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Introduction:  Inflammation is central to the pathogenesis of a wide range of renal disease. Currently, clinical protocols hold ex vivo histological 
assessment of tissues as the gold standard for both diagnosis and tracking of inflammatory disease processes. Understanding the diverse triggering 
mechanisms and underlying inflammatory pathways is critical to developing imaging protocols to better diagnose and stage progression of inflammation 
mediated disease. In many clinical scenarios (for example, during an abdominal surgery or transplantation) episodes of cold or warm ischemia are 
followed by warm reperfusion—this triggers a cascade of inflammatory responses.  In renal ischemia-reperfusion (I/R) injury, activated macrophages 
infiltrate the cortex and produce cytokines and chemokines, which damage the glomeruli1. Macrophages have been shown to be actively involved in iron 
metabolism and, as such, intravenously administered superparamagnetic iron oxide nanoparticles (SPIONs) are taken up by tissue resident 
macrophages within the first 12-24 hours after injection. Macrophages that are part of the reticular endothelial system also take up SPIONs but only 
transiently2. The iron in SPIONs is known to significantly decrease T2 and T2* relaxation times in MRI. This study’s purpose is to address macrophage 
driven inflammatory responses is an area with significant clinical implications to detecting, understanding and quantitatively measuring ischemia-
reperfusion injury non-invasively and in real time. 

Methods:  10 female 7-week-old C57 mice, were divided 
into 2 cohorts (n=5 each).  One cohort received two doses 
of retro-orbitally administered clodronate (CLD, a non-toxic 
inductor of macrophage apoptosis) liposomal injections, 
one 24 hours prior to and a second immediately preceding 
I/R.  The second cohort was treated with two retro-orbital 
injections of phosphate buffered saline (PBS, control 
group).  Before the surgical procedure, baseline (BL), MRI 
scans were obtained, followed by I/R surgery, SPION 
injection and the second MRI scan. All MRI scans were 
obtained on anesthetized mice using a 4.7 Tesla Bruker 
PharmaScan MRI with a 31mm-diamter Bruker volume coil 
and acquired using Bruker Paravision 4.0.1 software. After 
obtaining tri-pilots for kidney localization, a conventional rapid 
acquisition with relaxation enhancement (RARE) proton density (PD) scan was obtained for the volumetric 
assessment of the kidneys, followed by a multi-slice multi-echo (MSME, 16 echoes) T2w-MRI map and a multi-
gradient echo (MGRE, 12 gradient echoes) T2*w-MRI map for the calculation of T2 and T2* relaxation times. The 
surgery consisted of gaining access to the left kidney via a ventral laparotomy and inducing I/R injury by clamping 
the left renal artery for 30 minutes.  Immediately following the surgery, both cohorts were intravenously injected 
with 30mg/kg Feraheme (a commercially available SPIONs). PDs, T2 and T2*-maps were acquired again 24 

hours after the Feraheme injections (injection and scan times were determined in a previous pilot study). At this time, all 10 mice were sacrificed and the 
tissues collected—kidneys for flow cytometry, iron studies and for the histological assessment (Cd11b/F480/Prussian Blue) of iron-laden macrophage 

presence (spleens, livers, muscles and blood serve as controls). 
Results:  The kidney damage inflicted by the I/R surgical procedure was quite severe, and all of the mice 
experienced significant weight loss 24 hours after I/R and Feraheme injection. CLD mice lost 12.3% of pre-
lysosome injection weight and PBS mice lost 8.5% (p<0.05 for both groups).  Interestingly, the PBS cohort 
showed signs of significant renal edema (as indicated by increased kidney volumes of both kidneys), while the 
CLD cohort showed no changes in the left (I/R) kidney and slightly decreased volumes of the right, non-
ischemic kidney. As expected, there is no statistically significant (p<0.05) difference in baseline T2 relaxation 
times between CLD and PBS cohorts (no differences in T2-times at BL prior to the I/R procedure). Paraspinal 
musculature relaxation times remained constant, serving as a macrophage-free/iron-free control tissue.  
However, a decrease in T2 relaxation times from baseline to 24 hours after injection with Feraheme does exist 
for all kidney regions measured for both PBS and CLD cohorts, and is statistically significant (p<0.05) (Figures 1 

and 2). Measurement of iron via a colorimetric assay showed that there was a correlation between the T2 
drop and iron levels for kidney within both I/R groups  (Figure 3) - the control tissues showed no increase in 
iron above those reported in the literature. An ongoing flow cytometry analysis indicates that CLD 24 hours 
prior to I/R is not sufficient to deplete I/R-associated macrophages in the kidney. The flow cytometry data 

showed that there was not a significant infiltration of leukocytes in the right kidney tissues 
(Figure 4). Preliminary results indicate a clear difference in I/R versus non-I/R kidneys with 
regards to leukocyte and neutrophil influx. 
Conclusion:  This data indicates that SPIO is an effective contrast for measuring changes in T2 
relaxation time.  However, the scenario tested here does not deplete macrophage accumulation 
by CLD and macrophage-only associated uptake of SPIO 24 hours after injury via I/R.  The 
right, non-injured (non-inflamed) kidneys also experienced a significant decrease in T2-
relaxation times 24 hours after Feraheme injection, although at a lesser degree. As such, T2 
changes by MRI at this time point (relative to I/R and Feraheme injection) are rather reflective of 
a decrease in systemic clearance and prolonged circulation times of SPIONs. The relevance of 
this is to reexamine the timing of the scans and injections in order to predict maximum macrophage 
infiltration and inflammatory response, as well as physiologic compensatory increase in glomerular 
filtration rate (GFR) to the non-I/R kidney following injury. 
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Figure 1. T2 images for the two 
cohorts. Control Kidneys (R) 
showed retention of contrast 
24hrs post injection. 
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Figure 4. Flow cytometry data. Shows an 
infiltration of CD45+ cells in the injured 
kidney (L) but not the control kidney (R). 

Figure 3. Iron Assay Data. Kidneys 
from sham animals were used as 
controls. 
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Figure 2. T2 Times for injured kidneys 
for the two cohorts.  
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