AKI 

in men and women, several studies go further and analyze specific causes that lead to 

AKI such as major surgery.  The incidence rate in men compared to women seems to 

depend on what type of surgical procedure is being performed.  Men develop AKI at 

higher rates than women following cardiac catheterization and stent implantation (Brown 

et al., 2015) but the female gender is listed as an independent predictor of AKI following 

aortic valve replacement in a separate study (Najjar, Salna, & George, 2015).  A method 

commonly used in the hospital setting to assess blood perfusion and blood flow is 

contrast imaging, however, there is data suggesting that contrast media can cause AKI 

especially in patients with decreased kidney function prior to imaging (Davenport, 

Cohan, & Ellis, 2015).  In a study assessing the impact of sex on contrast media-induced 

AKI, it was found that women tend to have a higher risk of contrast-induced AKI 

compared to men, however, these patients were older than 55 which is post-menopausal 

for women and already had preexisting diabetes mellitus and chronic kidney disease (Li 

et al., 2016).  This finding raises an additional point to consider, a potential role for sex 

hormones.  Sex differences in many renal and cardiovascular pathologies are linked to 

sex hormones.  In line with this, there is no difference in the incidence rate of AKI 

between elderly men and women where women are post-menopausal, yet pre-menopausal 

women exhibit lower AKI incidence than age-matched men suggesting that sex hormones 

may play a role in this difference seen in men and women.   

Another surgical procedure where the outcomes are closely monitored and reported 

by gender is renal transplantation.  The number of patients who had renal transplants 
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following AKI were comparable in men vs. women in one study, however the sample 

size studies was small with only 98 patients (Shiao et al., 2009).  In a larger sample size, 

over 18,000, approximately 11,000 of renal transplant recipients, or 61%, were men (Hart 

et al., 2017).  Interestingly, the same study reports that more women were donors than 

men.  Although it may have been unintentional, outcomes for the kidney recipients would 

be hypothesized to be better if the donor kidneys were from women since a recent study 

shows that mouse renal transplant recipients of both sexes had better outcomes when the 

donor was a young female.  Donor kidneys from older females and all age males had 

worse outcomes when transplanted.  The authors of this study attribute this finding to 

higher levels of estrogen in young females being protective and the kidney size 

differences affecting recovery (Aufhauser et al., 2016).  The greater need for renal 

transplants in men further supports the notion that men have worse outcomes following 

AKI and progress to kidney failure more often than women(System, 2009).   

There are a few points to consider when reviewing this clinical data.  As pointed out 

above, the criteria used in the diagnosis of AKI has been modified over time to include 

improved serum creatinine guidelines.  As a result, the conclusions of these studies 

looking at the incidence of AKI will depend on the criteria used during assessment.  

Indeed, in the studies reviewed above, both RIFLE and AKIN were used.  Since these 

classifications determine if a patient has AKI by comparing their serum creatinine or 

urine output to baseline levels, the use of multiple criteria should not affect the results.  

Additionally, there is no significant difference in the incidence rate of AKI development 

when all three criteria are compared with one another (Bagshaw et al., 2008; Levi et al., 
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2013).  The age of the patient seems to have an influence on the susceptibility to AKI, 

especially in women, where data sets that include post-menopausal women lose the sex 

difference in the incidence rate that is found in other studies (Singh, Singh, & Singh Bedi, 

2016; System, 2009).  Since age seems to be an important factor in detecting sex 

differences in AKI, we used young adult rats in our study.   

Of the many factors that lead to AKI, some are only possible in a certain sex.  For 

example, several pregnancy related disorders cause AKI in women (Van Hook, 2014) 

and, alternatively, androgen deprivation therapy for prostate cancer is associated with 

AKI development in men (Fenner, 2013).  Studies that do not factor in the cause of AKI 

when determining incidence rates in men vs. women may include patients like these 

which would result in biased results.  Though it appears more studies need to be done to 

clarify sex differences in AKI, there is evidence that men are more susceptible to the 

development of AKI and have a higher mortality following AKI compared to women.  

The identification of the mechanisms by which women are protected against the 

development of AKI is an underutilized approach that can be exploited to develop 

improved treatment options for both sexes.   

H. Sex Differences in Ischemia Reperfusion Injury 

Experimental studies using IR-induced AKI animal models also report sex differences 

where males tend to have higher injury compared to females.  There are a large number 

of studies examining sex differences in IR injury in mice showing that female mice are 

more resistant to injury compared to males (Q. Wei, Wang, & Dong, 2005) and can 
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withstand twice the period of ischemia compared to males (Hu, Wang, Batteux, & Nicco, 

2009).  Explanations behind this sex difference include the protective effects of estrogen 

in females limiting injury (Ikeda et al., 2015) and the pro-inflammatory pathways 

activated in males leading to more injury (Kang et al., 2014).  There is much less 

available data in rats examining the impact of sex on IR injury.  A summary of studies in 

rats that do look at sex differences are shown in Table 3.  As you can see in the Table, 

there are variations in the strains of rats, type of IR surgery, duration of ischemia, and the 

duration of reperfusion that is used in the study.  Although the methods were not similar 

in the studies included in the table, the results were the same in that males had worse 

outcomes than females in all studies.   
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Table 3.  Overview of studies looking at sex differences in renal IR injury in 

various rat strains.  Abbreviations: Potassium (K+). 

Reference Rat Strain IR Procedure
Ischemia 

Duration

Recovery 

Duration
Injury

Takayama J, et 

al. 2007
SD

Uninephrectomy, 

Unilateral
45 min 24 hrs

Male>Female

PCr, BUN

Takayama J, et 

al. 2008
SD

Uninephrectomy, 

Unilateral
45 min 24 hrs

Male>Female

PCr, BUN, Tubular 

Necrosis, Protein Casts, 

Medullary Congestion

Tanaka R, et al. 

2013
SD

Uninephrectomy, 

Unilateral
45 min 24 hrs

Male>Female

PCr, BUN

Tanaka R, et al. 

2013
SD

Uninephrectomy, 

Unilateral
45 min 2 weeks

Male>Female

PCr, BUN, Tubular 

Damage

Robert R, et al. 

2011
SD

Uninephrectomy, 

Unilateral
60 min 1, 5 days

Male>Female

PCr, Tubular Injury, 

Mortality

Muller V, et al. 

2001
Wistar

Uninephrectomy, 

Unilateral
50 min 7 days

Male (8%)>Female 

(75%)

Survival

Fekete A et al. 

2003
Wistar

Uninephrectomy, 

Unilateral
55 min 2, 16 hour

Male>Female

PCr, BUN, Blood K+

Fekete A et al. 

2006
Wistar

Uninephrectomy, 

Unilateral
55 min 16, 24 hours

Male>Female

PCr, BUN

Bazzano T, et 

al. 2015
Wistar Unilateral 10 min 1,5,7,14,21 day

Male>Female

BUN, Proteinuria

Csohany R et 

al. 2016
Wistar Unilateral 50 min 48 hours

No Difference in PCr

Male>Female

Tubular Damage

Prokai A, et al. 

2011 
Wistar Unilateral 50 min 24 hrs

Male>Female

PCr, BUN

Ibrahim IY, et 

al. 2013
SD Bilateral 50 min 48 hrs

Male>Female

PCr, BUN
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The majority of the studies in Table 3 compare the loss of function following IR 

between males and females by using the markers PCr and BUN, where males develop 

higher levels of PCr and BUN than females following IR in all but one study.  The only 

study that did not measure PCr and BUN looked at survival rate and found that male 

Wistar rats had worse survival than females after IR.  A few studies included the 

assessment of morphological markers of injury of vascular congestion and tubular 

damage.  A limitation in using PCr and BUN is that they do not directly measure kidney 

function; in fact these waste products are freely filtered and excreted in the urine and only 

increase in the plasma when a large amount of renal function is lost.  In addition, 

production and handling of both is relative to body size and age-matched male and 

female rats generally have different body sizes where males are larger.  Due to the 

kidneys’ high efficiency, practically all of these waste products are filtered out of the 

body no matter the size or sex of the rat.  Potential differences in production of the wastes 

between animals would not be observed until a large amount of function is lost where the 

difference would be amplified since this rise in urea and creatinine following IR is 

exponential.  Proper consideration needs to be taken when using these markers since this 

effect could lead to inaccurate results.  Using BUN and PCr to calculate eGFR is used in 

the clinic to overcome this limitation, however, this formula was created for adult human 

beings, not rats.  The gold standard of measuring renal function is by inulin infusion to 

calculate clearance of inulin.  Because of the limitations of BUN and PCr as markers of 

function and the inconsistent models used to study sex differences in IR injury, our goal 

for Aims 1 and 2 was to provide a complete assessment of the impact of sex on IR 
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induced injury by the inclusion of a complete panel of surgical methods and injury 

markers to establish a model of IR that displays a sex difference. 

I. Renal Medulla Overview 

One critical barrier to understanding the etiology of AKI clinically is our limited 

understanding of the vascular structure and function of the renal medulla due to its 

complexity and inaccessibility.  More extensive research has been conducted on rodents 

allowing for a better understanding of their vasculature due to many similarities with 

humans, although many questions remain due to the differences between rodent and 

human medullary vasculature where the major differences are that human kidneys do not 

contain short-loop descending thin limbs in the inner stripe of the medulla and interstitial 

nodal spaces in the inner medulla compared to rodents (G. Wei, Rosen, Dantzler, & 

Pannabecker, 2015).  Efferent arterioles of juxtamedullary glomeruli give rise to 

descending vasa recta capillaries (VR) which are long, U-shaped blood vessels that 

perfuse the renal medulla and are required to concentrate urine; an example of VR is 

shown in Figure 1.  A distinguishing feature of these vessels histologically is the absence 

of a smooth muscle layer.  The VR reach deep into the medulla with little to no branching 

and exhibit a continuous endothelium.  The terminal end of the VR feeds into several 

networks of interconnecting capillaries that eventually become ascending vasa recta.  At 

this point the vessels begin to travel back to the cortex where the endothelium starts to 

become fenestrated (Kim & Pannabecker, 2010; Pannabecker, 2013).  The plexus or 

peritubular capillary (PT) network that the terminal end of the VR creates, which is 
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contained in either the inner or outer medulla depending on where it begins, provides 

blood to the interstitial space (Moffat & Fourman, 2001). 

 

Figure 1.  Anatomy of renal arterial 

vasculature.  VR arise from efferent arterioles 

of juxtamedullary glomeruli and run deep into 

the medulla.  Pericytes (shown in blue) line 

these VR and have extensions that wrap 

around the vessels. 

 

 

 

 

 

 

As a result of the unique properties of the 

VR, trapping of RBCs and congestion of blood is a common occurrence when blood flow 

to the kidneys is reduced, such as in IR (Hellberg, Bayati, et al., 1990).  Several studies 

from the 1980’s using male SD illustrated that medullary congestion is a significant 

contributor to IR injury that leads to reduced ability to concentrate urine, cellular swelling 

and necrosis, increased neutrophil-mediated capillary permeability, mechanical 

obstruction of tubular lumen, and hypoxia which results in impaired recovery (Hellberg, 
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Bayati, et al., 1990; Hellberg, Kallskog, & Wolgast, 1990; Ojteg, Bayati, Kallskog, & 

Wolgast, 1987; Wolgast et al., 1982).  Studies using chromium-51 labelled RBCs injected 

immediately following IR and measured within the first 20 minutes of reperfusion found 

that ¼ - ½ of the radio-labeled blood cells become trapped in the renal outer medulla 

(Karlberg, Kallskog, Nygren, & Wolgast, 1982).    

Additional studies manipulate hematocrit levels to change the extent of medullary 

congestion following IR to determine its effect on long-term recovery.  Administering a 

plasma-like solution to decrease hematocrit results in less medullary congestion 30 

minutes following IR and higher renal blood flow, which would suggest a better recovery 

(Olof, Hellberg, Kallskog, & Wolgast, 1991).  Increasing hematocrit by administering 

RBCs increases vascular congestion 15 minutes after IR, furthermore, renal function 

declines and atrophy occurs 4 weeks following surgery (Hellberg, Bayati, et al., 1990).  

Vascular congestion can also be altered by increasing blood and renal perfusion pressure 

using an aortic clamp.  In male rats decreasing renal perfusion in this way attenuated 

vascular congestion 18 hours following IR, as assessed by histological scoring (Mason, 

Welsch, & Torhorst, 1987).  Medullary blood flow possesses an inverse relationship with 

blood pressure (Baumann et al., 2009) where rats with higher pressures have lower 

medullary blood flow.  These studies thoroughly examined vascular congestion following 

IR, providing strong evidence of its importance.  However, few studies have pursued 

their novel ideas.  We believe that understanding the mechanism driving RBC congestion 

following IR may provide novel targets for the potential treatment of AKI to limit injury. 
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J. Renal Pericytes Overview 

VR have a unique feature in that they are surrounded by contractile cells called 

pericytes, which possess elongated processes that encircle the endothelial wall (Pallone & 

Silldorff, 2001).  Although pericytes are present on capillaries in both the renal cortex 

and the renal medulla, the VR of the renal outer medulla have the highest density of 

vascular pericytes (Crawford et al., 2012; Stefanska et al., 2015).  There is much interest 

in the physiological role of these cells.  They are thought to be involved in vascular 

development (Bergers & Song, 2005), act as a support structure for endothelial cells by 

maintaining the integrity of capillaries (Lemos et al., 2016), contribute to hemodynamic 

processes by way of cell-to-cell signaling, and have been speculated to regulate 

medullary blood flow by vasoconstriction and vasodilation of the capillaries (Pallone & 

Silldorff, 2001).  These conclusions were based on studies ex vivo.  Studying the renal 

medulla and VR pericytes in vivo is extremely difficult due to inaccessibility and as a 

result, the physiological role of these cells is only speculation and not well understood 

(Pallone & Silldorff, 2001).   

The microvasculature is critical in the pathophysiology and recovery from AKI in 

humans (Bonventre & Yang, 2011).  More specifically, a recent clinical study 

demonstrated that transplanted renal allograft biopsies that recovered after surgery had 

greater peritubular interstitial pericyte density in the renal cortex when assessed by 

immunohistochemistry compared to kidneys with sustained impairment of function 

(Kwon et al., 2008).  In experimental research, alterations have been shown to occur in 

actin filaments in vascular smooth muscle cells following IR (Kwon, Phillips, & 
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Molitoris, 2002).  Although there has been data examining how vascular smooth muscle 

cells are damaged after IR, there are no studies to date that have examined the 

relationship between pericyte density and IR injury.  Our goal in Aim 4 was to determine 

if this relationship was also observed in an experimental model by testing if greater 

pericyte density is associated with improved recovery following IR.  Our data will 

provide a platform allowing us to better delineate the potential pathways through which 

greater pericyte density may be beneficial following a period of ischemia.  
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II. MATERIALS AND METHODS 

Animals.  Male and female SHR from an in-house colony at Augusta University, 

male and female SHR from Envigo (Indianapolis, IN), and male and female SD from 

Envigo were used for these studies.  Rats were housed in temperature (20-26oC) and 

humidity (30-70%) controlled, 12 hour light-cycled quarters.  Rats were provided ad 

libitum access to water and standard 18% protein rodent chow (Harlan Teklad, 2918).  

All experiments were conducted in accordance with the National Institutes of Health 

Guide for the Care and Use of Laboratory Animals, and approved and monitored by the 

Augusta University Institutional Animal Care and Use Committee.  At time of sacrifice, 

rats were anesthetized with a ketamine-xylazine cocktail (50 and 10 mg/kg i.p., 

respectively; Phoenix Pharmaceuticals, St. Joseph, MO) or 2% isoflurane where 

indicated.   

Terminal plasma collections.  Following anesthesia for sacrifice, a midline 

abdominal incision was made and blood was collected (approximately 9 mL for males 

and 6 mL for females) from the abdominal aorta with an 18 gauge needle attached to a 10 

mL syringe containing approximately 0.2 mL of 7.5% ethylenediaminetetraacetic acid.  

Thoracotomy incision was made as a secondary form of euthanasia.  Blood was 

centrifuged at 3000 rpm for 10 minutes at 4oC.  Aliquots were stored at -80oC.
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Urine collections.  Rats were place in rat metabolic cages for at least two days prior to 

collections for acclimation.  Urine was collected over a 24 hour period the day before 

what is noted in figures via a funnel into a plastic cup where feces and food droppings 

were kept separate.  Urine was collected for 24 hours on the specified day unless noted 

otherwise.  Urine collections were centrifuged at 3000 rpm for 10 minutes at 4oC, 

aliquoted, then stored at -80oC.   

