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Abstract

Inducible heat shock proteins (HSP), regulated by heat shock factor-1 (HSF-1), protect against 

renal cell injury in vitro. To determine whether HSPs ameliorate ischemic renal injury in vivo, 

HSF-1functional knock-out mice (HSF-KO) were compared with wild-type mice following 

bilateral ischemic renal injury. Following injury, the kidneys of wild-type mice had the expected 

induction of HSP70 and HSP25; a response absent in the kidneys of HSF-KO mice. Baseline 

serum creatinine was equivalent between strains. Serum creatinines at 24 hours reflow in HSF-KO 

mice were significantly lower than in the wild-type. Histology showed similar tubule injury in 

both strains after ischemic renal injury but increased medullary vascular congestion in wild-type 

compared with HSF-KO mice. Flow-cytometry of mononuclear cells isolated from kidneys 

showed no difference between strains in the number of CD4+ and CD8+ T cells in sham operated 

animals. At 1 hour of reflow, CD4+ and CD8+ cells were doubled in the kidneys of wild type but 

not HSF-KO mice. Foxp3+ T regulatory cells were significantly more abundant in the kidneys of 

sham-operated HSF-KO than wild-type mice. Suppression of CD25+Foxp3+ cells in HSF-KO 

kidneys with the anti-CD25 antibody PC61 reversed the protection against ischemic renal injury. 

Thus, HSF-KO mice are protected from ischemic renal injury by a mechanism that depends on an 

increase in the T regulatory cells in the kidney associated with altered T cell infiltration early in 

reflow. Hence, stress response activation may contribute to early injury by facilitating T cell 

infiltration into ischemic kidney.

Introduction

Ischemia induced acute kidney injury (AKI) leads to renal insufficiency and increase in 

morbidity and mortality in critically ill patients. Ischemic AKI causes morphologic 

disruption of renal tubule epithelial cells and peritubular alterations including in the 

microvasculature (1–5). Multiple factors are implicated in modulating ischemia reperfusion 
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injury and recovery of kidneys. These include an inflammatory response and stress or heat 

shock protein (HSP) responses (6–8).

Several leukocyte subtypes, including neutrophils, macrophages and lymphocytes have been 

detected in the peritubular vasculature, interstitium and tubules. These leukocyte 

subpopulations are under investigation to determine their roles in ischemic kidney injury (9–

11). There is growing evidence supporting a role for T lymphocytes in ischemic kidney 

injury. T cell depletion and double knockout of CD4 and CD8 cells are protective in mice 

subjected to renal ischemia (12). However, combined T and B cell deficiency appears not to 

be protective in ischemic AKI; isolated B cell deficiency, though, is partially protective (13, 

14). This protection is reversed with wild type serum, but not B cells, suggestive of a soluble 

factor being involved in exerting the B cell effect in AKI (14).

Protection against injury following ischemic preconditioning has been attributed to multiple 

factors including induction of HSPs (7). Over-expression of HSP70 and 27, likely through 

their protein chaperone function, protect cultured renal proximal tubule cells against injury 

from ATP depletion, an established in vitro model of ischemic renal injury (15–17).

The role of HSPs in ischemic renal injury in vivo is still under investigation. Ischemia 

induces increase in HSPs 70 and 25 in rat kidneys (18–21). Protection against a second 

insult following a preconditioning injury has been attributed to multiple factors, including 

induction of HSPs (20, 22–26). The resistance of immature rat renal tubules against anoxic 

injury is associated with increased heat shock factor -1 (HSF-1) activity and with increased 

HSP70 expression in immature kidney compared with adult (27). This tolerance to hypoxia 

was reversed in the presence of heat shock factor (HSF) decoy, which inhibited HSP70 

expression.

Binding of activated, trimerized HSF-1 to the upstream heat shock element is fundamental 

in upregulation of inducible HSPs (28). In models of renal ischemia, HSF-1 is primarily 

activated by metabolic stresses associated with ATP depletion (18, 19). To understand better 

the role of HSP induction in in vivo ischemic renal injury, we studied HSF-1 functional 

knockout mice (HSF-KO). Our hypothesis was that HSP induction by renal ischemia would 

be inhibited in HSF-KO mice, and that HSF knockout mice would then suffer worse 

ischemic renal injury.

Results

HSP expression in WT and HSF-KO mice

Expression of HSPs 70 and 25 was measured in kidneys from WT and HSF-KO mice 

following 45 minutes ischemia and recovery for 24 hours and compared with their 

expression in sham operated control mice. As has been demonstrated previously in rats, 

mice kidney has a baseline expression of HSP70 and HSP25 (Figure 1; Panel A and B). 

Following ischemia and reperfusion for 45 minutes and 24 hours respectively, there is 

significant induction in WT kidneys of both HSPs above baseline levels (77% above 

baseline sham for HSP70, 94% above sham for HSP25; p=0.01 for both). As is shown in 

Figure 1, in HSF-KO mice kidneys there also is baseline expression of both HSPs, 70 and 
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25, equivalent to WT mice kidney. However, unlike the wild type animals, there is no 

significant induction of these HSPs following ischemia and reperfusion in HSF-KO mice 

kidney (p=0.9 and 0.7 for HSP70 and HSP25, respectively, compared to non-ischemic sham 

operated control). This lack of induction of HSPs triggered by ischemia in HSF-KO mice 

compared with WT mice is significant (p<0.005 for both HSP70 and HSP25 in HSF-KO vs. 

