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Abstract

Purpose: The kidney is a radiosensitive late-responding normal tissue. Injury is characterized by 

radiation nephropathy and decline of glomerular filtration rate (GFR). The current study aimed to 

compare two rapid and cost-effective methodologies of assessing GFR against more conventional 

biomarker measurements.

Methods: C57BL/6 mice were treated with bilateral focal X-irradiation (1x14Gy or 5x6Gy). 

Functional measurements of kidney injury were assessed 20 weeks post-treatment. GFR was 

estimated using a transcutaneous measurement of Fluorescein-isothiocyanate conjugated (FITC)­

sinistrin renal excretion and also dynamic contrast-enhanced CT imaging with a contrast agent 

(ISOVUE-300 Iopamidol).

Results: H&E and PAS staining identified comparable radiation-induced glomerular atrophy 

and mesangial matrix accumulation after both radiation schedules respectively, although the 

fractionated regimen resulted in less diffuse tubulointerstitial fibrosis. Albumin-to-creatinine ratios 

increased after irradiation (1x14Gy: 100.4±12.2μg/mg; 6x5Gy: 80.4±3.02 μg/mg) and were double 

that of non-treated controls (44.9±3.64 μg/mg). GFR defined by both techniques was negatively 

correlated with BUN, mesangial expansion score and serum creatinine. The FITC-sinistrin 

transcutaneous method was more rapid and can be used to assess GFR in conscious animals, 

dynamic contrast-enhanced CT imaging technique was equally safe and effective.
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Conclusion: This study demonstrated that GFR measured by dynamic contrast-enhanced CT 

imaging is safe and effective compared to transcutaneous methodology to estimate kidney 

function.
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Introduction

The kidneys are radiation-sensitive and dose-limiting organs (Dawson et al. 2010). Although 

less common than chemotherapy-induced nephrotoxicity, radiation nephropathy is an 

irreversible late consequence of radiotherapy (RT)(Cohen and Robbins 2003). Radiation 

nephropathy is associated with high morbidity and mortality rates due to late complications 

after abdominal oncologic external-beam radiotherapy (Dewit et al. 1993; Cassady 1995) 

(e.g., 20% in seminoma (Cassady 1995)), total body irradiation for hematopoietic stem 

cell transplantation (Luxton 1953; Cohen et al. 1993; Cohen et al. 1998; Cheng et al. 

2008; Cohen et al. 2010; Abboud et al. 2012), and peptide receptor radionuclide therapy 

for neuroendocrine and prostate tumors (Vegt et al. 2010) (e.g. 14% CTCAE grade 

4-5 nephrotoxicity due to tracer retention by the proximal tubules (Imhof et al. 2011; 

Marincek et al. 2013; Arveschoug et al. 2015)). 50-60% of adult (Launay-Vacher et al. 

2007) and 30% of pediatric (Knijnenburg et al. 2012) cancer patients experience chronic 

chemotherapy (CT)-associated renal sequelae, which can reach 84% in pediatric survivors 

after nephrotoxic CT plus RT (Knijnenburg et al. 2013). Concurrent nephrotoxic CT 

escalates radiation nephropathy (Cheng et al. 2008; Sahni et al. 2009; Skinner et al. 2013), 

and the risk of renal impairment is also elevated by patient age, pre-existing kidney disease, 

and comorbidities such as hypertension and diabetes (National Kidney 2002).

Radiobiologically, the kidney is considered a late-responding tissue (Cohen and Robbins 

2003). The nephrons are architecturally arranged in parallel rendering the organ extremely 

sensitive to radiation dose and volume effects (Withers et al. 1986; Withers et al. 1988; 

Emami et al. 1991; Stewart et al. 1991; Dawson et al. 2002; Cohen and Robbins 2003; 

Dawson et al. 2010). The risk of radiation-induced injury depends on the total radiation 

dose and irradiated kidney volume (Emami et al. 1991; Cassady 1995; Dawson et al. 2002; 

Dawson et al. 2010). For whole-kidney bilateral irradiation, 5% and 50% risk of injury at 

five years are associated with 18-23 Gy and 28 Gy, in 0.5-1.25 Gy/fractions, respectively 

(Cassady 1995; Dawson et al. 2010). Higher doses can be safely delivered to partial kidney 

volumes (Emami et al. 1991).