Warm bilateral renal IR model.  Male and female rats were randomized to either 

serve as controls with no surgery, shams receiving IR surgery omitting occlusion or 

receive IR surgery at 12-14 weeks of age.  Rats were anesthetized with approximately 2% 

isoflurane and kept fully anesthetized throughout the surgical procedure.  Body 

temperature was measured via a rectal probe and maintained at 37oC throughout the 

procedure by a servo-controlled heating table and UV heating lamp.  The left and right 

kidneys were accessed by a flank incision.  The kidneys were exposed and the renal 

artery was carefully separated from the renal vein via manual blunt dissection.  Both left 

and right renal arteries were then clamped with micro-serrefines (Fine Science Tools, 

Foster City, CA); a clamp was first applied to the left renal artery then a second to the 

contralateral renal artery within 5 minutes for the studies in Aim 4 and within 2 minutes 

for the rest.  Ischemia was verified by the darkening of the kidney.  After either 15, 25, 

30, or 45 minutes of warm ischemia, the clamps were simultaneously removed and blood 

flow was restored to both kidneys.  Renal arteries were examined and verified to have 

restored flow.  Sterile saline (approximately 0.2 ml) was introduced into the peritoneal 

space to replace any fluids lost and the wound was closed with 4-0 polypropylene suture 
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for the muscle layer and wound clips for the skin.  Marcaine was administered on the 

wound clips for local analgesia.  Each rat was monitored until consciousness was 

regained and buprenorphine (0.9 mg/kg i.p.) was administered as an analgesic.  Animals 

were allowed to recover in conventional animal housing or were placed directly into 

metabolic cages for either 24 hours or 7 days.   

FITC-inulin osmotic mini-pump.  FITC-inulin (F3272; Sigma-Aldrich; St. Louis, 

MO) was put into solution with 10 mM phosphate buffered saline at a concentration of 10 

mg/ml.  A heating plate was used for 5 minutes on low setting to warm and a stir bar used 

to stir the mixture and help bring it into solution.  Once returned to room temperature, the 

FITC-inulin solution was injected to fill a 2 ml osmotic mini-pump (model 2ML1; Alzet; 

Cupertino, CA) for a delivery rate of 1.67 µg/minute (Biederman et al., 2005).  Extra 

FITC-inulin solution was stored at 4oC to be used later to make the standards for the 

fluorescence assay.  The mini-pump was placed in sterile saline and immediately taken to 

the surgical station to begin implantation.  Briefly, rats were anesthetized with 

approximately 2% isoflurane.  A small dorsal incision was made below the shoulder 

blades, slightly off-center from the spine.  A hemostat was used to bluntly separate the 

subcutaneous layer from the muscle making a pocket large enough for the mini-pump.  

The mini-pump was inserted cap first into the pocket.  The wound was cleaned with 

betadine and closed with surgical staples.  Marcaine was administered on the closed 

wound.  Rats were monitored for recovery. 

Determination of pericyte density.  A transversely bisected cut was made at the center 

of a kidney from each rat and a single ~5 mm section of fresh tissue was taken from the 
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cut end.  The slice was fixed in 10% formalin for 24-48 hours then embedded in paraffin.  

Three 5 µm slices, 15 µm apart, were cut and mounted on a glass slide.  The slide was 

then deparaffinized, rehydrated, and incubated with an epitope retrieval solution for 40 

minutes in a steam bath (IHC World, Ellicott City, MD).  The slide was then incubated 

with a 6% bovine serum albumin/phosphate buffered saline blocking buffer for 30 

minutes.  A table describing several markers that are used to identify pericytes is given in 

the article by Armulik A et al.  We chose to use neural glial 2 (NG2) as the marker for 

staining in these studies after determining pericytes are easily identifiable in the renal 

medulla with the antibody.  NG2 is a chondroitin sulfate proteoglycan that is present on 

the surface of pericytes (Bergers & Song, 2005); slides were incubated with NG2 primary 

antibody overnight (catalog#: AB5320; 1:100; EMD Millipore, Darmstadt, Germany).  

Slides were then rinsed and incubated with donkey anti-rabbit secondary antibody 

(catalog #: A21207; 1:200; Alexa Fluor 594 conjugate) for 90 minutes at room 

temperature.  4’,6-diamidino-2-phenylindole (DAPI) nuclear staining (1:1000 for 5 

minutes; Sigma-Aldrich, St. Louis, MO) was performed at the end of NG2 incubation.  In 

addition to pericytes, NG2 is expressed on early postnatal skin, adult skin stem cells, 

adipocytes, vascular smooth muscle cells, neuronal progenitors, oligodendrocyte 

progenitors, and developing cartilage, bone and muscle (Armulik, Genove, & Betsholtz, 

2011).  The unique architecture of the VR allows for NG2 staining to be used to quantify 

pericytes in the renal medulla.  Pericyte-bound VR run through the outer medulla in 

bundles (Crawford et al., 2012; Park, Mattson, Roberts, & Cowley, 1997).  NG2 staining 

in the renal medulla outlines these vessel bundles and the cell bodies of the pericytes, and 
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pericyte cell bodies can be identified by the presence of blue DAPI staining of the 

nucleus; a representative image of renal medullary pericytes is shown in Figure 2. 

   

Figure 2.  Representative image of 

fluorescently labeled NG2 positive 

pericyte cell bodies overlapped with DAPI 

staining of nuclei which was used for the 

quantification of pericytes.  White arrows 

point to the 3 pericyte cells; image was 

taken from an IR male.  Note the width of 

the vessels in relation to diameter of the 

lightly-red stained RBCs that can be seen 

in the image. 

 

Group identifiers were removed from each slide and a researcher blinded to the 

hypothesis counted each section.  A systematic approach was followed to ensure images 

of the medulla were consistent between samples by taking six non-overlapping images of 

the renal medulla at 40x magnification (BX40 Olympus optical microscope) using the 

pelvic wall as the starting point.  This was done for all three 5 µm kidney slices on each 

sample slide.  The number of pericyte cell bodies per area from each image was 

quantified.  This was done for each animal. 
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Assessment of renal injury.  FITC microplate assay to assess GFR: 

Approximately 200 µl blood sample from the tail vein was collected via a 25G winged 

catheter and centrifuged as explained in the terminal collection method.  Aliquots of 

plasma and urine were stored in 4oC.  After all samples were collected, a FITC assay was 

performed where all urine and plasma samples from each respective rat were run on the 

same plate.  Eight standards were made from remaining FITC-inulin solution prepared at 

time of mini-pump preparation by performing 1:2 serial dilutions with PBS beginning 

with 0.01 mg/ml concentration.  Urine samples were diluted 1:100 in HEPES buffer (7.4 

pH).  Standards, plasma, and pre-diluted urine was diluted in HEPES buffer at 1:39.  The 

plate was briefly shaken for 5 seconds then fluorescence was read by a BioTek Synergy 

HT multi-detection microplate reader (Winooski, VT).  FITC concentrations were 

determined according to the standard curve. 

PCr and BUN: Venous blood from the tail was collected for a non-terminal sample 

or an arterial blood sample from each animal was collected at the time of sacrifice.  

Creatinine concentrations and BUN in arterial plasma were quantified by a QuantiChrom 

Creatinine Assay Kit (BioAssay Systems, Hayward, CA) and QuantiChrom Urea Assay 

Kit (BioAssay Systems), respectively, according to the manufacturer’s instructions.   

Proteinuria: Rat urine was collected via metabolic cages for a 24 hour period, 

unless noted otherwise, and flash frozen to be stored at -80ºC.  Five protein standards 

were made by serial dilution of bovine serum albumin in distilled water at 1:2 dilutions 

starting with 1.0 mg/ml.  Thawed samples were diluted in distilled water at either 1:1 to 

1:5 depending on the protein concentration.  5 µl duplicates of standard, distilled water to 
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serve as a blank, and diluted samples were carefully loaded into a single 96 well plate.  If 

there were too many samples to fit on one plate then collections from the same rat were 

made sure to be on the same plate.  250 µl of Bradford dye was added to each well then 

allowed to incubate for 5 minutes.  Protein concentration for each sample was read and 

calculated by a previously edited protocol on the BioTek Gen5 program (Winooski, VT).   

Calculate the % area of medullary protein casts: Paraffin embedded kidney tissue 

slices were stained with Masson’s trichrome according to manufacturer’s instructions 

(Thermo Scientific, Richard-Allan Scientific, Kalamazoo, MI).  A representative image, 

such as seen in Figure 3, of the renal medulla was taken for each rat at 10x magnification, 

covering the majority of the medulla (BX40 Olympus optical microscope) and analyzed 

with MetaMorph Software.  The color threshold of a protein cast from a stained slide was 

determined and the hue-saturation-intensity equally applied to all subsequent images for 

each study group.  The percentage area covered at the inclusive threshold for each kidney 

was recorded. 

Estimation of tubular injury: Additional paraffin fixed kidney slices were stained 

with hematoxylin and eosin according to manufacturer’s instructions (Leica Biosystems; 

Buffalo Grove, IL).  Group identifiers were removed from each slide and a researcher 

blinded to the hypothesis scored each section.  The percentage of tubules that showed 

signs of injury were determined for each sample using the following as criteria:  tubular 

necrosis, a lack of brush border, tubular dilation, and protein cast formation.   

Assessment of medullary vascular congestion: Paraffin embedded kidney slices 

were stained with Masson’s trichrome according to manufacturer’s instructions (Thermo 
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Scientific, Richard-Allan Scientific, Kalamazoo, MI) to assess the extent of medullary 

RBC congestion.  Medullary VR and PT congestion were assessed using a semi-

quantitative scoring method.  Group identifiers were removed from each slide and 

sections were scored by a researcher blinded to the hypothesis.  A score of 0.0-5.0 was 

given to reflect the extent of RBC congestion in the VR and PT independently of one 

another, 0.0 representing conditions where all vessels appear open (0% congestion) and 

5.0 representing congestion in all vessels visualized (100% congestion).  Examples of 

each score is seen in Figure 3.  VR were identified as long vessels that are bundled 

together and PT were identified as the vessels found in between tubular structures.  

Representative images of VR and PT are depicted in Figure 4.  Mean vascular congestion 

scores for rats that did not undergo IR surgery were subtracted from their respective post-

IR groups since kidneys were not flushed prior to harvest and some residual RBCs were 

present. 
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Figure 3.  Representative images of the scoring scale used for VR 

vascular congestion.  Incidence of RBC congestion was assessed in PT 

and VR capillaries post-IR independently of one another where a score of 

0 indicates all visible vessels are open and 5 indicates all visible vessels 

are congested.  PT congestion scoring followed the same rules, however, 

the extent of congestion in VR did not always matched the amount of PT 

congestion. 

 

Figure 4.  Representative images show the distinction between descending 

VR and PT.  VR are long vessels that run in bundles and PT were 

determined as vessels found between tubular structures.  Examples of 

congested VR and PT are also shown. 

Western blotting for renal biomarkers:  Renal cortices were weighed and 

homogenized in lysis buffer (50mM Tris, 0.1mM EDTA, 0.1mM EGTA, 0.1% BME, 

10% glyrecol) at a 1:10 weight to volume ratio in the presence of Halt protease inhibitor 

cocktail (10µl/ml; Thermo Scientific, cat# 1861279).  The homogenates were centrifuged 

at 3,000g for 5 minutes and the supernatant was collected.  Protein concentrations were 

determined by a Bradford assay as described above.  Samples were loaded at 40 µg of 

protein/well, run through gel electrophoresis, and protein was transferred onto a 
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polyvinylidene difluoride membrane.  The membrane was blocked in a 1:1 solution of 

tris-buffered saline with 0.1% Tween-20 (TBST) and Odyssey blocking buffer (Licor, 

cat# 927-50000).  Membranes were incubated with NGAL (R&D Systems; cat #: 

AF3508) or KIM-1 (Abcam; cat #: EPR6383(2)) at 1:1000 in TBST overnight at 4oC then 

incubated with 680 anti-goat (NGAL) or anti-rabbit (KIM-1) at 1:1000 in TBST with 

1µl/ml of 10% SDS for 1 hour at room temperature.  Mouse actin was diluted to 1:20,000 

in TBST and incubated for an hour at room temperature on the membranes then with 800 

anti-mouse secondary as before.  Blots were scanned with an Odyssey Infrared Imager 

(Licor) at frequency 680 to detect NGAL and KIM-1 and at 700 to detect actin protein 

bands.  Regions of interest were created for the band in each well at 25 kDa for NGAL, 

50 kDa for KIM-1, and 42 kDa for actin to calculate the expression.  Densitometry of 

protein was determined by normalizing all samples to actin, primary antibody 

expression/actin expression. 

Kidney volume measurements.  3D imaging with ultrasound.  Rats were placed 

under 2% isoflurane in a supine position on a SA-11283 rat platform (VisualSonics; 

Toronto, Ontario, Canada) to monitor respiratory and heart rate and a rectal probe was 

used to maintain a rectal temperature at 37oC.  Depilatory cream (Nair; Ewing, NJ) was 

used to remove fur from the abdominal area.  Ultrasound imaging was performed using 

the Vevo 770 High-Resolution system instrumented with the RMV-716 scanhead (Real-

time micro visualization; 17.5 MHz) attached to the 3D motor.  Aquasonic ultrasound 

transmission gel (Parker Laboratories; Fairfield, NJ) was used as a contact medium 

between the transducer and rat skin.  A 3D image of either the left (stereology study) or 
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both kidneys (other studies) for each animal was attained by orienting the transducer 

transversely in the center of the kidney and using 3D-mode on the Vevo 770 ultrasound 

to scan the entire kidney.  Using the Volume Setup tools, contours were made outlining 

the kidney for approximately every fifth frame then allowing the program to calculate the 

total volume.  Water displacement was performed on each kidney following sacrifice and 

excision.  Figure 5 is a screenshot of a 2D acquisition showing a contour for the whole 

kidney (Red) and another for the medulla (Blue).  All contours from each respective 

group are compiled to calculate the volume, the assembled structure provided by the 

program is shown in Figure 6. 

 

Figure 5.  Screenshot of a single plane taken of a kidney in the 3D mode 

from an ultrasound.  Red contour traces outer edge of kidney and the blue 
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contour traces outer edge of the medulla.  Contours for each measurement 

were made approximately every fifth plane. 

 

Figure 6.  Compilation of all contours tracing the outer 

edge of the kidney (red) and the outer edge of the 

medulla (blue) from a single kidney.  3D figure was 

used by the ultrasound’s program to calculate the 

volume of each shape.   

 

 

 

Stereological assessment.  The rats were maintained under 2% isoflurane from 

final ultrasound recordings and the right kidney was pressure perfused and excised for 

stereological assessment.  An incision was made to expose the abdominal organs, the left 

renal pedicle was tied off with 4-0 black braided silk and extracted.  PE 60 polyethylene 

tubing was used to implant an abdominal aortic catheter for infusion of right kidney.  

Sutures were used to tie the abdominal aorta above and below the renal artery branches.  

The Perfusion One pressure perfusion system (Leica Biosystems; Buffalo Grove, IL) 

attached to a blood pressure bulb was used to perfuse the right kidney with heparinized 

saline until blood cleared (195 mmHg for males; 175 mmHg for females; approximately 

3-5 minutes of perfusion).  We chose a perfusion pressure above the average systolic 

blood pressures measured by tail cuff (Kett, Alcorn, Bertram, & Anderson, 1995).  The 
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abdominal vein was punctured after perfusion began to allow for flow.  The perfusion 

fluid was then switched to paraformaldehyde (4% weight/volume dissolved in 0.1M 

phosphate buffer) to perfusion fix the kidney (5-10 minutes of perfusion).  The kidney 

was then removed and placed in a vial for incubation in 10% formalin for 48 hours.  After 

incubation, water displacement was performed.  Kidneys were cut into 1.075 mm slices 

using a homemade razor device with razors fixed together at ~1 mm intervals (Figure 7).  

The slices were counted and every odd slice was viewed under a microscope (5x 

magnification) to estimate kidney volume using a dot grid printed on translucent paper 

with points 0.8464 mm apart from one another.  The dots were identified to be in the 

cortex, outer medulla, and inner medulla anatomically using structure, color, and arcuate 

arteries as guides.  An estimation of the kidney volume (VKIDNEY) was determined using 

the Cavalieri Principle (Gundersen & Jensen, 1987; Gundersen, Jensen, Kieu, & Nielsen, 

1999).  Essentially, these equations determine volume of the kidney by taking the area of 

each slice that is included, adding them, then multiplying by two since only every other 

slice was used. 

Kidneys with an even number of slices: 

VKIDNEY = ∑P x a(p) x T x 2 

Kidneys with an odd number of slices: 

VKIDNEY = ∑P-pn x a(p) x T x 2 + (pn x a(p) x T) 

Where ΣP is the total number of points counted, pn is the number of points of the last 

slice, a(p) is the area associated with each grid point, and T is section thickness.  Volume 

was calculated for total kidney as well as for each section.  An example of the 1 mm 
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kidney slices used for stereological analysis in estimating kidney volume are shown in 

figure 8. 

 

Figure 7.  Homemade razor device used to cut pressure-perfusion fixed 

kidneys into approximately 1 mm slices, commonly referred to as the 

blades of death. 

 

Figure 8.  1 mm slices from a perfusion fixed kidney following ischemia 

reperfusion.  Slices were gently placed on a microscope slide as shown 
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and viewed under a microscope.  The dot grid used to measure the area of 

each slice is seen at the top of the image.  The measured areas were used 

to estimate the whole kidney volume by the Cavalieri Principle.  Note the 

dark medullary region representing the vascular congestion that occurs 

following IR.   

Depletion of medullary pericytes by transient enalapril treatment.  To 

pharmaceutically reduce pericyte density, we performed an experimental intervention by 

a method adapted from Baumann et al. which has previously been demonstrated to reduce 

renal pericyte density in SHR (Baumann, Hermans, et al., 2007).  In the study, male SHR 

were treated with the angiotensin receptor blocker losartan from 4-8 weeks of age and at 

12 weeks of age renal medullary pericyte density was decreased.  We utilized a similar 

approach in which a subset of rats were treated with either vehicle or the angiotensin 

converting enzyme inhibitor enalapril (10 mg/kg/day in tap water ad libitum) from 5 until 

9 weeks of age.  Water intake and body weight were measured every 2-3 days and fresh 

medicated water was prepared according to these measurements to ensure consistent and 

proper dosing with enalapril.  All rats received tap water from 9 to 13 weeks of age.  

There is a pericyte knockout mouse strain that is deficient in platelet-derived growth 

factor B and used by a group in Sweden (Leveen et al., 1994).  The limitation for using 

this mouse strain in our studies is that the entire body is deficient of PDGFB resulting in 

various abnormalities and complications in cardiovascular and renal health.  The 

treatment to reduce pericytes that we adapted does not drastically decrease pericyte 

density avoiding the effects of pericyte depletion seen in the knockout mice. 
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Blood pressure monitoring.  Systolic pressure was measured by tail cuff 

plethsomyography.  Specifically, rats were placed in a medium-sized rodent restrainer to 

prevent excessive movement.  The restrained rat was placed within a compartment with a 

controlled ambient temperature of 32oC (IITC Life Science, Wookland Hills, CA) that is 

housed in a quiet, isolated room.  The tails of the rats were passed through a 7/16” cuff 

with a photoelectric sensor.  The rats were acclimated to the tail cuff technique by 

following this procedure for 3 consecutive days prior to data collection.  Systolic blood 

pressure of each rat was determined by the average of 5 independent readings with at 

least a one minute break between each inflation of the pressure cuff. 

Statistical analysis.  All data are presented as mean ± SEM. Statistical analyses 

were performed using GraphPad Prism version 7.0 software (GraphPad Software Inc., La 

Jolla, CA).  Student’s t-test was used to two groups with one variable that is different.  

Multiple comparisons were carried out using two-way or three-way analysis of variance 

where appropriate.  Deming model II regression was used to determine the relationship of 

methods.  Correlation statistics were used to compare relationships between different 

injury markers.
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III. Aim 1: Sex Differences in Ischemia Reperfusion Injury in 

Sprague Dawley Rats 

Rationale for Aim 1:  Table 3 summarizes the experimental studies on rats that 

investigate sex differences in outcomes following IR.  These studies report that males 

have worse outcomes than females based on higher levels of BUN and PCr after IR in 

normotensive rats.  It is well understood clinically that, overall, men produce more urea 

and creatinine than age-matched women (as a result of having higher muscle mass) 

(Clark et al., 2014; Hosten, 1990) which is supported by an additional study that 

demonstrates that body-building athletes excrete more nitrogenous wastes than other 

athletes (Poortmans & Dellalieux, 2000).  This sex difference is also seen in age-matched 

rats where we find that adult male SD are ~65% larger than females and under normal 

conditions excrete 75% more creatinine when determined by creatinine concentration in 

the urine.  Since these calculations were made from healthy kidneys that filter and excrete 

all creatinine that is produced, we can conclude that male SD produce more creatinine 

than females, yet previous studies listed in Table 3 do not account for this difference in 

production.  With these conditions in mind, studies in Aim 1 were designed to establish a 

model of IR where males have worse outcomes than females by measuring renal function 

with the gold standard of inulin clearance.
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A. Results 

Kidneys from SD rats exhibit vascular congestion in the outer medulla following IR.    

To test our hypothesis that there is a sex difference in the development of renal 

injury, male and female SD were exposed to sham surgeries or IR for either 15, 30, or 45 

minutes.  Following 24 hours of recovery, kidneys were visually analyzed (Figure 9).  

Slight loss of color can be seen in male and female kidneys following 15 minutes of 

ischemia compared to shams.  Kidneys that had 30 or 45 minutes of ischemia also displayed 

loss of color in addition to a darkening of the medullary region, which represents vascular 

congestion.    
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Figure 9.  Representative histological kidney blocks from male and female 

SD rats 24 hours after sham, 15, 30, or 45 minutes of IR surgery.   

Male SD rats have greater increases in BUN than females following different levels of 

IR. 

Markers of renal function were measured in rats 24 hours following sham, 15, 30, 

or 45 minutes of ischemia.  Ischemia significantly increased BUN in both sexes where 

there was a three-fold increase in both sexes following 45 minutes of ischemia compared 

to shams.  Males had greater increases in BUN in response to IR than females.  The 

ischemic time that significantly drives this sex difference in BUN was 30 minutes of 



 

 

 52   

 

ischemia where males had 179% higher BUN compared to shams while females only had 

43% more compared to shams (Figure 10a).   

There was also a significant increase in PCr in both sexes following ischemia that 

reached nine-fold higher in males and eight-fold higher in females compared to shams in 

the group of rats that received 45 minutes of ischemia.  However there was no difference 

in PCr levels between the sexes and the increase in PCr following IR was also comparable 

(Figure 10b).   

 

Figure 10.  Effect of IR (15, 30, 45 minutes) on BUN (10a) and PCr levels 

(10b).  Values are mean ± SEM; n=4-6. 

Increase in proteinuria following IR is greater in male SD rats compared to females. 

Additional markers of injury were assessed 24 hours following sham, 15, 30, or 45 

minutes of ischemia.  Proteinuria increased following ischemia in both sexes, however, 

males had more proteinuria and exhibited a greater exponential increase as the ischemic 

time grew longer.  Following 45 minutes of ischemia, males had eight-fold more 

proteinuria compared to shams while females had ten-fold more than shams.  However, 
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males had two times more proteinuria at baseline compared to females and 60% more 

protein in their urine following 45 minutes of ischemia reperfusion (Figure 11a). 

Kidneys progressively increased in weight as the ischemic duration increased from 

15 to 45 minutes in both sexes.  Although males are larger rats and have heavier kidneys 

than females, the increase in kidney weight in response to ischemia was similar between 

the sexes (Figure 11b).   

Tubular injury and medullary congestion were assessed by histological analysis.  

IR resulted in a significant increase in VR congestion (11c), PT congestion (11d), tubular 

cast formation (11e), and tubular injury (11f).  Following 45 minutes of ischemia, VR 

congestion was approximately three-fold higher than shams, PT congestion and tubular 

cast formation was five-fold higher than shams, and there were 70% more medullary 

tubules damaged than in shams.  Male and female SD had comparable levels of tubular and 

vascular injury.  There was a tendency for males to have greater levels of tubular casts 

overall than females, however, this did not reach significance (p=0.056).  The increase in 

these injury markers following IR was similar in males vs. females.  Representative images 

show the extent of medullary injury following all ischemic durations in male and female 

SD (Figure 11g). 
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Figure 11.  Effect of IR on proteinuria (11a), kidney weight (11b), vascular 

congestion in VR (11c) and PT (11d), medullary tubular cast formation 

(11e), and tubular injury (11f) in male and female SD rats.  Representative 

images used to score congestion and casts (11g).  Values are mean ± SEM; 

n=4-6. 

 

� Note:  Much of the data in Figures 10 and 11 suggest that male SD develop greater 

injury in response to 30 minutes of ischemia compared to females.  Consequently, an 

additional set of male and female SD were used in the following experiment to 

determine if there is a sex difference in IR induced injury after 30 minutes of ischemia 

excluding other groups with 15 and 45 minutes of ischemia reperfusion. 

 

Male SD rats have greater increases in BUN than females following moderate IR. 

In a separate set of rats, the same markers were measured 24 hours following 30 

minutes of ischemia to assess renal function and injury.  BUN was significantly elevated 

in both sexes following IR compared to shams.  Males have more BUN than females but 
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this statistics is driven by the greater BUN levels in males following IR than females.  BUN 

in male SD increase by 113% and females only 49% following IR (Figure 12a).  PCr also 

increased in both sexes following 30 minutes of ischemia compared to shams, however, 

despite seeing a large (85%) increase in males and only a 48% increase in females, there 

was no significant difference between the sexes in PCr overall or after IR (PSEX*IR=0.4).  

Upon further analysis of the data, one particular female had a two-time higher PCr 

concentration than the other females after IR and is a significant outlier.  If this single 

female were removed then the PSEX*IR would become 0.0008 (Figure 12b).  Given that the 

data point is in fact an outlier and that IR surgeries can be variable, the new p-value may 

better represent the relationship.  More rats need to be included in order to ensure that the 

outlier is not a value from the tail of the distribution. 

Vascular and tubular injury were also determined by histological analysis as before.  

IR resulted in significant increases in VR congestion where there was approximately 15% 

more VR that were congested in male and female rats following 30 minutes of ischemia 

compared to shams; this increase was comparable between the sexes (Figure 12c).  There 

was a similar increase found in PT congestion where males had 20% more vessels 

congested and females had 30% more compared to shams; this increase in PT congestion 

following IR was comparable between the sexes (Figure 12d).  Although there was no 

significant effect on protein cast formation (Figure 12e), ischemia significantly increased 

tubular damage in both sexes when assessing multiple criteria for tubular injury.  20% of 

tubules were damaged as a result of 30 minutes of ischemia, however, there was no effect 

of sex (Figure 12f). 
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Figure 12.  A subset of rats were used to determine the effect of 30 minutes 

of ischemia on BUN (12a), PCr (12b), VR (12c) and PT (12d) congestion, 

protein cast formation (12e), and tubular injury (12f) in male and female SD 

rats.  Values are mean ± SEM; n=5-6. 

Inulin clearance was attenuated similarly in both sexes following IR. 
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We assessed kidney function in the same rats as in Figure 12, 24 hours following 

30 minutes of ischemia, using the gold standard method of inulin clearance.  Contrary to 

the BUN data above, there was no sex difference in the loss of renal function after IR.  

Inulin clearance was monitored throughout the first 24 hours following 30 minutes of 

ischemia (2, 12, and 24 hour collections) and compared to baseline levels.  Both sexes had 

significantly less kidney function throughout the collection times following IR.  This 

response to IR was comparable between the sexes where males had a 35% reduction in 

clearance and females had a 32% drop (Figure 13a).  Since males had higher clearance than 

females overall, values were subtracted from the baseline averages and shown in Figure 

13b. 

Plasma inulin concentrations used to calculate clearance had a similar response 

following IR.  Inulin levels in the plasma increased following IR, however this increase 

was comparable between males vs. females (Figure 13c).  Baseline was subtracted since 

females had higher levels of plasma inulin to more clearly show the comparison between 

the sexes (Figure 13d).   
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Figure 13.  The effect of 30 minutes of ischemia on inulin clearance (13a) 

and inulin plasma concentrations (13c) at 2, 12 and 24 hours following 

surgery.  Baseline levels were subtracted from clearance (13b) and plasma 

concentrations (13d), respectively.  Values are mean ± SEM; n=5-6. 

B. Discussion 

The major finding of this study is that there is no sex difference in injury or loss of 

function 24 hours following IR in SD.  Although Table 3 lists several studies that 

examine sex differences in outcomes following IR including SD with similar duration of 

ischemia, they all measure BUN and PCr as the markers for comparison.  In addition to 

clinical data that elucidates how men produce more urea and creatinine than age-matched 
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women (Clark et al., 2014; Hosten, 1990), we now also have data showing the same 

relationship in male SD males vs. females.  Therefore, if the kidneys are injured, more 

waste products in the plasma will be detected in males than females even if injury is 

comparable.  In these studies from Aim 1, the loss of kidney function in males and 

females in response to IR as detected by BUN and PCr was not the same as when 

measured by inulin clearance.  We found that males have significantly higher BUN than 

females 24 hours following 30 minutes of ischemia, however, the decrease in inulin 

clearance in these same rats was similar between the sexes.  To assess renal function 

clinically, PCr is used to calculate eGFR, which also takes into account several factors 

including sex and body weight.  Our findings in Aim 1 stress the importance of 

considering these factors experimentally and that differences measured in BUN and PCr 

are affected by differences in production.  

To determine the duration of ischemia to be used future studies in order to establish a 

model for our lab to use, we performed an array of ischemia times on SD to see if there 

was a sex-specific response to different degrees of IR induced injury.  Although the high 

pressure created by reperfusion does contribute to injury (Haab et al., 1996), a previous 

study demonstrates that the duration of ischemia is more critical than reperfusion in 

determining the extent of IR induced injury (Willgoss, Zhang, Gobe, Kadkhodaee, & 

Endre, 2003).  Therefore, we chose a short, intermediate, and long ischemia duration for 

comparison.  The only markers measured that had a significant sex difference in the 

development of injury following 15, 30, and 45 minutes of ischemia were BUN and 

proteinuria.  However, upon closer inspection, the majority of markers appeared to be 
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higher in the males compared to females following 30 minutes of ischemia.  Our data 

demonstrate that moderate ischemic injury is the most sensitive and has the best chance 

of showing a sex difference in the markers measured.  There is possibly a ceiling effect 

on rats with severe ischemia which would explain the lack of a difference between sexes 

after 45 minutes of IR.  We were able to replicate this observation and find that, in fact, 

males do have greater increases in BUN and PCr (if the one female outlier is removed) 

after 30 minutes of IR. 

The main limitation in using BUN and PCr to compare kidney function between age-

matched males and females is the fact that levels of urea and creatinine are higher in 

larger male rats.  We found that in a small group of SD, adult males averaged 375 grams 

in body weight while females averaged 240 grams.  Male rats have greater muscle mass 

whereas females have greater percentage of fat.  This results in more nitrogenous waste 

products being produced in males and the presence of more protein (Jacobsen et al., 

1994).  Performing a creatinine assay on urine collections indicate that male control SD 

excrete 37 mg of creatinine a day where females excrete 28 mg a day.  Since PCr 

exponentially increases following IR, the greater load of creatinine found in male urine is 

retained in the blood when the kidneys are injured.  To test this hypothesis, we infused 

the same amount of inulin into both male and female rats and monitored inulin clearance.  

The infusion rate of inulin taken from a previous study was the desired target for our 

study (Biederman et al., 2005), however, this study examined rats with similar weight 

and sex.  The same concentration of inulin in the blood in males vs. females would be 

ideal our studies.  Figure 15c demonstrates that females have a higher concentration of 
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inulin due to the same concentration of inulin being infused in each sex but females have 

lower extracellular fluid volume than males.  In this case, the exponential increase of 

inulin following a loss of kidney function would be favored in females.  Future studies 

will manipulate the mini-pump inulin concentration to be infused in males and females to 

obtain similar inulin plasma concentrations in each sex.  Importantly, the basal 

concentration of inulin in our experiment was 0.2 mg/dl which is half of the level of 

creatinine (0.4 mg/dl) and almost ten-fold less than BUN.  These would suggest that, 

although circulating inulin is not the same concentration in males as in females in this 

study, it is still a better indicator than the traditional markers due to lower plasma 

concentrations. 