Glomerular, tubular and endothelial cells are all considered critical radiosensitive targets, 

and radiation nephropathy develops after a long latency period (Cohen and Robbins 2003). 

During the latent period and the early stages of radiation nephropathy, injury remains 

subclinical and includes glomerular atrophy, along with reduced blood vessel perfusion and 

capillary dilation (Scharpfenecker et al. 2013). These pathological events also make the 

organ sensitive to re-treatment with a tolerance that decreases with time (Stewart et al. 1989) 

indicating continuous progression of occult damage. The tissue microenvironment is also 
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altered as a consequence of irradiation and the increased expression of proinflammatory 

and profibrotic cytokines promote tissue fibrosis and epithelial to mesenchymal transition 

(Rodemann and Blaese 2007; Lee SB and Kalluri 2010), as suggested by increased α­

smooth muscle actin (α-SMA) after radiation. However, the triggering molecular signaling 

pathways that underlie the expression of radiation-induced renal injury and re-treatment 

tolerance remain unknown.

To investigate the renal injury after focal renal X-irradiation, we first developed a non­

invasive, rapid, and cost-effective methodology of assessing the glomerular filtration rate 

(GFR) in a murine model that avoided conventionally-used radio-isotopes (Sallstrom and 

Friden 2013; Lee JY et al. 2014). With this method, we could negate the need for repeated 

urine and blood sampling that require expensive laboratory-based read-outs (e.g., high­

performance liquid chromatography or tandem mass spectrometry). In this manuscript, we 

describe the measurement of radiation-induced renal injury in C57BL/6 mice using a FITC­

sinistrin transcutaneous methodology (Ellery et al. 2015) and dynamic contrast-enhanced CT 

imaging, and we compare their efficacy in detecting renal function decline to a panel of 

normal urine and blood-based analyses. An x-ray computed tomography (CT)-image-guided 

X-irradiator was used to deliver single and fractionated radiation dosing regimens. We show 

that both the transcutaneous methodology and dynamic contrast-enhanced CT imaging are 

effective techniques to assess radiation-mediated renal damage, and data generated by both 

approaches correlate with conventional blood and renal biomarkers of injury.

Materials and Methods

Animal experiments and X-ray irradiation

10-14-week-old female and male C57BL/6 mice were purchased from the Jackson 

Laboratory (Bar Harbor, ME, USA). Animals were housed in MicroVENT IVC standard 

ventilated cages (Allentown Inc., PA, USA) maintained at 68±4°F with 12h dark and 12h 

light cycle and provided water and normal rodent diet with no restrictions. The experimental 

protocol was approved by the University of Miami Institutional Animal Care and Use 

Committee. For irradiation, animals were lightly anesthetized with a mixture of ketamine 

(100 mg/kg) and xylazine (10 mg/kg) and treated with a single X-ray dose of 14 Gy using an 

CT-image-guided small animal arc radiation treatment system (iSMAART [iSMall Animal 

Arc Radiation Treatment], 225 kVp, 13 mA) (Sha et al. 2016; Ahmad et al. 2017; Shi et 

al. 2017a, 2017b). Onboard cone beam x-ray computed tomography guidance was used for 

delineation of kidneys prior to irradiation. Mice were vertically immobilized on the rotation 

stage for CT imaging, where 360 transmission x-ray projections were acquired using the flat 

panel detector with an exposure time of 124 ms per projection at every 1° rotational step 

over one complete rotation. We used Feldkamp-Davis-Kress (FDK) filtered back projection 

algorithm for tomography reconstruction with the image voxel size of 0.13x0.13x0.13 mm3. 

Then, based on the CT imaging guidance, the left and right kidneys were separately aligned 

to the radiation isocenter to receive radiation. A second cohort of mice (n =10) were 

immobilized in the prone position in acrylic plastic jigs (Braintree Scientific, Inc, MA) and 

covered with custom-designed lead shielding for irradiation schedule of five fractions of 

6Gy using a RS 2000 Biological Research Cabinet Irradiator (225 kVp, 17 mA RadSource 
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Technologies, Inc., Suwanee, GA). The animals were sacrificed at 20 weeks after irradiation 

by a mixture of Ketamine/xylazine followed by transcardial perfusion with cold PBS 

and confirmed by cervical dislocation. Five minutes before sacrifice, mice were injected 

intravenously with 200μl of 1mg of a FITC-labelled dextran/0.9% NaCl solution (2000 kDa, 

Sigma-Aldrich). Kidney were harvested, snap frozen in OCT mounting media and 5 μM 

frozen sections were cut. After fixation, images were captured using fluorescent microscopy.

Functional assessments of renal injury.

Two methods were used to measure GFR 20 weeks after irradiation and 24h before 

sacrifice: (1) FITC-sinistrin renal excretion (MediBeacon, St. Louis, MO) and (2) dynamic 

contrast-enhanced CT imaging on iSMAART. To perform the CT scan, the isovue-300 

(Iopamidol: catalog no. NDC0270-1315-30) was diluted with ultra-pure normal saline in a 

1:1 ratio and 150 μL of the diluted Iopamidol was intravenously administered by lateral 

tail injection. 150 μL of diluted isovue-300 was infused (30 sec.) at the speed of 1.38 

mL/min using a Chemyx NanoJet syringe pump, then a 2D x-ray projection was obtained 

using a PerkinElmer flat-panel detector on the SMall Animal Arc Radiation Treatment 

(iSMAART) with temporal resolution of 0.5 s. Single exponential fitting was carried 

out during the 1000s~3000s period, to calculate the excretion half time (t1/2). For the 

FITC- transcutaneous technique, the fur from the back of the mouse over the kidneys 

was removed using an electric razor and depilation cream 24 hours prior to attachment of 

the transdermal monitor. FITC-sinistrin (0.15 mg/kg body weight) was tail vein injected 

under light anesthesia using 1-3% isoflurane. FITC-sinistrin clearance from interstitial fluid 

was measured transcutaneous ly by using a transdermal monitor for 1.5 hours. The data 

were downloaded from the detector and analyzed using manufacture provided software 

to determine renal FITC-sinistrin half-life (t1/2) along with an R2 value, determined by a 

1-compartment model using a conversion factor as previously described (Schock-Kusch et 

al. 2009b; Schreiber et al. 2012b; Schock-Kusch et al. 2013b). After sacrifice, kidneys were 

harvested, and tissue samples snap frozen in isopentane/liquid nitrogen for preparation of 

frozen sections and protein isolation or fixed in neutral buffered formalin and processed for 

paraffin embedding.

Urine samples analysis.

Spot urines were collected prior to irradiation for baseline assessments and then at 10 

weeks and 20 weeks post RT. Urinary albumin content was measured by ELISA and 

urinary creatinine by an assay based on the Jaffe method using albumin (Bethyl Laboratory. 

#E90-134; TX, USA) and Stanbio creatinine kit (Bethyl Stanbio Laboratory. #0420-500; 

TX, USA). Values are expressed as μg albumin per mg creatinine.

Histology and assessment of mesangial expansion.

The kidneys were removed for histological analysis. A standard protocol was used for 

Periodic acid-Schiff (PAS), Picrosirius Red, hematoxylin–eosin (H&E) and Masson’s 

trichrome staining of paraffin-embedded kidney sections (4 μm thick). Images were captured 

using a light microscope (VS120, Olympus, Tokyo, Japan) at 40x magnification and 

analyzed using Image J software (Montes 1996). Two blinded independent investigators 
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used a semi-quantitative analysis (scale 0–4) to analyze mesangial expansion from twenty 

glomeruli per section from mice kidney cortex (Crowley et al. 2009; Wei et al. 2011).