Although not statistically significant, baseline PCr is consistently higher in female SD 

compared to males in our studies.  Studies in Table 3 that use SD do not report sex 

differences in PCr in shams.  The rat strain used in Aim 2, SHR, also does not exhibit this 

difference.  The cause of elevated PCr in female sham SD was not determined in these 

studies.  This observation does not appear to effect the data, however. 

In conclusion, our studies provide evidence that there is not a sex difference in injury 

24 hours following IR in SD.  Studying sex differences in IR induced injury is not novel 

as displayed in Table 3, however, these previous reports, especially the few that 

examined SD, used BUN and PCr as markers to compare between males and females 

without considering differences in production.  We were able to replicate the difference 

in BUN and PCr increases but attribute this to differences in production and body size 
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since there was no difference determined with inulin clearance.  Most of the other studies 

use different types of IR and ischemia duration which may explain the conflicting data.  
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IV. Aim 2: Sex Differences in Ischemia Reperfusion Injury in 

Spontaneously Hypertensive Rats 

Rationale for Aim 2:  Although high blood pressure is a common risk factor for AKI 

(Chawla et al., 2014), little research in IR-induced AKI is done using hypertensive animal 

models and no studies to date have examined sex differences.  The study described in 

Table 2 indicates that hypertensive male SHR have worse outcomes compared 

normotensive SD and Wistar Kyoto rats.  To include an additional strain of rat in our 

studies we chose to include SHR to determine if there was a sex difference in IR induced 

injury 24 hours after insult and following a longer recovery of 7 days.  The limitation of 

using BUN and PCr that was discussed in Aim 1 also applies to SHR.  Male SHR are 

~60% larger in size and produce twice as much creatinine a day basally than age-matched 

females.  The difference between the sexes still remains where male SHR produce more 

creatinine than females.  Studies in Aim 2 will test the hypothesis that hypertensive males 

have worse outcomes following IR than females when assessed after a short and long-

term recovery period.   

A. Results 

SHR have comparable outcomes in males vs. females following severe IR. 

Since most of the studies in Table 3 found a sex difference after a severe level of 

IR, markers of injury were assessed 24 hours following 45 minutes of ischemia in SHR in 
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this first study.  Markers of renal function measured in the plasma increased following IR 

where BUN increased three-fold in males and four-fold in females (Figure 14a) and PCr 

increased seven-fold in males and six-fold in females (Figure 14b).  There was no 

significant effect of sex.   

Tubular injury was assessed by histological analysis.  45 minutes of ischemia 

resulted in a significant increase in tubular cast formation (Figure 14c) and tubular injury 

(Figure 14d) where more than 60% of tubules showed signs of injury in each sex after 

insult.  Male and female SHR had comparable levels of tubular injury and the response to 

IR was also similar between the sexes.   

Proteinuria increased five-fold in males and six-fold in females following IR 

(Figure 14e).  However, males had more protein in their urine overall compared to females.  

The response to IR in each sex was comparable.  Protein expression of the biomarker 

NGAL was determined in the cortex via Western blot imaging.  NGAL expression 

increased in both sexes following IR, however, there was no effect of sex (Figure 14f).  

Representative images of the renal medulla in sham and IR rats depict the high levels of 

tubular injury found following IR that is apparent in both males and females (Figure 14g). 
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Figure 14.  Effect of 45 minutes of 

ischemia on BUN (14a), PCr (14b), 

protein cast formation (14c), tubular 

injury (14d), proteinuria (14e), and 

cortical NGAL protein expression 

that is normalized with actin (14f) in 

male and female SHR.  

Representative images used for the 

assessment of tubular damage (14g).  Values are mean ± SEM; n=3-10. 

 

� Note:  SHR do not exhibit a sex difference in injury 24 hours following severe 

ischemia.  Since the duration of ischemia affected the level of injury found in males vs. 

females (data for Aim 1) and the mortality rate in both sexes were high when allowed 

to recover for several days, we administered a moderate level of IR injury on an 

additional set of SHR by performing 25 minutes of ischemia.     

 

SHR have comparable outcomes in males vs. females following moderate IR. 

 Markers of renal function and injury were measured in SHR 24 hours following 25 

minutes of ischemia.  25 minutes of IR resulted in an increase in these markers similar to 

what was shown following 45 minutes of ischemia, however, the increase in levels were 

not as severe.  Ischemia significantly increased BUN in both sexes where there was less 

than a two-fold increase following ischemia compared to shams.  There was no significant 
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effect of sex (Figure 15a).  There was also a significant increase in PCr in males (65% 

greater) and females (50% greater) following ischemia.  Again, the difference in PCr levels 

in males and females were comparable and the response to IR was also similar between the 

sexes.  (Figure 15b).   

Vascular congestion was assessed following ischemia by histological analysis.  IR 

resulted in a significant increase in VR congestion (15c) and PT congestion (15d).  

Approximately 50% of VR and 30% of PT became congested following IR in both sexes.  

Congestion was comparable in males vs. females and the response to IR between the sexes 

was not different.   

Tubular injury was also quantified and scored.  The level of tubular cast formation 

(15e) was comparable between all groups.  Tubular injury (15f) increased in both sexes 

following IR where 32% of tubules became damaged in males and 17% of tubules in 

females showed signs of injury.  The amount of tubular damage was not different in males 

vs. females and, although males had nearly 2x more damaged tubules than females, there 

was no significant sex difference in the response to IR. 
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Figure 15.  Effect of 25 minutes of ischemia on BUN (15a), PCr (15b), VR 

congestion (15c), PT congestion (15d), tubular cast formation (15e), and 

tubular injury (15f) in male and female SHR.  Values are mean ± SEM; n=2-

8. 
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Male SHR had a greater decrease in the clearance of inulin following IR compared to 

females, however, there was no difference in the increase of plasma inulin 

concentration. 

Kidney function was also assessed in the same rats as in Figure 15 by monitoring 

inulin clearance and plasma concentration at 2, 12 and 24 hours following 25 minutes of 

ischemia.  Inulin clearance decreased following IR in both sexes.  Males had a 60% 

decrease in clearance 24 hours after IR compared to baseline where females only had a 

20% reduction (Figure 16a).  Since males had higher clearance than females overall, values 

were subtracted from the baseline averages and shown in Figure 16b for visual purposes.   

Plasma inulin concentrations had a similar response following IR as with clearance.  

Inulin levels in the plasma increased following IR where males had a 71% increase in 

concentration 24 hours after insult and females returned to baseline levels but there was no 

significant difference in the response to IR between the sexes (Figure 16c).  Baseline was 

subtracted since females had higher levels of plasma inulin pre-IR to more clearly show 

the comparison between the sexes (Figure 16d).   
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Figure 16.  The effect of 25 minutes of ischemia on inulin clearance (16a) 

and inulin plasma concentrations (16c) 2, 12, and 24 hours following IR.  

Baseline levels were subtracted from clearance (16b) and plasma 

concentrations (16d), respectively.  Values are mean ± SEM; n=5-6. 

 

� Note:  Our data suggests that the initial response to IR was the same in males and 

females when examining at 24 hours post IR.  Since several studies from Table 3 report 

sex differences after a longer recovery than 24 hours, we took a subset of rats and 

allowed then to recover for 7 days.  Initial studies monitored SHR following 45 minutes 
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of ischemia, however, all rats did not live past 4 days.  Therefore, recovery from 25 

minutes of ischemia was monitored for 7 days in SHR before sacrifice.    

Male SHR display elevated levels of PCr seven days after IR while females return to 

baseline levels. 

Kidney function was assessed by PCr 7 days following 25 minutes of ischemia and 

compared to baseline levels.  PCr was higher following IR in both sexes, however, males 

had greater PCr than females and the increase in response to IR was greater in males than 

females.  Males had nearly 80% more PCr 7 days after IR where females only had 2% more 

than baseline (Figure 17a).   

Proteinuria was measured at baseline and days 1, 3, and 7 following IR.  Protein in 

the urine that was excreted each day was significantly greater after IR in both sexes, 

particularly at day 1 where protein excretion in males increased from 16.2 to 41.2 mg/day 

(154% increase) and females increased from 2.4 to 15.7 mg/day (554% increase).  Not only 

did males have more proteinuria overall compared to females but they also had a 

significantly larger increase in protein excretion following IR (Figure 17b). 

BUN at 7 days following IR (Figure 17c) and BUN at days 1, 3, and 7 after IR were 

compared to baseline (Figure 17d).  At 7 days following IR, BUN was comparable to 

baseline in both sexes.  When looking at the progression of BUN following IR, both sexes 

had elevated levels most markedly at day 1 post-IR and gradually decreased near baseline 

levels at 7 days after IR.  Males ended with 46% more BUN 7 days after IR compared to 

baseline where females had 16% more at the end of the study, however, there is one outlier 
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that makes the males appear to have a higher average than the females.  Overall males had 

more BUN than females but the response to IR was comparable between the sexes. 

Systolic blood pressures were determined before, 4 days after, and 7 days after IR.  

Blood pressure was not affected by IR surgery.  The sex difference in blood pressure found 

in SHR was sustained throughout the study where males had higher blood pressures than 

females (Figure 17e).  High levels of tubular damage are seen in the cortical and medullary 

regions of male kidneys (Figure 17f). 
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Figure 17.  The effect of 25 minutes of ischemia 7 days following surgery 

on PCr (17a) and BUN (17c).  Proteinuria (17b) and BUN (17d) were 

monitored for a week following IR with collections falling on day 1, 3 and 

7 after insult.  Systolic blood pressure was determined before, 4 days and 7 

days after IR (17e).  Values are mean ± SEM; n=5-10. 

Male SHR had greater vascular congestion and tubular damage 7 days following IR. 

 Structural changes were also assessed in the same rats that were used to collect data 

for Figure 17.  Medullary PT congestion was scored in SHR 7 days after 25 minutes of 

ischemia.  Males had 20% of PT congested a week following IR where females had 0% 

congested (Figure 18a).  Males also had more tubular damage where more than 44% of all 

medullary tubules showed signs of damage compared to less than 1% of tubules were 

damage in females at the same time point after IR (Figure 18b). 
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Figure 18.  Peritubular capillary 

congestion (18a) and tubular damage 

(18b) were scored in male and female 

Spontaneously Hypertensive rats 7 days 

following ischemia reperfusion.  

Representative images of the cortical and 

medullary regions of the kidney in male 

and females (17c).  Values are mean ± 

SEM; n=5-6. 

 

B. Discussion 

The major finding of this study is that there is evidence of a sex difference in the 

recovery of renal function 7 days following IR in SHR.  We found that male SHR maintain 

elevated levels of PCr 7 days following IR compared to baseline whereas PCr in females was 

comparable to baseline levels.  There are clinical reports that indicate higher levels of 

mortality in men compared to women after the development of AKI (Chertow et al., 1998).  
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Although none of our animals died following the moderate level of IR insult administered 

(25 minutes of IR), our data does support the reported sex difference where males have 

worse long-term recovery following IR than females.  We speculate that using a more 

severe IR insult would expose a sex difference in mortality and result in more male deaths 

than females.  In a pilot study we found that 2/3 of male SHR died 4 days following 45 

minutes of IR and the only female included in the study lived and looked healthy.  Further 

understanding this sex-specific response may lead to future treatments for better outcomes 

following an ischemic event. 

Our data indicates that we cannot completely rule out the possibility of a sex 

difference in IR induced injury 24 hours following 25 minutes of ischemia in SHR.  Our 

data looking at tubular injury, vascular congestion, and renal function assessed by plasma 

inulin concentration, BUN, and PCr markers indicates that there is no sex difference in the 

outcome after IR.  However, our data in the same rats also indicate that males lose more 

renal function compared to females when assessed by inulin clearance, where females had 

a smaller decline in inulin clearance and began to return close to baseline levels 24 hours 

after surgery.  Furthermore, the data from the group of rats that we allowed to recover for 

7 days displayed higher levels of BUN in males 24 hours after IR vs. females.  These 

inconsistencies in results make it difficult to reach a strong conclusion on whether there is 

a sex difference in the response to IR 24 hours following moderate ischemia in SHR.  The 

urine output in SHR after IR was very inconsistent in the time period when it was collected, 

preventing an accurate calculation of clearance.  Additionally, clearance is constantly 

changing early after IR and no set rate is reached to base the calculation on.    A 
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conclusion drawn from Aim 1 is to take caution in comparing renal function between males 

and females when assessed by BUN and PCr measurements.  Creatinine and urea are 

extremely sensitive markers of function that are only increased in the plasma after a 

substantial amount of kidney function is lost.  Despite concerns to use PCr to assess sex 

differences between groups, within group comparisons still remain valid.  With this in 

mind, the fact that PCr is still elevated in male SHR 7 days following IR compared to 

baseline levels and female PCr levels are similar to baseline indicates that males still have 

reduced kidney function where females have restored their kidney function to normal.  

Male SHR also tend to maintain elevated levels of BUN compared to baseline; however 

this did not reach significance.  Future studies measuring inulin clearance are needed to 

confirm this data, however, the within group comparisons of PCr are convincing that there 

will be a sex difference found in recovery.  Additional time points of recovery may be 

included since other studies have reported sex difference in IR outcomes after 48 hours 

specifically using bilateral ischemia (Table 3). 

 As stated before, the inulin data in Aim 2 is difficult to completely understand.  

Plasma inulin concentrations may be the better marker to use in this study compared to 

clearance since clearance is measured at such short intervals.  If male SHR have do in fact 

lose more renal function than females as indicated by inulin clearance then one would 

suspect that BUN and PCr would also be higher in males.  However, that is not the case 

seen in this group of animals.  One explanation for the lack of sex difference in waste 

products in the plasma could be that 25 minutes of ischemia is a mild injury insult and the 

exponential increase in these markers is not substantial enough to show a difference.  In 
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the separate set of SHR that were allowed to recover for 7 day following IR, BUN was 

detected to be higher in males vs. females 24 hours after surgery.  Repeating this study 

with slightly longer ischemic period may help delineate these inconsistent results. 

 When comparing inulin clearance between SD in Aim 1 to SHR in Aim 2, a clear 

difference is seen by the presence of a huge drop in clearance 2 hours following insult in 

only SHR.  SHR produced very little to no urine during this first two hours of collection 

following surgery, whereas SD were able to produce urine with no problem during this 

time.  SHR would benefit from having longer collection periods of 12 or 24 hours to enable 

a more accurate calculation of clearance.   

 Upon further analysis of a comparison between SHR and SD, the extent of the loss 

of renal function and injury do not seem to be different between the two rat strains 

following similar durations of ischemia.  This data would suggest that, even though 

hypertension is a risk factor for AKI, high blood pressure does not worsen IR induced 

injury early following insult.  This observation may be premature since SD are a different 

strain of rat and not normally used to test against SHR (Zhang-James, Middleton, & 

Faraone, 2013).  Additionally, SD are larger rats than SHR and urine creatinine in control 

rats is higher in SD than SHR.  Going off of the data we have, there is no evidence that 

hypertension worsens outcomes following IR. 

 In conclusion, our studies provide evidence that male SHR have worse outcomes 

following IR compared to females where kidney function is still impaired 7 days 

following IR in males but not females.  Few studies have examined IR induced injury 

using hypertensive animal models where none include females.  Previous studies using 
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normotensive animals indicate that salt-sensitive hypertension is developed after IR 

(Basile, Leonard, Tonade, Friedrich, & Goenka, 2012; Pechman, Basile, Lund, & 

Mattson, 2008) which is attributed to negative responses that effect long-term renal 

function (Basile et al., 2001).  These data suggest that hypertension does not necessarily 

effect immediate injury following IR, rather would exacerbate long-term recovery.  

Additionally, SHR have less renal vascular density than normotensive Wistar Kyoto rats 

(Yang & Murfee, 2012).  If the same difference is seen compared with SD then the 

vascular congestion that occurs following IR may have worse effects in SHR long-term.  

In our studies, higher vascular congestion and tubular injury in male SHR is associated 

with maintained higher levels of PCr. 
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V. Aim 3: Volume Expansion Following Ischemia 

Reperfusion 

Rationale for Aim 3:  Kidneys that have had IR are visibly larger than sham kidneys.  