Blood samples analysis.

Blood (100μL) was harvested in non-heparinized micro-hematocrit capillaries by retro­

orbital collection and allowed to clot for 1 h. All blood samples were then centrifuged at 

10,000 rpm for 5 min and serum collected. Serum samples from all the animals were stored 

at −80°C until further analysis. Hematocrit was determined in plasma using a Hawksley 

hematocrit reader. Blood Urea Nitrogen (BUN) levels were determined in serum at the 

University of Miami using the Urea Nitrogen (BUN) Reagent Set (Pointe Scientific, Canton, 

MI), according to the manufacturer’s instructions. Tandem mass spectrometry at the UAB­

UCSD O’Brein Core Center (University of Alabama, Birmingham) was used to determine 

the serum creatinine level as described previously (Takahashi et al. 2007).

Statistics

All the data are expressed as a mean ± standard deviation (SD). Two different groups of 

were compared using a two-tailed t-test. Three or more than three groups of data were 

compared using the one-way analysis of variance (ANOVA), followed by Tukey’s post-test 

or two-ways ANOVA with multiple comparisons. P-values below 0.05 were considered 

as statistically significant. 0.01 = *, 0.001 = **. Statistical analysis was performed using 

GraphPad Prism, version 7.0 (GraphPad Software Inc.).

Results

Figure 1 illustrates the image-guided targeting of a single kidney for a vertically­

immobilized animal using an in-house developed iSMAART. Resultant renal histopathology 

is shown in figure 2 and illustrates changes within a single representative glomerulus 

for both radiation treatment regimens. Data is also quantified from measurements made 

from multiple glomeruli from 5 individual mice. Non-treated C57BL/6 animals (NT) 

exhibit glomeruli with visible and distinct Bowman’s space, thin glomerular capillary 

loops, non-occluded capillary lumen, no mesangial expansion and normal surrounding 

tubules (Fig. 2A). PAS (Periodic Acid-Schiff staining) staining (Fig. 2J) reveals normal 

basement membranes of glomerular capillary loops and tubular epithelium and no mesangial 

expansion. We did not find glomerular and tubular collagen (Fig. 2D) and fibrous tissue 

(Fig. 2G) in the nontreated animals' kidney cortex. In contrast, glomerular atrophy is 

evident 20 weeks after the 1x14Gy treatment as seen by H&E staining (Fig. 2B) that 

is less prominent after 6x5Gy (Fig. 2C). Irradiation leads to a decrease in glomerular 

surface area within 20 weeks (control [4366.67μm2], 1x14Gy [2420 μm2], 5x6Gy [2753.33 

μm2] (Fig. 2M). Trichrome staining indicates increased collagen content in the interstitial 

space after irradiation (Fig. 2E and H) with collagen I and III depositions, as indicated 

by Picrosirius Red staining (Fig. 2H and I). PAS staining demonstrates that the single 

dose treatment induces more thickening of the glomerular basement membrane (Fig. 2K) 

than the fractionated radiation regimen (Fig. 2L). Figure 3 demonstrates that dextran (2000 

kDa) is poorly excreted from the kidneys and remains within renal vasculature marking 

the honeycomb-like vascular network in non-treated (NT) animals (Fig. 3A-B). In contrast, 
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irradiation leads to capillary loss, obstructions of vessel perfusion, and loss of vascular 

network (Fig. 3C-F). Renal irradiation reduces the number of perfused vessels, with a single 

fraction of 14Gy producing significantly more damage than fractionated treatment of 5x6Gy 

(Fig. 3G).