One proposed reason for this volume expansion is from an increase in vascular leakage 

(Scallan et al., 2010).  Fluid buildup in the interstitial space increases the pressure to 

surrounding tissue and can cause RBC congestion (Hellberg, Bayati, et al., 1990), and 

also increases kidney volume.  Ultrasound imaging is a safe, non-invasive procedure 

often done to assess renal injury; however, it is not used to monitor renal volume.  

Studies in Aim 3 will first determine if ultrasound assessment is a viable method to 

measure regional kidney volume following IR.  Studies will evaluate the use of kidney 

volume measurements as an IR injury marker. 

A. Results 

Stereological assessment detects an increase in kidney volume following IR. 

Regional kidney volume was estimated by the gold standard stereological assessment 

to determine the effect of IR.  Male SHR demonstrate a 9% increase in total kidney 

volume following 45 minutes of ischemia and 24 hours of reperfusion compared to 

controls while females exhibit an 11% increase.  Male SHR have larger kidneys than 
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age-matched females, however, there is no difference in the effect of IR by sex (Figure 

19a).  Within the kidney, cortical volume in male and female SHR does not change 

following IR.  Cortical volume is greater in males vs. females but there is no significant 

difference in males vs. females in response to IR (Figure 19b).  An increase in medullary 

volume is detected by stereology following IR.  Again, males have larger medullary 

volume than females, but the response to IR was comparable between the sexes.  Male 

SHR exhibit a 12% increase in medullary volume post IR compared to controls, whereas 

female SHR exhibit a 21% increase (Figure 19c).   

 

Figure 19.  The effect of 45 minutes of ischemia on whole kidney (19a), 

cortical (19b), and medullary volume (19c) in male and female SHR 

assessed by stereological assessment 24 hours following IR.  Values are 

mean ± SEM; n=6. 
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Ultrasound imaging detects an increase in volume of all regions of the kidney 

following IR. 

Ultrasound 3D recording was performed on kidneys to determine regional volume 

24 hours following IR.  Whole kidney (20a), cortical (20b), and medullary volume (20c) 

was greater following IR compared to controls.  All regions of the kidney were larger in 

males than females, however, the effect of IR was comparable between the sexes.  Whole 

kidney volume was measured before and after IR, measurements were also taken for 

control rats at the same time intervals.  Following 45 minutes of ischemia, whole kidney 

volume in male SHR was 14% larger than pre-IR and 22% larger than controls.  Female 

whole kidney volume following IR was 29% larger than kidneys pre-IR and 28% larger 

compared to controls (Figure 19d).   
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Figure 20.  The effect of 45 minutes of IR on whole kidney (20a), cortical 

(20b), and medullary volume (20c) in male and female SHR assessed by 

ultrasound imaging 24 hours following insult.  Whole kidney volume 

measurements in control and IR rats before and after surgery (20d).  

Abbreviations: pre-surgery (pre), post-surgery (post).  Values are mean ± 

SEM; n=6. 

The use of ultrasound imaging to measure regional kidney volume correlates with 

stereological assessment.  

Regional kidney volume measurements taken by 3D ultrasound acquisition were 

compared to stereological assessment.  Whole kidney (21a), cortical (21b), and medullary 
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volumes (21c) significantly correlated using each method of measurement.  The y-

intercept can be assumed to equal 0.  The slope can be assumed to equal 1 for the cortical 

volume measurement, but there is significant evidence that there is at least a proportional 

difference between the two methods when measuring whole kidney and medullary 

volume.   

 

Figure 21.  Volume measurements of whole kidney (21a), cortex (21b), and 

medulla (21c) taken by ultrasound imaging and stereological assessment 
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were compared for each rat.  95% confidence intervals (95 CI) are listed 

with a 1 denoting the inclusion of a slope of 1 or a 0 indicating the inclusion 

of a y-intercept (y-int) of 0.  Dotted line represents a slope of n=1. 

 

� Note:  Now that we were able to justify the use of ultrasound imaging to measure 

regional kidney volume, we wanted to assess the use of volume as an injury marker for 

IR. 

 

Increases in regional kidney volume depend on the severity of IR insult. 

Various degrees of IR insult were administered on SD to determine the effect on 

regional kidney volume.  Sham, 15, 30 and 45 minutes of ischemia were performed on 

SD and 24 hours following surgery, total kidney (22a), cortical (22b) and medullary 

volumes (22c) were quantified.  All regions of the kidney increased in volume following 

varying degrees of IR injury.  Males have larger kidneys than females, however, there 

was no difference in the response to IR between the sexes.   
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Figure 22.  Volume measurements of total kidney (22a), cortex (22b), and 

medulla (22c) were recorded by ultrasound imaging in SD 24 hours 

following 15, 30, or 45 minutes of IR.  Values are mean ± SEM; n=4-6. 

 

Medullary volume correlates with extent of tubular damage early after IR. 

Each individual rat included in Figure 22 had their calculated total kidney volume 

matched with their BUN (Figure 23a), PCr (Figure 23b), and tubular injury scores (Figure 

23c).  Kidney volume in males and females correlated with each marker of IR injury.  

The strength of the correlation indicated by the r value is high for both sexes with BUN 
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(males = 0.76; females = 0.81), PCr (males = 0.71; females = 0.79), tubular damage 

(males = 0.77; females = 0.79). 

Total medullary volume was compared to tubular damage in these rats where both 

male and female rats had significant correlations.  The r value for each sex was high with 

males being 0.65 indicating 40% of the variance was related to regression line and 

females was 0.84 indicating 70% of female tubular injury variance was related to the 

fitted regression line. 

 



 

 

 89   

 

Figure 23.  Renal volume is compared to various markers of injury in rats 

24 hours following IR.  Total kidney volume is compared with BUN (23a), 

PCr (23b), and tubular damage (23c).  Total medullary volume is also 

compared to tubular damage (23d).  n=18-20.   

 

� Note:  The previous study showed a correlation with kidney volume and various injury 

markers 24 hours following IR, including tubular injury.  This next study compares 

renal volume to IR induced injury 7 days after recovery. 

 

Progression of kidney volume changes during recovery from IR are different in males 

vs. females.   

 Volume of both kidneys in SHR was determined via ultrasound imaging at baseline 

and days 1, 3 and 7 following 25 minutes of IR.  There is not a significant change in kidney 

volume following IR, but males have significantly larger kidneys than females (Figure 

24a).  Kidney volume was normalized by body weight which negated the sex difference 

(Figure 24b).  There is a significant increase in kidney size in both sexes when the data is 

plotted with percent change from baseline (Figure 24c).  
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Figure 24.  Tracking of total kidney volume in rats for 7 days following 25 

minutes of IR.  Panel a is the raw total volume, b is the total volume divided 

by the body weight of the rat, and panel c is the percent change in volume 

from baseline.  Values are mean ± SEM; n=6. 

 

Kidney volume correlates with extent of tubular damage a week following IR. 

 Total kidney volume measurements in SHR 7 days following 25 minutes of IR were 

correlated with BUN (Figure 25a), PCr (Figure 25b), and tubular damage (Figure 25c).  

BUN in females, and not males, significantly correlated with changes in renal volume with 

a low r value of 0.46 indicating that only 20% of variance was related to its regression line.  
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PCr in both sexes significantly correlated with total kidney volume.  The r value was high 

(0.71) indicating that 50% of variance was related while the r value in females was a little 

lower (0.56) indicating that 30% of variance was related to their respective regression line.  

Tubular injury correlated with kidney volume exclusively in the males (r value=0.69) with 

50% of male variance being related to the fitted regression line. 

 

Figure 25.  Renal volume is compared with BUN (25a), PCr (25b), and 

tubular damage (25c) 7 days following 25 minutes of IR.  n=18-20.   
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B. Discussion 

The major finding of Aim 3 is that volume changes following IR positively 

correlate with tubular damage in the renal medulla at 24 hours and 7 days after IR.  Renal 

volume has been described to be an important indicator of the success of a kidney 

transplant (Narasimhamurthy et al., 2017; Oh et al., 2005) as well as the diagnosis of 

chronic kidney disease (Vegar Zubovic, Kristic, & Sefic Pasic, 2016), however, volume 

expansion in response to IR is not understood.  In one particular study, an unhealthy 

decrease in kidney volume was detected several weeks following IR (Velroyen et al., 

2014), but monitoring volume early after IR is not documented.  Our studies were able to 

provide insight into renal volume expansion in response to IR and show that increases in 

volume are associated with increased tubular damage. 

A second finding is that using ultrasound imaging to quantify regional kidney 

volume following IR in rats is as effective as the gold standard of stereology.  Other 

studies have compared the use of ultrasound in measuring kidney volume to various other 

methods (Bakker et al., 1999; Ninan et al., 1990).  In one of these studies, ultrasound was 

described as the better method to use and in the other ultrasound underestimated volume 

compared to magnetic resonance imaging when measuring normal human kidneys.  The 

novelty of our studies is that we measured cortical and medullary volumes using the 

ultrasound in response to IR.  We were able to detect differences in regional kidney 

volume following IR using ultrasound confirming this method as being sensitive enough 

to detect changes in volume.  Our studies further validate the use of ultrasound imaging 
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for quantifying regional kidney volume in rats by showing significant correlations with 

stereology assessment.   

A critical gap in the clinic is the inability to differentiate between prerenal and 

intrinsic AKI.  PCr is often the marker used to diagnose these two since both are associated 

with a sudden drop of blood delivery to the kidneys, however, intrinsic AKI is also 

associated with other pathological changes such as acute tubular necrosis that may linger 

well after renal function has recovered.  Our studies indicate that there is a strong positive 

correlation between kidney volume and tubular injury following IR.  Of note, renal volume 

in females 7 days following IR did not significantly correlate with tubular damage, 

however, the renal volume begins to return to the size at baseline and there is very little 

tubular damage detected.  Males, on the other hand, begin to drastically increase in volume 

nearing 7 days following IR.  This is matched with sustained elevations in vascular 

congestion and increased levels of tubular damage compared to 24 hours post IR.  Although 

we only show correlative data in males, the same could potentially be seen in females if 

they still exhibited tubular damage at the time point studied.  Monitoring renal volume via 

ultrasound imaging in the clinic may provide a way to differentiate intrinsic AKI from 

prerenal by detection of tubular injury.  

According to our data, there is statistically significant evidence of at least a 

proportional difference between ultrasound and stereology.  Upon analysis of the data, it 

appears that ultrasound under-estimates larger kidney volume measurements.  One 

explanation to this is that there is a small error in calculating volume with the ultrasound 

that is amplified in larger kidneys affecting the results.  An additional explanation is that 
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stereology actually over-estimates volume in the kidney.  Before stereological analysis, the 

kidneys visibly increase in size during the pressure perfusion step required for stereology.   

Normally, during stereological assessment, the area of each section of the kidney 

after slicing is used when calculating the volume with Cavelieri’s formula.  However, 

following perfusion fixation of the kidneys, the slices did not always hold shape when 

removing them from the blade device.  Since not all slices were complete, particularly 

slices in the middle of the kidney near the hilus, volume was estimated by only using every 

other section.   

Ultrasound imaging is a fairly easy method to use to determine renal volume; 

however, there are a few complications that are associated with this procedure.  Rats have 

to be lightly sedated while recordings are in process to ensure the animal does not move.  

Other factors that may disrupt the image acquisition are movement from respiration, 

obstruent organs, or air pockets in the abdomen.  Most of these limitations are non-factors 

clinically.  Additionally, the benefits outweigh the cons since ultrasound imaging allows 

for non-invasive quantification of kidney volume that can be repeated and monitored over 

time. 

 Renal medullary volume was initially the hypothesized marker that could detect 

vascular injury.  However, due to the highly permeable nature of the kidneys to allow for 

high reabsorption and counter current systems, the kidney proportionally increases in size 

following IR when assessed with ultrasound.  Additionally, markers that were 

significantly correlated with medullary volume were also correlated with total kidney 

volume. 
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In conclusion, volume is a well-accepted marker of injury following IR, however, 

we show evidence that the volume changes in response to IR may be sex-dependent 

where females have an initial increase in volume then begin to recover and males are 

slower to increase in volume but continue to do so 7 days following IR.  The cause of this 

continued expansion could be explained by the elevated vascular congestion and tubular 

injury that is exhibited in these rats.  More studies will need to be performed to better 

understand the link between renal volume and medullary injury, but our data provides 

convincing evidence indicating that volume measurements with the ultrasound can be 

used experimentally to monitor AKI.
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VI. Aim 4: Role of Medullary Pericytes in Ischemia 

Reperfusion 

Rationale for Aim 4:  Male SHR in Aim 2 exhibited higher vascular congestion and 

tubular injury 7 days after IR compared to females who had no congestion a and very 

little tubular damage.  This was matched with elevated PCr levels compared to baseline in 

only males.  Females had similar levels of creatinine as seen at baseline.  Vascular 

congestion is linked to kidney function where greater RBC congestion that occurs 15 

minutes following IR leads to more renal dysfunction 4 weeks after IR (Hellberg, Bayati, 

et al., 1990).  Little is known as to why medullary vessels are prone to become congested 

following IR.  A unique characteristic of these vessels is that they are surrounded by 

contractile cells called pericytes.  Higher pericyte density has been associated with 

improved outcomes following renal transplantation surgery (Kwon et al., 2008).  The 

goal of the following studies was to determine the role of pericytes in IR injury. 

A. Results 

Lower pericyte density is associated with increased PT congestion following IR. 

Pericyte density was assessed by positive immunofluorescence using an NG2 antibody 

along with visual identification of stained cells bordering the VR.  A
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representative image of NG2 positive pericytes on two VR is shown in Figure 1; NG2 

stains the outline of the cell red and DAPI stains the nucleus blue confirming the presence 

of a cell body.  We performed a bivariate correlation analysis comparing pericyte density 

to renal injury in SHR that received 45 minutes of IR.  Both male and female SHR 

demonstrated a strong negative correlation between pericyte density and vascular 

congestion, where rats with less pericyte density had higher PT congestion (Figure 26a).  

Female SHR also exhibited a significant negative correlation between pericyte density and 

plasma creatinine, but statistical significance was not reached in males (Figure 26b).  Our 

data also indicate a significant negative correlation between pericyte density and BUN 

(Figure 26c) among female, but not male SHR, and pericyte density tended (p=0.052) to 

negatively correlate with tubular cast formation in only in females (Figure 26d).  

Alternatively, only male SHR demonstrated a significant negative correlation between 

pericyte density and tubular damage (Figure 26e).  Lastly, although some were not 

significant, the regression line slopes of males vs. females were not significantly different 

for each injury marker correlation graph. 
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Figure 26.  Correlation of renal injury markers and pericyte density 

determined by NG2 immunofluorescence.  Data from each individual 

animal that underwent IR surgery are shown; males are represented by black 

circles and females by grey triangles.  The markers that were compared to 

pericyte density include PT congestion (26a), PCr (26b), BUN (26c), percent 
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area with tubular casts (26d), and percentage of damaged tubules (26e).  

Regression slopes and p-values are shown; n=13-18. 

Transient treatment with enalapril decreases pericyte density.  

We confirmed a previous report that transient renin-angiotensin system (RAS) 

blockade in SHR lowers pericyte density (Baumann et al., 2009).  In our study, we observed 

a 19%±8% decrease in medullary pericyte density in male SHR and a 15%±8% decrease 

in female SHR following treatment with enalapril when compared to vehicle treated control 

rats (Figure 27a).  Transient enalapril treatment also decreased pericyte density in rats 

receiving IR surgery, although the magnitude of the decrease was greater.  Enalapril 

treatment resulted in a 33%±8% decrease in pericyte density in male SHR and a 29%±11% 

decrease in female SHR when compared to vehicle-treated IR rats (Figure 27b).   

 

 

Figure 27.  Effect of transient enalapril treatment on pericyte density 

determined by neural glial 2 (NG2) immunofluorescence.  Pericyte density 

was determined in vehicle and enalapril treated rats (27a) and in treated rats 
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following ischemia reperfusion (IR; 27b) to confirm that enalapril treatment 

decreases pericyte density.  Values are mean ± SEM; n=7-10. 

Decreasing pericyte density exacerbates medullary congestion 24 hours post IR.  