To investigate the effect of irradiation on overall animal health, we recorded the average 

body weight and kidney weight at sacrifice (Figure 4A-C). At 20 weeks, non-treated 

mice were significantly heavier than irradiated mice, and irradiation produced comparable 

levels of renal atrophy after the two treatment regimens. Blood urea nitrogen (BUN) levels 

were significantly increased after both radiation dose regimens (Fig. 4D). Elevated BUN 

levels indicate the kidneys are failing to clear urea from the bloodstream through radiation­

induced disruption to normal renal function. A two-fold increase in serum creatinine after 

irradiation indicates a reduction in the filtration capacity of the glomeruli to remove 

creatinine from the blood (Fig. 4E). However, serum creatinine is not a good indicator 

of glomerular filtration rate and more sophisticated clearance methods may better provide 

accurate measurements of kidney function. Likewise, the urinary albumin-to-creatinine ratio, 

assessing the permeability of the glomerular filtration barrier to albumin, increased >2-fold 

after irradiation (Fig. 4F). The presence of albumin in the urine (Alb/Creat ratio) indicates 

increased permeability of the glomerular filtration barrier. ACR increased from 44.9μg/mg 

(±3.64) at baseline for non-treated animals to 100.4 μg/mg (±12.2) and 80.4 μg/mg (±3) for 

1x14Gy and 5x6Gy groups respectively.

The FITC-sinistrin transcutaneous procedure has been previously described to measure GFR 

(Scarfe et al. 2018), and involves a fluorescence detection device placed on a depilated 

region of skin over the animal kidneys (Supplementary Figure 1). After FITC-sinistrin 

injection, continuous measurements are made for 90 minutes to determine the half-life (t1/2) 

of FITC-sinistrin clearance. Representative images of FITC-sinistrin excretion are shown 

over 90 minutes in Figure 5A-C and demonstrate a higher retention of FITC-sinistrin after 

1x14Gy, with a calculated GFR (508.9±56) from an average of 5 mice per group (Fig. 5D). 

These data demonstrate this technique is consistent and reliable for assessing renal function 

after radiation treatment, although the values are composite values from both kidneys.

CT contrast is cleared out from both healthy kidneys to bladder with 35 seconds after 

injection (Fig. 6A). This data shows that maximum contrast signal intensity drops within 

10 minutes post CT contrast injection (Fig 6B and C). We have compared the GFR 

values calculated at 10 minutes and 1 h post-CT contrast injection and we found no 

significant difference in GFR values (data not shown). We can estimate GFR ten minutes 

after injection instead of waiting for 1 hr. This technique is less time consuming and cost 

effective compared to FITC-sinistrin technique. Irradiation significantly reduced GFR. GFR 

values calculated from dynamic contrast-enhanced CT imaging showed comparable patterns 

of response for irradiated (5x6Gy) and non-treatment aged-match controls (Fig. 6C and 

D). After 5x6Gy, eGFR values decrease (340.9±74) compared with non-treated controls 

(509.8±56), indicating slower clearance of CT contrast agent in irradiated kidneys; with 

similar responses seen for both the left and right kidneys which shows the reproducibility 

of the radiation targeting (Fig. 6D). We observed no significant change in serum creatinine 

level 72 h post CT contrast injection (Fig. 6E).
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The GFR of FITC-sinistrin and CT-measured contrast agents decreased similarly after 

irradiation and negatively correlated with elevated traditional measures of renal function 

(Figure 7). All function/damage parameters showed a strong positive correlation with e-GFR 

measured by CT based technique (Fig. 7 B, D, F and H). Whereas, all four function/

damage parameters showed a positive but weaker correlation with e-GFR measured by 

FITC-sinistrin clearance technique (Fig. 7 A, C, E and G).

To rule out the possibility of CT-contrast induced nephrotoxicity, GFR was measured using 

30 week old C57BL/6 male and female mice (n = 5). 150 μL of diluted Isovue-300 contrast 

(1:1 diluted with ultra-pure normal saline) was given intravenously via lateral tail injection 

(n = 5). A second group of mice (n = 5) received 150 μL of ultra-pure saline solution 

only. Serum BUN, serum creatinine, and body weights were measured at baseline and one 

week after the CT-scan. No significant difference in urine creatine and protein levels 1-week 

post-treatment No significant changes in these parameters were seen between baseline and 

one week after the CT-scan between these two treatment groups (Figure 8).