Representative histological images illustrate examples of uncongested and 

congested PT and VR (Figure 4).  Reducing pericyte density by transient enalapril 

treatment markedly increased PT and VR congestion 24 hours after IR in both sexes when 

compared to vehicle treated SHR (Figures 28a and 28b).  Representative histological 

images show the degree of vascular congestion 24 hours post-IR (Figure 28c).  Only 

congested RBCs were included in the scoring of these images; tubular casts were excluded 

from scoring.  Enalapril treated male and female SHR had more vascular staining of RBCs 

when compared to their vehicle treated groups after IR; RBC medullary vascular 

congestion increased from approximately 25% to 50% in males and females had 15% more 

medullary vessels congested after enalapril treatment compared to vehicle-treated controls.   
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Figure 28.  Effect of transient enalapril treatment on medullary vascular 

congestion following IR.  Incidence of RBC congestion was assessed in PT 

and VR capillaries post-IR independently of one another where a score of 0 

indicates all visible vessels are open and 5 indicates all visible vessels are 

congested.  VR and PT were determined as explained in Figure 4.  Scatter 

plots show the respective congestion scores from each individual animal in 

PT (28a) and VR (28b).  Baseline levels for each respective group of rats 

were subtracted to eliminate any baseline congestion that occurred in 
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animals with no surgery.  Representative images used for scoring the 

kidneys from each treatment group that had IR surgery are shown in panel 

c.  RBCs and protein casts are stained in red.  Values are mean ± SEM; n=8-

11 for scatter plots. 

Outside of vascular congestion, transient enalapril treatment does not affect renal 

parameters 24 hours post IR. 

Plasma creatinine and BUN were measured as markers of kidney function while 

medullary tubular injury was assessed by histological analysis.  In male SHR, IR resulted 

in significant increases in plasma creatinine (nine-fold increase; Figure 29a), BUN (five-

fold, Figure 29c), tubular cast formation (13% increase; Figure 29e), and damaged tubules 

(85% increase).  Transient enalapril treatment in males had no effect on renal injury.  

Similarly, IR increased plasma creatinine (seven-fold; Figure 29b), BUN (four-fold; Figure 

29d), protein cast formation (11% increase; Figure 29f) and tubular damage in female SHR 

(57% increase; Figure 29h) and none of these measurements were altered by transient 

enalapril treatment.   
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Figure 29.  Effect of transient enalapril treatment on renal injury in 

adulthood.  Renal injury markers were measured to determine if enalapril 

treatment had an effect on IR induced injury in either sex.  PCr (male: 29a; 
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female: 29b), BUN (male: 29c; female: 29d), tubular cast area (male: 29e; 

female: 29f), and percent of tubules damaged (male: 29g; female: 29h) are 

shown.  Values are mean ± SEM; n=3 for rats without IR due to limited 

number of samples for plasma creatinine and BUN assays; n=5-10 for the 

rest of the groups. 

Transient treatment with enalapril does not alter blood pressure at 13 weeks of age. 

As previous reports have indicated that transient inhibition of the RAS during 

maturation results in chronically lower blood pressures in adult SHR (Adams, Bobik, & 

Korner, 1990; Baumann, Janssen, et al., 2007; Peng, Lin, Lin, & Tang, 2012; Rusai et al., 

2011), blood pressure was measured in vehicle and enalapril treated male and female SHR 

at 13 weeks of age (4 weeks following cessation of treatment).  Males retained a 20 mmHg 

higher systolic pressure compared to females; however, we did not observe a significant 

effect of transient enalapril treatment on blood pressure in SHR of either sex (Figure 30). 
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Figure 30.  Effect of transient enalapril on blood pressure in adulthood.  

Tail cuff method was used to measure systolic blood pressure in vehicle and 

enalapril treated rats at 13 weeks of age.  Values are mean ± SEM; n=8-13. 

Male rats lose more pericytes after IR than females. 

To determine whether changes in outer-medullary volume were responsible for 

decreases in the density of outer-medullary pericytes observed following IR, total pericyte 

numbers were calculated by multiplying mean volume*density in these kidneys.  Outer 

medulla volume is greater following IR compared to controls in males and females.  The 

total number of pericytes in the outer medulla decreased following IR in both sexes, 

however, males lost more pericytes than females (40% decrease in males and 30% decrease 

in females; Figure 31a).  Representative images from each group depicting this decrease in 

density is shown in Figure 31b. 
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Figure 31.  Quantification of pericyte number.  Renal outer medullary 

volume calculations via stereological assessment in untreated rats before 

and after IR (31a).  Total pericyte number was determined by multiplying 

the volume of the outer medulla and pericyte density determined by NG2 

immunofluorescence (31b).  Representative images show the decrease in 

pericyte density following IR in both sexes.  Asterisks indicate NG2-
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positive pericyte cell bodies used for quantification (31c).  Values are mean 

± SEM; n=5-6. 

B. Discussion 

The major finding of Aim 4 is that lower outer-medullary pericyte density is 

associated with increased IR-induced injury in rats.  The injury marker that was most 

negatively-correlated with pericyte density was RBC congestion in PT.  Our data are 

consistent with a recent study demonstrating improved recovery following renal ischemia 

in human cadaveric allografts with higher pericyte densities (Kwon et al., 2008).  Our study 

builds on these previous data, indicating that the beneficial effects of greater pericyte 

density are likely mediated by reduced vascular congestion in the outer medulla.  Further, 

by demonstrating a protective effect of increased pericyte density in a rat model, our work 

provides an experimental platform that can be utilized to study the physiological 

mechanisms through which greater pericyte density provide protection following periods 

of ischemia.   

Vascular congestion in the outer-medullary region is a hallmark of acute tubular 

necrosis in kidneys from cadaveric donors (Snoeijs et al., 2010) and several studies from 

the 1980s demonstrate that medullary vascular congestion impairs recovery following IR 

in rat models (Hellberg, Bayati, et al., 1990; Hellberg, Kallskog, & Wolgast, 1990; 

Jacobsson, Odlind, Tufveson, & Wahlberg, 1988; Karlberg, Kallskog, Nygren, & Wolgast, 

1982; Mason, Welsch, & Torhorst, 1987; Wolgast et al., 1982).  Although, the 

pathophysiological mechanisms that contribute to RBC congestion in the renal medulla 

remain incompletely understood (Noiri et al., 2001), our data provides evidence supporting 
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a novel role for pericytes to limit RBC congestion in the renal medulla after IR.  Additional 

support for this hypothesis was provided by experimental intervention to lower pericyte 

density.  Our data indicate even a modest reduction in pericyte density promoted 

significantly greater vascular congestion in the renal outer medulla of both male and female 

SHR following IR.   

A second interesting finding of our study is that IR itself results in a loss of vascular 

pericytes in the renal outer medulla.  We observed that kidneys are visibly larger following 

IR compared to controls where male SHR have a 25% increase in kidney weight following 

IR and females have a 35% increase (data not shown), which we speculate may be partly 

indicative of RBC congestion.  We doubt that volume expansion of renal tissue after IR 

was solely responsible for the reduced pericyte density, however, this may contribute to 

the variability that is observed between rats within the same treatment groups.  We 

calculated total pericyte number by multiplying stereological measurements of outer-

medullary volume with pericyte density following IR and found that IR resulted in a loss 

of outer-medullary pericytes in both sexes, although the decrease was greater in males 

(40% in males compared to 30% in females).  We postulate that this reduction of pericytes 

may contribute to long-term injury following renal ischemia.   

Several studies have reported a sex difference in IR-induced renal injury where 

males have greater injury vs. females, however, the majority of the published data have 

been generated in normotensive animals (Fekete et al., 2006; Prokai et al., 2011; Takayama 

et al., 2007; Tanaka et al., 2013).  Very few studies on IR-induced injury have been 

performed using SHR, and such studies, to date, have exclusively utilized males (Ivanov 
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et al., 2014; Raman et al., 2011).  Moreover, male SHR have been reported to be more 

susceptible to IR-induced injury compared to male Dahl salt sensitive, Wistar-Furth, and 

Sprague-Dawley rats (Raman et al., 2011).  Given the importance of hypertension as a risk 

factor for AKI (Chawla, Eggers, Star, & Kimmel, 2014), more research needs to be 

performed on IR-induced injury in animals with elevated blood pressure, particularly 

females.  In contrast to findings in normotensive animals, our study indicates that there is 

not a sex difference in IR-induced injury in SHR.  We speculate that elevations in blood 

pressure compromise the protective mechanisms found in normotensive female animal 

models following IR, abolishing the sex difference.  Future studies will be conducted to 

directly address this question. 

The current study was not designed to investigate the physiological mechanisms 

through which pericytes may mediate enhanced recovery following IR, but rather, the 

primary goal of our study was to determine whether the beneficial effects of pericyte 

density observed in human allografts is evident in a rat model.  Our results indicating that 

pericyte density is negatively associated with PT congestion following IR, raises the 

question of ‘how pericytes prevent RBC congestion?’  The PT in the outer medulla arise 

from the descending VR which are densely covered in pericyte cell bodies.  We speculate 

that following IR events, the cessation of blood flow results in stagnant RBCs in medullary 

vessels.  Upon rapid restoration of blood flow with reperfusion, additional RBCs carried 

by plasma flow are introduced into these vessels which may lead to congestion.  

Contraction of pericytes may help disrupt these aggregations and restore flow to these 

vessels following an ischemic event by physically disrupting this accumulation of RBCs.  
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Perhaps surprisingly given this hypothesis, we found that vascular congestion scores in VR 

did not significantly correlate with pericyte density (data not shown), however, a 

significant association was found with PT and both VR and PT increased in congestion 

when pericyte density was reduced.  One potential explanation stems from the fact that VR 

are larger vessels than PT, thus washout of congested RBCs may occur more easily in VR 

independent of pericyte contraction making them more likely to clear of congested blood.  

An alternative hypothesis is that renal pericytes promote re-flow by stabilizing the vessels 

during ischemia.  Pericytes have been shown to be important in maintaining endothelial 

integrity (Lemos et al., 2016) and therefore lower pericyte density may result in 

destabilization of endothelial cells and dysfunction of vessels post-IR leading to 

congestion.  Further studies will be required to better delineate the mechanisms through 

which pericyte density attenuates RBC congestion following renal ischemia. 

In order to more directly test our hypothesis that lower pericyte density results in 

increased vascular congestion following IR, we utilized an experimental approach to 

decrease pericyte density in SHR before performing IR.  Due to limited methods available 

to specifically target pericytes in vivo, we adapted a pharmacological method previously 

reported to reduce pericyte density in male SHR (Baumann et al., 2009).  In this previous 

study, the angiotensin receptor blocker losartan was used to decrease pericyte density.  This 

study further performed an intervention to show that transient treatment with losartan 

induces a pro-apoptotic stimuli on medullary pericytes (Baumann et al., 2009).  We did not 

determine the cause of pericyte depletion in our current study.  Nevertheless, transient 

enalapril treatment successfully decreased medullary pericytes in male and female SHR.   
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Although NG2 is not specific to pericytes (Armulik et al., 2011), we show that NG2 

staining of the renal medulla outlines the VR which are distinguishable by their unique 

anatomical features allowing for easy detection of medullary pericytes based on their 

localization on the VR.  The expression of proteins on pericytes, including NG2, depends 

on tissue localization, the pathological state, and the maturity of the animal (Pitera, Woolf, 

Gale, Yancopoulos, & Yuan, 2004).  The expression of NG2 is reduced by cellular loss or 

shedding of the NG2 protein in response to hypoxia (Yang, Xiong, & Yao, 2013) and pro-

inflammatory cytokines (Wennstrom, Janelidze, Bay-Richter, Minthon, & Brundin, 2014) 

in neuronal cells.  While NG2 is a common marker used to detect renal pericytes in healthy 

adult murine animal models (Armulik et al., 2011), less is known regarding the regulation 

of renal pericytes.  NG2-positive pericytes decrease in aged mice contributing to increased 

fibrosis in the kidney (Stefanska et al., 2015) and our studies further confirm that renal 

NG2-positive pericytes are lost in response to IR. 

Contrary to our results, previous reports demonstrated that transient treatment with 

a RAS inhibitor early in life promotes prolonged reductions in arterial pressure in adult 

SHR when assessed by tail cuff (Adams et al., 1990; Peng et al., 2012) and intra-arterial 

catheterization (Baumann et al., 2007; Rusai et al., 2011).  Moreover, the blood pressure 

phenotype in adult SHR has previously been shown to be dependent on the dose of inhibitor 

used to transiently block the RAS (Rusai et al., 2011).  Of the referenced studies, the only 

one that transiently treated with enalapril used a higher dose (25mg/kg/day) (Adams et al., 

1990) than what we used in our study (10 mg/kg/day).  Regardless, we were able to confirm 

that transient blockade of the RAS with enalapril treatment in SHR decreased renal pericyte 
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density independent of an effect on blood pressure, removing blood pressure as a potential 

confounding variable in the current study.   

Our finding that decreasing pericyte density by transient enalapril treatment 

promoted significantly greater RBC congestion in both VR and PT but did not worsen other 

markers of renal function (plasma creatinine/BUN) and tubular injury may appear at odds 

with clinical data in which lower pericyte density was associated with slower recovery of 

graft function (Kwon et al., 2008).  It should be noted, however, that in our study we 

examined kidney function and injury at 24 hours post-IR.  Data from another report 

indicates that medullary congestion does not lead to greater renal injury and reduced renal 

function in rats within the first 2 hours of reperfusion (Hellberg, Kallskog, et al., 1990).  

Instead, persistent medullary congestion promotes tubular injury and reduced kidney 

function at later time points (4 weeks post-IR) (Hellberg, Bayati, et al., 1990), which is 

speculated to be the result of reduced reperfusion of the renal medulla and prolonged 

ischemia to this region.  As a result, reducing the prevalence of medullary congestion early 

on, will improve long-term recovery following IR (Mason et al., 1987).  Therefore, we 

would not necessarily expect increased medullary congestion to alter renal function at 24 

hours post-IR, however, greater medullary congestion could still account for delayed graft 

function in human cadaveric allografts.  Indeed, our data indicating no difference in 

functional measurements at 24 hours may be somewhat advantageous, as it confirms that 

increased medullary congestion was independent of an initial renal functional decline 

immediately following IR and not simply a function of transient enalapril treatment 

worsening IR in rats.   
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In conclusion, our studies provide new evidence that pericyte density is negatively 

associated with IR-induced injury in male and female SHR with the strongest relationship 

being an increase in PT congestion when pericyte density is reduced.  Additionally, 

pericyte number decreases in response to IR, particularly in males.  Given the importance 

of RBC congestion as a precursor to IR-induced injury, these findings provide a basis for 

better understanding the role of pericytes in IR injury. 
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VII. SUMMARY 

The summary of the current studies is the observation of a sex difference that is 

developed after 24 hours of recovery from IR where male SHR still have reduced renal 

function while females have fully recovered 7 days following IR.  Matched with this 

decreased renal function, males also displayed elevated levels of vascular congestion and 

tubular injury 7 days following IR.  Furthermore, these studies suggest a possible 

mechanism that contributes to increased vascular congestion after IR, particularly in 

males.  Our studies indicate that pericytes limit RBC congestion following IR and males 

lose more pericytes than females after insult.  Figure 32 describes the overview of 

findings from this dissertation.   

 

Figure 32.  Proposed pathway based on data from our studies that is 

initiated following IR.  Vascular congestion is prominent early following 
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IR.  Pericytes limit the chance of vessels remaining congested.  Males lose 

more pericytes after IR resulting in sustained vascular congestion 

throughout recovery leading to renal function impairment, exacerbated 

tubular injury, and further increases in renal volume.  Females lose fewer 

pericytes after IR resulting in reduced vascular congestion and a better 

recovery.   

 Previous, studies examined sex differences in outcomes following IR by 

comparing levels of BUN and PCr (Table 3).  Because of the limitations of these markers 

when comparing two groups with different body sizes, we measured inulin clearance and 

found that there is no sex difference in IR induced injury 24 hours following surgery.  

Several factors are taken into consideration in the clinic when determining kidney 

function, including body size and sex (Van Pottelbergh et al., 2014).  Previous 

experimental studies have ignored this caveat and used BUN and PCr regardless of sex 

and known differences in muscle mass.  Our studies in Aim 1 further stress the 

importance of this by demonstrating that sex differences found with BUN and PCr levels 

were not confirmed when renal function was assessed by the gold standard inulin 

clearance.  Therefore, the production of nitrogenous wastes needs to be taken into 

consideration when making comparisons.  Our studies demonstrate that differences found 

in nitrogenous wastes do not necessarily correlate with differences in kidney function.
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Oftentimes, as seen in our data, BUN and PCr recover over time following IR and 

eventually return to basal levels (Kierulf-Lassen, Kristensen, Birn, Jespersen, & 

Norregaard, 2015).  Aim 2 provides data that indicates females recover quicker than 

males when followed for 7 days after IR.  Not only do males exhibit reduced function, 

but they also display increased tubular injury and sustained vascular congestion at 7 days.  

Figure 33 combines data from our two studies from Aim 2 to compare the changes in 

vascular congestion and tubular damage at both 1 day and 7 days after IR.  We speculate 

that the elevated levels of vascular congestion that males exhibit throughout the recovery 

from IR exacerbate tubular injury whereas females are able to limit long-term vascular 

congestion resulting in less injury.  In the review by Hutchens et al, several molecular 

mediators that are different in males vs. females are listed that could contribute to greater 

impaired blood flow in males.  Future studies will be performed to examine these 

pathways, including inflammatory responses, reactive oxygen species, and endothelial 

dysfunction, to determine if they contribute to the higher RBC congestion in males than 

females. 

Although the main reason for including both SD and SHR was methods-based, we 

were also able to speculate on the relationship of hypertension and IR.  SHR did not 

exhibit worse outcomes following IR compared to SD.  SHR are unique in that they do 

not develop hypertensive related kidney injury that is seen in other animal models and in 

humans.  Possibly the reason for hypertension being a risk factor for AKI (Chawla et al., 

2014) is attributed to the renal damage that is developed from long-term high blood 

pressure and not the high blood pressure itself.   
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Figure 33.  Combined data from our two studies that show the effect of IR 

on PT congestion (33a) and tubular damage (33b) 1 and 7 days following 

insult.  n=2-6.   

 

The renal volume changes that occur following IR found in Aim 3 supports the 

sex difference in injury markers.  Males exhibit a large increase in volume 7 days 

following IR where females return to near baseline levels (Figure 24c).  Additionally, our 

histological data indicates that females reestablish tubular epithelial cells following 7 

days of recovery while males still exhibit signs of tubular injury and dysfunction.  This 

association suggests that ultrasound measurements of renal volume can be used as an 

indicator of tubular injury following IR.  Importantly, our data provides evidence that 

ultrasound can be a useful non-invasive tool to measure regional kidney volume after IR, 

which can also be applied in other settings.  

Vascular congestion after IR leads to reduced kidney function during recovery 

(Basile et al., 2001; Hellberg, Bayati, et al., 1990).  The novelty in our study is that we 

look at this association in both sexes and find that there is a difference.  A potential 
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mechanism that explains this sex difference is explored in Aim 4.  Here evidence 

supporting the idea that medullary pericytes play a role in limiting vascular congestion 

following IR is given.  Additionally, we found males lose more pericytes than females.  

The ability of females to retain pericytes after IR leads to less vascular congestion during 

recovery which, in turn, limits injury and promotes a better recovery.   

 Together, this work provides an explanation for why females have better recovery 

following IR compared to males.  Not only do our studies specify a possible mechanism 

by which vascular congestion in males leads to reduced function during recovery, but we 

also potentially have the means to monitor this type of injury via volumetric analysis via 

ultrasound.  Maintaining pericytes on VR may be key in limiting medullary RBC 

congestion, thereby reducing injury and improving outcomes following IR.   
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APPENDIX 

APPENDIX A:  Renal Function Assessment in Response 

to Ischemia Reperfusion 

GFR backpack.  Rats were placed under 2% isoflurane.  A region on the back of 

the rat was depilated with a razor and depilatory cream (Nair; Ewing, NJ).  A 

transcutaneous GFR measurement USB-Device (Mannheim Pharma & Diagnostics) was 

placed on an adhesive double sided tape with the LED light of the USB-Device 

positioned through the window of the tape.  The battery was then connected to the device 

and positioned on the tape.  The plaster was then positioned on the skin of the rat’s back 

and secured with gauze and tape.  FITC-Sinistrin was infused into the circulation via a rat 

via tail vein catheter (15mg FITC-Sinistrin/100g body weight in sterile saline).  Rats were 

then allowed to freely roam a cage while under close monitoring.  The backpack was 

removed after 2 hours and data was analyzed as described in manual.  Figure 34 is a 

representative image that is obtained from the non-invasive-clearance kidney program.  
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Figure 34.  Representative image of a FITC-Sinistrin clearance curve that 

is created by the program. 

 

Renal function was lost in both sexes following ischemia reperfusion. 

 Male and female SHR had less renal function following 45 minutes of IR.  Data 

was collected 24 hours after IR.  The clearance of FITC sinistrin was minimal following 

IR, indicating loss of renal function and decreased clearance (Figure 35).  Determining 

the correct dose for control females and both sexes following IR was tricky which was 

achieved for a few rats but the optimal concentration was not determined in the number 

of rats studied.  Later studies assessing kidney function used inulin mini-pumps. 
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Figure 35.  Glomerular filtration rate is calculated by measuring the 

clearance of sinistrin.  Effect of 45 minutes of ischemia reperfusion (IR) on 

the half-life of sinistrin in Spontaneously Hypertensive rats 24 hours after 

surgery.  Values are mean ± SEM; n=1-6. 

 

Sham rats had little fluctuation in plasma inulin concentration.   

 FITC inulin mini-pumps were implanted into 2 male SHR and 2 female SHR as 

described in Methods.  After recovery from surgery, rats underwent sham surgery and 

were allowed to recover for 24 hours.  Plasma collections were made at the noted times 

below (Figure 36).  Plasma inulin concentration did not significantly change during the 

observed period following sham surgery.   



 

 

133 

 

 

Figure 36.  The effect of sham surgery on plasma inulin concentration in 2 

male and 2 female Spontaneously Hypertensive rats. 

 

The decrease in clearance of inulin that is reported in Figures 13 and 16 occur as a 

result of the reduction in kidney function following IR and not baseline fluctuations in 

plasma concentrations.  In theory, GFR backpacks seems like a viable method to compare 

kidney function between the sexes to monitor kidney function in the hours immediately 

following IR, however, more animals need to be included that had successful analysis and 

similar baseline concentrations of  sinistrin needs to be achieved in males vs. females.  The 

GFR backpack determines GFR in real time during the hours of acquisition.  Inulin 

clearance seems like the best method for monitoring GFR over a longer recovery period.
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APPENDIX B: Early Development of Fibrosis Following 

Ischemia Reperfusion 

Assessment of fibrosis: Paraffin embedded kidney slices were stained with 

Masson’s trichrome according to manufacturer’s instructions (Thermo Scientific, 

Richard-Allan Scientific, Kalamazoo, MI) to assess the extent of fibrosis.  A semi-

quantitative scoring method was used by removing group identifiers from each slide and 

scored by a fellow researcher.  A score of 0.0-5.0 was given to reflect the extent of 

fibrosis in the renal medulla, 0.0 representing conditions where no fibrosis is seen and 5.0 

representing all vessels visualized are fibrotic.  

 

Fibrosis is increased in Sprague Dawley rats only following severe ischemia. 

 IR-induced fibrosis is normally a marker that is measured during a long recovery 

of several weeks (Xu et al., 2014).  These studies examine fibrosis 24 hours following IR 

insult.  SD controls and rats with either sham, 15 minute, 30 minute or 45 minute IR were 

examined for fibrosis.  Male and female SD have greater fibrosis after IR was 

administered, 45 minutes of IR was the duration of ischemia that contributed to the 

significance (Figure 37a).  There is quite a bit of variance in fibrosis found in shams.  45 

minutes of IR is the only duration of ischemia that increased fibrosis 24 hours after 

surgery in SD.



 

135 

 

 

 

Figure 37.  The effect of ischemia reperfusion (IR) on medullary fibrosis in 

Sprague Dawley rats.  Values are mean ± SEM; n=2-6. 

Male spontaneously Hypertensive rats develop fibrosis following ischemia 

reperfusion. 

 IR induced AKI leads to interstitial fibrosis (Spurgeon-Pechman et al., 2007).  

These morphological changes primarily occur following a long recovery.  However, rats 

exposed to IR injury also become susceptible to hypertension which may exacerbate 

these long-term negative developments, which suggests that IR injury when combined 

with hypertension may result in poorer recovery.  SHR are more likely to develop fibrosis 

following IR when compared to the SD data in Figure 35 possibly due to the vascular 

remodeling that is present in hypertensive animals at baseline.  SHR have increased 

fibrosis following 24 minutes of IR (Figure 38a).  Male SHR also had higher fibrosis 
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following 45 minutes of IR compared to control (Figure 38b).  Baseline fibrosis in female 

was higher in this group than in panel a.  Although not significant, there was a trend for 

males to increase in fibrosis following 45 minutes of IR where there is no change in 

females (p=0.0503) 

 

Figure 38.  The effect of ischemia reperfusion (IR) on medullary fibrosis in 

Spontaneously Hypertensive rats.  Values are mean ± SEM; n=2-8. 

 

Male SHR are more susceptible to fibrosis following IR than SD and female SHR, 

where moderate IR injury results in increased fibrosis.  The higher blood pressures in 

male SHR may contribute to the increased fibrosis after IR (Spurgeon-Pechman et al., 

2007).  SD do develop fibrosis after severe IR (45 minutes).  
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APPENDIX C: Ischemia Reperfusion Injury in Control 

Rats vs. Sham  

Sham surgery does not have an on effect renal injury markers. 

 SD male and female rats were grouped to either be untouched controls or receive 

sham or 45 minute IR surgery.  Injury markers were measured as described in Methods.  

All markers that were examined significantly worsened following IR, however, levels in 

controls were comparable to shams (Figures 39).  Female exhibit 15% more medullary 

vascular congestion in response to sham surgery but this change did not reach 

significance.
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Figure 39.  The effect of sham and ischemia reperfusion (IR) on plasma 

creatinine (39a), creatinine clearance (39b), proteinuria (39c), tubular casts 
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(39d), vasa recta (VR; 39e) and peritubular capillary (PT) congestion in 

Sprague Dawley rats.  Values are mean ± SEM; n=2-3. 

Sham surgery does not affect renal volume.   

 SD kidneys increase in volume, when assessed by water displacement (40a) and 

ultrasound (40c), and mass (40b) following 45 minutes of IR and 24 hours of recovery.  

Males have larger kidneys than females and a greater increase in size in response to IR 

compared to females.   

 

Figure 40.  The effect of sham and ischemia reperfusion (IR) on total 

kidney volume measure by water displacement (40a), total kidney mass 
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(40b), and total kidney volume assessed by ultrasound (40c) in Sprague 

Dawley rats.  Values are mean ± SEM; n=2-3. 

 

 Our data indicate that control or sham treated rats are interchangeable when 

comparing injury markers following IR.  Although males have a greater increase in size 

following IR compared to females, tubular injury is similar in each sex.
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APPENDIX D: Role of T Regulatory Cells during 

Recovery from Ischemia Reperfusion in Male and Female 

Spontaneously Hypertensive Rats 

Treatment.  Experimental protocol is described in Figure 41.  Sterile 1 ml 

syringes with 26 gauge needles were used to administer saline, recombinant rat 

interleukin (IL)-2, or CD25 monoclonal antibody intraperitoneal.  250 µl of sterile saline 

and 250 µl of saline with IL-2 (10 µg for males; 5 µg for females; 502-RL-050/CF; R&D 

Systems) was injected into SHR every 8 hours for the 24 hours leading up to IR surgery 

(3 total injection in 24 hours), one injection on day 2 following IR, and the last on day 5 

following IR in order to expand Tregs.  250 µg of CD25 antibody (16-0390-85; 

Invitrogen, Thermo Fisher Scientific) was administered intraperitoneal 12 hours before 

IR surgery in order to deplete the effect of Tregs.  These studies will provide insight into 

the role of Tregs in the recovery of IR.   
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Figure 41.  Experimental protocol for T regulatory cell manipulation 

study.  Abbreviations: interleukin-2 (IL-2), blood urea nitrogen (BUN), 

ischemia reperfusion (IR), spontaneously hypertensive rats (SHR).   
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Antigen Fluorophore Population 

CD3 PercP T cells 

CD4 FITC Th cells 

CD44 FITC Activated T cells 

CD69 PE Activated T cells 

IL17 PE 
Cytokine produced by 

Th17 cells 

Foxp3 APC Tregs 

ROR-γt PE IL17+ Th cells 

IL10 Alexa-647 
Cytokine produced by 

Tregs 

 

Table 4.  List of antigens used for flow cytometry with their fluorophore 

and target.  

Analytical flow cytometry.  Kidney: Half of each kidney was placed in 10 ml 

RPMI/10% FBS in a 50 ml conical tube.  Kidney pieces were forced through a 100 µm 

cell strainer (BD Biosciences, San Diego, CA), more media was added after straining to 

total 20 ml of fluid.  Tubes were centrifuged at 1400 rpm for 5 minutes at 23oC.  The 

supernatant was carefully discarded.  RBCs were lysed by re-constituting pellet with 3 ml 

ACK lysing buffer and incubating for 3 minutes.  10 ml of PBS was added and mixed 

gently.  Tubes were centrifuged again as before.  Supernatant was carefully discarded and 

5 ml of media was added to re-constitute.  200 µl of kidney mixture was added into a 

polystyrene round-bottom tube and incubated with 2 µl of antibodies for surface markers 

(CD3 and CD4) for 15 minutes on ice in the dark.  2 ml of PBS was added to each tube, 

then the tubes were gently vortexed and spun at 1400 rpm for 5 minutes.  Supernatant 

was decanted leaving approximately 200 µl.  After a quick vortex, 500 µl of fix/perm 
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buffer was added for a 15 minute incubation in the dark.  After incubation, 2 ml of PBS 

was added to the tube, then gently vortexed and centrifuged.  Supernatant was decanted 

leaving 200 µl.  2 µl of intracellular antibodies (FoxP3 and RORγ in a separate tube than 

IL-10 and IL-17) were added and incubated for 15 minutes in the dark on ice.  1 ml of 

PBS was added, tube was vortexed and spun.  Supernatant was carefully decanted leaving 

200 µl then 300 µl of 4% paraformaldehyde was added to the tubes.  Racks holding tubes 

were covered in tin foil and stored in 4oC until reading.  Analysis was performed by Dr. 

Babak Baban. 

Blood: 100 µl of whole blood was incubated with 2 µl of extracellular antibodies 

(CD3 and CD4) for 10 minutes at room temperature in the dark.  RBCs were lysed by 

adding 1 ml ACK lysing buffer and incubating for 3 minutes.  2 ml of PBS was added 

and mixed gently.  Tubes were centrifuged at 1600 rpm for 5 minutes at 23oC.  

Supernatant was carefully discarded leaving 200 µl and 3 ml of staining buffer (1% 

PBS/BSA) was added to re-constitute pellet.  After a quick vortex, tube was centrifuged 

as before.  Supernatant was carefully discarded leaving 200 µl and 3 ml of staining buffer 

(1% PBS/BSA) was added to re-constitute pellet.  After a quick vortex, tube was 

centrifuged as before.  Supernatant was discarded leaving 200 µl and 2 ml of staining 

buffer was added, tube was gently vortexed, and then centrifuged at 1500 rpm for 5 

minutes at 23oC.  Supernatant was discarded leaving 200 µl then 500 µl of fix/perm 

buffer was added for a 15 minute incubation in the dark.  After incubation, 2 ml of PBS 

was added to the tube, then gently vortexed and centrifuged.  Supernatant was decanted 

leaving 200 µl.  2 µl of intracellular antibodies (FoxP3 and RORγ) were added and 
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incubated for 20 minutes in the dark on ice.  1 ml of PBS was added, tube was vortexed 

and spun.  Supernatant was carefully decanted leaving 400 µl then 300 µl of 4% 

paraformaldehyde was added to the tubes.  Racks holding tubes were covered in tin foil 

and stored in 4oC until reading. 

T regulatory cell activation is important for recovery following ischemia reperfusion 

in male Spontaneously Hypertensive rats. 