Discussion

Previously, we have reported that radiation induces the early cytoskeletal remodeling of 

podocytes and causes injury to glomerular endothelial cells (Ahmad et al. 2017; Abou Daher 

et al. 2020). Now, using two distinct methodologies, we demonstrate that the decline of 

kidney function in focally-irradiated C57BL/6 mice can be defined by measuring GFR. 

Radiation-induced kidney function loss has previously been measured using inulin clearance 

(Brochner-Mortensen 1985) and serial (99m)Tc-DMSA SPECT/CT imaging (Jackson et al. 

2014). In this manuscript, we report for the first time the use of imaging and FITC-sinistrin 

based GFR measurements to assess radiation-induced nephropathy.

Hallmarks of renal injury and fibrosis manifest as structural glomerular alterations including 

the accumulation of extracellular matrix, tubular and glomerular atrophy and deposition of 

collagen (Farris and Alpers 2014). H&E-stained sections display tubular and glomerular 

changes. Our histopathology data showed that both RT regimens (1x14Gy and 5x6Gy) 

induced renal injury and fibrosis at 20 weeks. Changes in blood flow, vessel perfusion 

and integrity within the kidney was also seen after irradiation as defined using fluorescent 

dextran, and the reduced vascular perfusion that contribute to a decline in kidney function. 

This is supported by the dynamic contrast-enhanced CT imaging data that indicate a 

reduction in e-GFR after irradiation compared to non-treated aged-match controls and 

the FITC-sinistrin data showing higher retention of FITC-sinistrin (reduced e-GFR) after 

irradiation. Higher FITC-sinistrin retention was seen after single dose (1x14Gy) treatment 

compared to the fractionated radiation regimen (5x6Gy) 20 weeks after RT. The accuracy 

and reliability of measuring GFR using the transcutaneous measurement of FITC-sinistrin 

half-life has been previously reported (Schock-Kusch et al. 2009b; Schock-Kusch et al. 

2011; Schreiber et al. 2012b; Schock-Kusch et al. 2013a; Zollner et al. 2013; Scarfe et al. 

2018).

As has been previously reported (Schock-Kusch et al. 2011), to avoid artifacts associated 

with data acquisition during the recovery from anesthesia, a single compartment model 
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(Schock-Kusch et al. 2009a) was found to be more appropriate than the two-compartment 

model for defining transcutaneous GFR measurements, along with the use of a rapid 

single intravenous bolus injection of FITC-sinistrin. The eGFR values measured by FITC­

sinistrin in C57BL/6 mice in our study (1010±214 μL/min) were slightly lower than 

previously published values (1212±274 μL/min)(Schreiber et al. 2012a) which might reflect 

the younger age of the animals used in our study. However, the technique was found 

to be reproducible, values recorded in the same animals over a three day period had a 

coefficient of variance between 1-6%. Critically, the estimated GFR values obtained by this 

transcutaneous method correlated with functional biomarkers assessed from harvested blood 

or urine collections.

The blood-harvesting methods that evaluate plasma clearance are stressful and time­

consuming because they require repeated restraining and vessel puncture for blood 

collection that can lead to fibrotic changes and vessel stenosis/obstruction (Nanni et al. 

2007), whereas the transcutaneous measurement was well tolerated which allowed for 

sequential measurements within the same animal within 24 h; albeit the values represent 

only a change in relative fluorescence intensity as a surrogate measure of absolute 

tracer concentrations. Skin edema alters the detection of FITC-sinistrin renal excretion 

and therefore skin edema should be closely monitored to avoid false readings. Likewise, 

pigmented skin is a limitation because of the overlapping excitation and emission spectra of 

FITC-sinistrin and melanin.