An influx of renal immune cells following IR chronically have been linked to 

reduced renal function (Burne-Taney et al., 2006).  Our data indicate that T cells decrease 

24 hours following IR, however, the activation of T cells increase.  7 days following IR, 

Tregs increase in both sexes, which has previously been described as when Tregs are 

introduced for repair following IR (Jang & Rabb, 2015).  The treatment to manipulate 

Tregs did not have an effect on the % of the immune cells in the kidney.  IL-2 did not 

expand Tregs in the kidney as previously shown.  Tregs are CD25 positive cells (O'Garra 

& Vieira, 2004).  CD25 did not deplete Tregs in the kidney as previously shown (Kinsey 

et al., 2009), however, CD25 has been demonstrated to inactivate Tregs rather than 

deplete the amount (Couper et al., 2007; Kohm et al., 2006).  We did not measure 

activation of Tregs after CD25 treatment, however, we speculate that CD44+ and CD69+ 

cells would be decreased.  Treatment with CD25 increased blood pressure in females 

over the 7 days studied following IR indicating that Tregs are more important in females 

than males in controlling blood pressure and CD25 treatment results in elevated blood 

pressure, these blood pressures are taken following IR, however, vehicle treated blood 

pressures were unaffected by IR suggesting that the trend seen in the CD25 treated 
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females was caused by treatment alone.  CD25 treatment also tended to elevate BUN and 

PCr in males following IR.  Tregs are reported to be beneficial in IR recovery previously 

in male animals.  IL-2 tends to decrease kidney volume 7 days following IR in females, 

however, no other markers were affected.   
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Figure 42.  Effect of ischemia reperfusion (IR) on circulating CD4 (42a), 

CD3 (42b), CD44 (42c), CD69 (42d), IL17 (42e), and T regulatory T cells 

(42f).  IR increased Th17 and T regulatory cells in the blood in males and 

females.  IR increased circulating T regulatory and IL17 cells.  Values are 

mean ± SEM; n=2-4. 
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Figure 43.  The effect of ischemia reperfusion (IR) on CD4 (43a), CD3 

(43b), CD44 (43c), CD69 (43d), IL17 (43e), and T regulatory T cells (43f) 

in the kidney.  IR increases T cell activation in both sexes, but Th17 and T 

regulatory cells decrease after IR.  Values are mean ± SEM; n=5-10. 

 

Figure 44.  Intercellular adhesion molecule (ICAM) 1 in response to 45 

minutes of ischemia reperfusion (IR) in male and female outer medulla.  

ICAM increased following IR in both sexes indicated increased 

inflammation.  Values are mean ± SEM; n=2-4. 
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Figure 45.  Effect of IR on circulating CD3 (45a), CD4 (45b), T 

regulatory cells (45c), and Th17 T cells (45d) in male and female 

Spontaneously Hypertensive rats (SHR).  T regulatory cells increase in the 

blood 7 days following IR.  This increase was greater in males.  CD3 and 

CD4 cells increase following IR in both sexes.  Values are mean ± SEM; 

n=5-6. 
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Figure 46.  Effect of interleukin (IL)-2 and CD25 treatment on CD3 

(males, 46a; females, 46b) and CD4 cells (males, 46c; females, 46d) 

following IR.  CD4 cells increase following IR in both sexes.  CD3 

increase following IR in males.  Values are mean ± SEM; n=5-6. 
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Figure 47.  Effect of interleukin (IL)-2 and CD25 on circulating T 

regulatory cells (male, 47a; females, 47b) and Th17 cells (males, 47c; 

females, 47d).  Circulating T regulatory cells increased in the blood 7 days 

after IR.  Th17 cells did not change in response to IR.  Values are mean ± 

SEM; n=5-6. 



 

 

154 

 

 

Figure 48.  CD-25 and IL2 treatment had no effect on T cell profile {CD3 

(48a), CD4 (48b), T regulatory cells (48c), and Th17 cells (48d)} or 
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cytokines {interleukin (IL)-17 (48e) and IL-10(48f)} 7 days after 25 

minutes of ischemia reperfusion (IR).  Values are mean ± SEM; n=5-6. 
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Figure 49.  CD-25 and IL2 treatment had no significant effect on blood 

pressure following ischemia reperfusion (IR) in males (49a) and females 

(49c).  Females tended to have increased blood pressure 7 days following 

CD25 treatment compared to vehicle treated.  Percent change from 

baseline was also shown for males (49b) and females (49d).  Interleukin 

(IL) 2 treated males had lower blood pressures than vehicle, however, 

baseline blood pressures were also lower prior to IR.  Values are mean ± 

SEM; n=5-6. 
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Figure 50.  CD-25 and IL2 treatment had no significant effect on blood 

urea nitrogen (male, 50a; female, 50b), proteinuria (male, 50c; female, 

50d), and urine output (male, 50e; female, 50f) following ischemia 

reperfusion (IR).  Treated male rats had lower proteinuria than vehicle 
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treated, however, baseline levels were also lower prior to treatment.  

Blood urea nitrogen tended to be elevated in CD25 treated males 

compared to vehicle treated.  Values are mean ± SEM; n=5-6. 
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Figure 51.  CD-25 and IL2 treatment had no significant effect on plasma 

creatinine (51a), tubular cast formation (51b), vasa recta (51c) and 

peritubular capillary congestion (51d), and tubular damage (51e) 7 days 

following ischemia reperfusion (IR).  Males in all treated groups had 

higher plasma creatinine, peritubular congestion, and tubular damage 7 

days following IR compared to females.  CD25 male rats tended to have 

elevated plasma creatinine and tubular damage compared to vehicle males.  

Values are mean ± SEM; n=5-6. 

 

Figure 52.  CD-25 and IL2 treatment had no significant effect on heart 

weight (52a), kidney volume assessed by water displacement (52b) 7 days 
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following ischemia reperfusion (IR), or kidney volume assessed by 

ultrasound throughout the 7 day recovery from IR (male, 52c; female, 

52d).  Heart weight and kidney volume is higher in males compared to 

females.  IR induced increased kidney volume in male and females.  

Interleukin (IL) 2 treatment tended to reduce kidney volume 7 days 

following IR in females.  Values are mean ± SEM; n=5-6. 
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APPENDIX E: Renal Cell Death in Spontaneously 

Hypertensive Rats Following Ischemia Reperfusion 

TUNEL.  Histological sections of the kidney were stained according to the 

manual to detect apoptotic cells using a Peroxidase Apoptosis Detection Kit (Millipore).  

Total number of stained cells were counted in the medulla. 

 PCR Array.  84 genes in renal medulla tissue were profiled with RT Profiler 

PCR Arrays according to instructions (Qiagen). 

There was no sex difference in cell death after ischemia reperfusion in 

Spontaneously Hypertensive rats. 

Cell death is a main contributor to injury as a result of IR.  Our lab has previously 

indicated that there is a sex difference in the type of renal cell death in SHR.  Given this 

sex difference in cell death at baseline, we hypothesized that this sex difference is 

amplified following IR where males would have more necrosis and worse injury where 

females would have more apoptosis and less injury.  IR-induced apoptosis increased 

comparatively when assessed by TUNEL staining.  Females are pro-apoptotic compared 

to males following IR when assessed by Western imaging.  Apoptosis and necrosis were 

comparable following IR in male and female SHR.  
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Figure 53.  Apoptotic cells were labeled by detecting DNA strand breaks 

with the TUNEL method.  Brown immunoperoxidase staining represents 

apoptotic cells.  The scatter plot displays the quantitative analysis of 

blinded counts of apoptotic cells in a selected region of the outer medulla.  

The outer medulla is the primary location of tubular injury and necrosis 

following IR.  Ischemia reperfusion (IR) stimulated medullary apoptotic 

cell death in male and female SHR, however, there was no sex difference 

in the number of medullary apoptotic cells.  Representative images of 

stained medullas are shown in panel a where the counts of apoptotic cells 

are shown in panel b.  Values are mean ± SEM; n=8-9. 
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Figure 54.  Effect of ischemia reperfusion (IR) on percent of apoptotic 

cells (54a), necrotic cells (54b), interleukin (IL)-6 positive cells (54c), and 

high mobility group box (HMGB) 1 positive cells (54d) in total blood.  

Values are mean ± SEM; n=3-8. 
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Figure 55.  Effect of ischemia reperfusion (IR) on percent of apoptotic 

cells (55a), necrotic cells (55b), interleukin (IL)-6 positive cells (55c), and 

high mobility group box (HMGB) 1 positive cells (55d) in whole kidney.  

IR tends to increase necrotic cells in both sexes.  Values are mean ± SEM; 

n=4-10. 
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Figure 56.  BAX and Bcl-xl protein expression in cortex and outer 

medulla in response to IR.  BAX is proapoptotic and Bcl-xl is 

antiapoptotic.  BAX is believed to initiate apoptosis by forming a pore in 

the mitochondrial outer membrane that allows cytochrome c to escape into 

the cytoplasm and activate the pro-apoptotic caspase cascade.  

Testosterone has been indicated to decrease the BAX/Bcl ratio in vascular 

smooth muscle cells (Lopes, Neves, Carneiro, & Tostes, 2012).  Increased 

BAX/Bcl up regulates Caspase-3 and apoptosis (Salakou et al., 2007).  

Females have increased pro-apoptosis following IR in the medulla where 

males do not.  Values are mean ± SEM; n=2-3. 

 

Figure 57.  Receptor-interacting protein kinase 1 (RIP1) mediates 

necroptosis and contributes to renal ischemia/reperfusion injury.  Effect of 

IR on the medullary protein expression of RIP1 in males and females.  

RIP1 is decreased in both sexes following IR.  Phosphorylation of RIP1 is 

important in the activation of necrosis, however, this was not measured.  

Values are mean ± SEM; n=2-4. 
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Figure 58.  PCR arrays were run to determine if there were sex-specific 

differences in cell death pathways.  Bar chart representing the expression 

changes of the selected set of genes from the PCR arrays is shown (n=4).  

NADPH oxidase 4 had a higher decrease in males than females, androgen 

receptor had a greater decrease in males than females, and polio virus 

receptor had a greater increase in males vs. females after IR.  Studies were 

performed looking at protein expression of the apoptotic and necrotic 

markers of Rip kinases, Caspases, and Tnfrsf receptors to see if there was 

a sex difference.  There were no sex differences in protein expression in 

these cell death markers.  Genes in males tended to favor necrotic pathway 

and genes tended to favor apoptosis in females.   
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Table 4.  Fold changes of male control vs. IR and female control vs. IR 

are shown.  Genes that had a significant change in relevant expression are 

included in the chart (n=4). 
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APPENDIX F: Changes in the Composition of Blood 

Following Ischemia Reperfusion 

 Blood gas index.  SHR either underwent sham or IR surgery for 45 minutes then 

allowed to recover for 24 hours.  Approximately 0.3 ml of blood was collected via the 

abdominal aorta upon sacrifice with an 18 gauge needle connected to a 1 ml blood gas 

sampling syringe (Innovative Med Tech).  Syringe cap was immediately replaced and the 

blood sample was taken straight to the RAPIDPoint 405 System (Siemens; Munich, 

Germany) to begin analysis of blood gas parameters as described in the manual. 

Blood potassium increased in both sexes after ischemia reperfusion, however 

hyperkalemia was not reached. 

 Blood potassium was elevated in both sexes in response to IR but there was no 

effect of sex (Figure 55a).  Carbon dioxide partial pressure did not change after IR but it 

was lower in females compared to males (Figure 55b).  There was no significant effect on 

the calculated anion gap (Figure 55c) or blood glucose levels (Figure 55d).  
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Figure 59.  Effect of 45 minutes of ischemia reperfusion (IR) on blood 

potassium (K; 59a), partial pressure of carbon dioxide (pCO2; 59b), anion 

gap (59c), and blood glucose (59d) levels 24 hours after surgery in 

Spontaneously Hypertensive rats.  Values are mean ± SEM; n=2-3. 

 The n values for this experiment are very low making statistical significance 

difficult to achieve.  After IR, kidneys lose their ability to filter, reabsorb and secrete 

creating an imbalance in the body’s composition.  Blood potassium increases as a result 

of this.  If the kidneys have severe injury, hyperkalemia can occur which could eventually 

lead to death.  45 minutes of IR is a severe insult in rats, however, potassium did not rise 
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to dangerous levels 24 hours after insult.  The anion gap, (Na + K) - (Cl + HCO3), 

slightly increases following IR which would suggest development of renal tubular 

acidosis due to the inability to transport bicarbonate and rid of acids.  
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APPENDIX G: Effect of Ischemia Reperfusion on 

Hematocrit 

 

Hematocrit is not affected by ischemia reperfusion in Sprague Dawley rats.   

A sample of blood was collected to determine the percentage of RBCs in SD.  

Hematocrit did not change after 15, 30, or 45 minutes of ischemia in males or females 

(Figure 60a).  Hematocrit appeared to be lower after the use of isoflurane.  Although low 

n’s were used and no significance was reached, sham and IR rats had lower hematocrit 

than controls in male and female SD (Figure 60b).  Surgical stress has been reported to 

tip the balance in favor of renal vasoconstriction and salt and water retention, which may 

last for days after operation (Sladen, 1987).  This would increase the plasma volume and 

lower hematocrit.  The reason vascular congestion was unaltered in these rats following 

IR is due to the minimal change in hematocrit following anesthesia.  
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Figure 60.  The effect of ischemia reperfusion (IR) on hematocrit 24 

hours following 15, 30, and 45 minutes of ischemia (60a).  Hematocrit 

following sham and 45 minutes of IR compared to controls (60b).  Values 

are mean ± SEM; n=1-6 

Hematocrit lower following ischemia reperfusion in Spontaneously Hypertensive 

rats. 

 Hematocrit was lower following 45 minutes of IR in males and females compared 

to controls (61a) and compared to shams (61b).  Females had significantly less RBC 

volume than males.  The effect of sex on IR was not different.  The lower hematocrit in 

females would suggest higher vascular congestion compared to males, however, this was 

not seen. 
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Figure 61.  The effect of ischemia reperfusion (IR) on hematocrit 24 

hours following 45 minutes of ischemia in Spontaneously Hypertensive 

rats compared to control (61a) or compared to sham (61b).  Values are 

mean ± SEM; n=2-6. 
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APPENDIX H: Urine Output and Water Intake 

Following Ischemia Reperfusion 

 

Urine output in male Sprague Dawley rats increases following ischemia reperfusion.    

 Urine output and water intake are comparable between all groups in control, 

sham, and following 45 minutes of IR in male (Figure 62a) and female (Figure 62b) SD.  

No statistics were significant (data not shown).  There was no difference between the 

sexes in urine output in sham, 15, 30 and 45 minute IR in SD.  Males had more water 

intake than females, however, no other group comparison was significant (Figure 62c).  

In panels a and b, there is a slight increase in water intake and urine output in rats that 

had a surgical procedure compared to untouched controls.  45 minutes of IR resulted in 

an additional increase in both markers only in females and not males.  
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Figure 62.  Collections were made 24 hours after treatment.  Urine output 

bar graph is stacked on top of water intake.  The effect of sham surgery 

and 45 minutes of ischemia reperfusion (IR) on urine output and water 

intake in male (62a) and female (62b) Sprague Dawley rats.  The effect of 

15, 30, 45 minutes of IR on urine output and water intake in SD (62c).  

Values are mean ± SEM; n=2-6. 

 

Spontaneously hypertensive rats had different responses in urine output depending 

of the time of ischemia. 

 Water intake was greater in SHR males compared to females.  In SHR 45 minutes 

following IR compared to untouched controls there was no other effect that was 

significantly different in water intake or urine output.  There is a minimal increase in 

urine output following IR in both sexes (Figure 63a).  Water intake was again 

significantly higher in males than females, however, males had significantly less water 
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intake following 45 minutes of IR compared to sham where females remained the same.  

Urine output also followed the same trend in response to IR (p=0.054; Figure 63b).  In an 

additional set of SHR, urine output had a different response where females had an 

increase in output 24 hours following 25 minutes of ischemia compared to baseline, 

returning to normal 3 days after surgery, where males remained the same (Figure 63c).  

Our data indicate that urine output is dependent on the time of ischemia.  Possibly the 

increase in urine output 24 h ours after IR aides in the excretion of waste products and 

contributes to the faster return to plasma creatinine baseline levels exhibited in females 7 

day following IR compared to males.   

 

Figure 62.  Collections were made for panels a and b 24 hours after 

treatment.  The effect of 45 minutes of ischemia reperfusion (IR) on urine 

output and water intake in Spontaneously Hypertensive rats (SHR) 
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compared to control SHR (63a).  The effect of 45 minutes of ischemia 

reperfusion (IR) on urine output and water intake in SHR compared to 

sham (63b).  Urine output throughout 7 days of recovery following 25 

minutes of IR in male and female SHR (63c).  Values are mean ± SEM; 

n=6. 