In our experiments, the e-GFR determined by CT imaging was consistently lower than 

the GFR values determined using the FITC-sinistrin technique, and the reason for the 

discrepancy is unknown. However, there are a few possible explanations that are related 

to renal vascular resistance. The viscosity of the CT contrast agent may limit access to 

the smaller vessels in the kidney more so than the larger vessels although the 1:1 dilution 

may alleviate this concern, a characterization referred to as the Fahraeus effect (Pries et 

al. 1986), whereas, FITC-sinistrin is less restrained by vessel size and therefore high GFR 

values were recorded. Alternately, the anesthesia needed for animal immobilization that is 

required for CT imaging likely suppresses blood pressure and cardiac output, and this could 

lower mean arterial blood pressure and increase renal vascular resistance reducing the GFR 

measurements. Finally, CT agents are known to exhibit some nephrotoxic effects which 

could lead to a transient reduction in blood flow and reduction in GFR.

A major advantage of the FITC-sinistrin technique is that measurements of GFR are made 

on non-restrained and conscious animals over a prolonged time period in a single event, 

and repeated measurements can be made within a short-time period over a number of 

days without the necessity for blood sampling. In contrast, the toxicity associated with 

the use of some x-ray contrast agents and the prolonged anesthesia needed for x-ray 

imaging are less conducive to making daily measurements or multiple assessments with 

a single week. Also, the CT imaging is also prone to measurement artifacts from animal 

motion and respiration, although this can be minimized by calculating GFR values from 

captured images. However, the FITC-sinistrin technique is not without limitations. Skin 

edema and excessive pigmentation may reduce the efficacy of the detector, factors that 

do not impact GFR measurements by CT imaging. Also, the FITC-sinistrin methodology 
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bilaterally assessed GFR, from both kidneys simultaneously, whereas both the left and right 

kidneys can be independently assessed using CT imaging. This latter distinct between the 

two approaches allows GFR measurements to be made after unilateral disease or damage, 

or combined injury modeling in which systemic nephrotoxic agents are given and then 

compared with concurrent irradiation on a single kidney such that chemotherapy can be 

compared with chemotherapy plus irradiation in separate kidneys within the same animal.

Conclusion:

GFR measurements do not require blood or urine samples and are reproducible. The FITC­

sinistrin based technique allowed for the reproducible measurement of GFR in conscious, 

freely-moving mice. The dynamic contrast-enhanced CT imaging with nonionic contrast 

media can provide functional information and morphologic characteristics of the kidneys.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Representative three orthogonal x-ray CT views of an anesthetized mouse 5 minutes 
post intravenous ISOVUE-300 Iopamidol (150 μL) injection.
The yellow crosshair indicates the kidney center, which was subsequently aligned to the 

system isocenter for irradiation.
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Figure 2. Representative photomicrographs of nontreated (NT) and irradiated 10-14 weeks old 
C57BL/6 mice at 20 weeks post-radiation (RT).
Paraffin-embedded sections, 5 μm thick, were stained with H&E, Masson trichrome, 

Picrosirius Red, Periodic Acid-Schiff (PAS). (A-C) Show degeneration of the renal 

tubules (black asterisks). Intact tubules are marked with (black arrowhead). H&E sections 

with diffuse tubular dilatation (yellow asterisks). (M) Quantification of the glomerular 

surface area. (D-F) Masson's trichrome staining section shows the blue-appearing collagen 

particularly evident in radiated specimens (green arrowhead). Interstitial fibrosis (green 

arrow). (G-I) Representative photomicrographs of picrosirius red-stained kidney sections 

show increased collagen deposits (dark red color shown by the blue arrow) in radiated mice. 

(N) Sirius-red positive area indicates the ratio of the mean picrosirius red-stained area to 

the whole mean area of the section. (J-L) shows the mesangial expansion in glomerulus 

after RT (black arrow). (O) shows the quantification of the mesangial expansion score from 

PAS staining. Values are mean ± SD. Scale bar = 50 μm. RT= radiation therapy, NT = No 

treatment.
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Figure 3. Radiation changes the blood flow and vessel structure.
Five minutes before sacrifice, mice were injected intravenously with 200μl (1mg) of a 

FITC-labelled dextran/0.9% NaCl solution (2000 kDa). Frozen sections were fixed with 

4% paraformaldehyde and images were captured using an Olympus VS120 fluorescence 

microscope. Analysis of renal perfusion showed that (A-B) non treated (NT) animals 

displayed a well-perfused honeycomb-like vascular network. This network was disturbed 

in radiated mice (C-F) and (G) the perfused vessel area was significantly reduced 20 weeks 

post-RT.
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Figure 4. Assessment of kidney phenotypic parameters.
The kidneys of 10-14 weeks old C57BL/6 mice were radiated with 1x14 Gy using 

iSMAART/ or 5x6Gy by RAD Source RS 2000. (A) Bodyweight was measured before 

sacrifice. Then, mice were anesthetized using ketamine/xylazine and were perfused with 

cold PBS via left ventricle and kidneys harvested. (B) Both kidney weights were measured 

using the electronic weighing machine, and blood and (C) kidney weight and body weight 

ratio was calculated. Urine samples were collected 20 weeks after RT. Blood samples 

were analyzed for (D) serum BUN, and (E) serum creatinine (measured by tandem mass 

spectrometry). ELISA was used to determine (F) albumin-to-creatinine ratios (ACR) from 

urine samples 20 weeks post-RT.
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Figure 5. Representative image of an elimination curve of FITC-sinistrin from untreated (NT) 
and irradiated C57BL/6 mice 20 weeks post-irradiation.
FITC-sinistrin stock solution was prepared in PBS (40 mg/ ml) and 0.15mg/g body weight 

FITC-sinistrin was administered via the tail vein. The signal generated by FITC-sinistrin is 

detected transcutaneously and stored in the internal memory of the recording device located 

on the animals back. When the recorded data are downloaded onto a PC, the software 

generates a curve comparable to the one presented in the image (A-C). Y-axis shows the 

recorded fluorescence intensity [AU], emitted by the injected FITC-sinistrin marker, while 

the X-axis represents the duration of the measurement in time [min]. (D) estimated GFR 

values from t1/2values.
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Figure 6. Typical x-ray transmission projection kinetic curve of left and right kidneys after 
bolus injection of Iopamidol, for the untreated mouse or irradiated mouse 20 weeks after 5x6Gy 
irradiation.
The Iopamidol was infused at the speed of 1.38 mL/min with a Chemyx NanoJet syringe 

pump. The 2D x-ray projection was obtained using a PerkinElmer flat-panel detector 

with a temporal resolution of 0.5 s. Single exponential fitting was carried out during the 

1000s~3000s period to calculate the excretion half time (t1/2). (A) shows clearance of CT 

contrast at different time points (B) Clearance curve of CT contrast from the aorta, left and 

right kidney from a non-treated (NT) mice (C) relative CT contrast clearance in NT and 

irradiated mice 20 weeks post-RT (D) graph showing estimated GFR values and (E) graph 

showing the change in serum creatinine levels 72hr post CT imaging.
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Figure 7. Correlation of measures of kidney function/damage parameters (albumin/creatinine 
ratio (ACR), blood urea nitrogen (BUN), serum creatinine and histological evaluation of 
mesangial expansion score) with e-GFR:
10-14 weeks old C57BL/6 mice were irradiated with either single dose of 14Gy or 5x6Gy 

and sacrificed 20 weeks post-RT. All function/damage parameters showed a strong positive 

correlation with e-GFR measured by CT imaging technique (B, D, F and H). Whereas, all 

four functional/damage parameters showed a positive but weaker correlation with e-GFR 

measured by FITC-sinistrin clearance technique (A, C, E and G).
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Figure 8. 
Evaluation of CT contrast-induced nephrotoxicity. 30 week old male and female C57BL/6 

mice were injected either 150 μL of the diluted contrast agent Iopamidol (1:1 dilution with 

ultra-pure normal saline), or ultra-pure saline solution intravenously only, via lateral tail 

injection to perform the CT scan. Urine and blood were collected at baseline and 1 week 

after treatment to measure (A) serum BUN, (B) serum creatine, (C) body weight, (D) urine 

protein mg/dL, (E) urine creatinine (mg/dL) (F) urine protein to creatinine ration = 5 in each 

group; groups were compared by two-way ANOVA using graph prism pad software.
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