WT at 24 hrs reflow).

Renal function in WT and HSF-KO mice

To determine the effect on renal function of ablated induction of HSP 70 and 25 in the HSF-

KO mice, serum creatinine was measured in both the HSF-KO and WT animals under each 

condition (Figure 2). We measured serum creatinine using a Jaffe assay on initial studies. 

Later studies were done by Jaffe assay and Mass Spectrometry assay to confirm the validity 

of the Jaffe assay results. While the absolute values of serum Cr differed between the two 

assays, the pattern and statistically significant difference between experimental groups held 

true. Serum creatinine of sham WT and HSF-KO mice were comparable (by Jaffe assay 0.22 

mg/dL and 0.19 mg/dL, respectively; p=0.19 with n=6 for each, by mass spectrometry 0.07 

mg/dL and 0.05 mg/dL, respectively; n= 2–3). Following 45 minutes ischemia and 24 hours 

recovery, the WT mice manifested renal insufficiency with the expected increase in serum 

creatinine to 2.1 mg/dL by Jaffe assay and 1.5 mg/dL by mass spectrometry. In HSF-KO 

mice, subjected to the same duration of ischemia and reperfusion as WT mice, serum 

creatinine increased only to 0.9 mg/dL by Jaffe assay and 0.6 by mass spectrometry. This 

difference in serum creatinine following ischemia reperfusion between the WT and HSF-KO 

mice was statistically significant (p=0.000001 for Jaffe assay and 0.001 for mass 

spectrometry).

Histology of WT and HSF-KO mouse kidney

Histology of the WT and HSF-KO kidneys were compared both in the uninjured condition 

and following ischemic injury. The degree of histological changes was scored by two 

investigators blinded to the experimental conditions (details in methods), using PAS staining 

for tubular injury and H&E staining for assessment of medullary vascular congestion. The 

findings were consistent for an n of 5 in each experimental group. No significant difference 

was found in the histology score of the WT compared to HSF-KO mice kidney following 

sham surgery with PAS (WT to HSF-KO p=1.0) or H&E staining (WT to HSF-KO p=1.0) 

(Figures 3a and 3b; Panels A, B, E and F and graphs). The sham kidneys from both groups 

displayed only mild fixation artifact in the proximal tubule (in PAS: Figure 3a; Panels A & 

B and H&E stain: Figure 3b; Panels E & F). Of note, there appeared to be no renal 

developmental abnormalities or dysplasia in the HSF-KO mice kidneys when compared to 

the WT kidney. Following ischemia, there appeared to be nearly equivalent proximal tubule 

injury in both WT and HSF-KO mice kidneys (Figure 3a: Panels C & D). There was no 

statistical difference in the histology score for proximal tubule injury between the WT and 

HSF-KO mice kidneys (WT to HSF-KO p=0.3) (Figure 3a graph). However, the typical 

prominent medullary vascular congestion seen following ischemic renal injury in the WT 

kidney was essentially absent in the HSF-KO kidneys (Figure 3b: Panels G and H). The 

histological score for medullary vascular congestion was significantly different between the 

two strains (WT to HSF-KO p=0.0007) (Figure 3b graph).
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Mononuclear cells isolated from WT and HSF-KO kidneys

We used flow- cytometry to study the pattern of mononuclear cells isolated from kidneys 

from both strains of mice. In sham operated control, there was no difference in the number 

of CD4+ and CD8+ T cells found in WT compared to HSF-KO kidneys (Figure 4, Panels A 

and B). Following 45 minutes of bilateral ischemia and 1 hour reperfusion, the number of 

CD4+ and CD8+ cells in WT mice kidneys was more than double the numbers found in 

uninjured controls (p=0.001 for CD4+, p=0.04 for CD8+). In contrast, there was no 

significant change in either CD4+ or CD8+ cell numbers (p=0.5 for CD4+ and p=0.6 for 

CD8+ cells) in the HSF-KO mice kidneys following ischemia compared to uninjured control 

(Figure 4; Panels A and B).

In addition, we found that there is significantly more Foxp3+ T regulatory cells in sham 

operated mice kidneys of HSF-KO animals compared with WT (Figure 5, p=0.02 WT Sham 

to HSF-KO Sham). When we examined the intrarenal distribution of FoxP3+ cells using 

immunohistochemistry, we found no difference in HSF-KO mice kidneys compared to WT. 

In both, the Foxp3+ cells were found exclusively in the outer medulla in the peritubular 

interstitium (not shown). There was no significant change in the number of intrarenal 

Foxp3+ cells early after I/R compared to sham operated kidneys in either strain (Figure 5; 

Panels A and B).

Treatment with anti-CD25

HSF-KO animals were treated with PC61, anti-CD25 antibody, to deplete that subpopulation 

of T regulatory cells, or vehicle control. Mononuclear cells were isolated from the kidneys 

following sham surgery, or ischemia for 45 minutes and reperfusion for 24 hours. As shown 

in figure 6, treatment with PC61 intravenously for 5 days suppressed the renal Foxp3, 

CD25+ cells significantly in the sham operated condition and also at 24 hours reperfusion 

following ischemia (PC61 to vehicle control p=0.006). Under sham operated condition, 

treatment with PC61 did not change the baseline serum creatinine when compared with the 

vehicle treated animals (PC61 to vehicle treated by Jaffe assay 0.26 and 0.24, respectively; 

p= 0.2 and by mass spectrometry 0.09 and 0.08, respectively; p= 0.3, Figure 7). CD25+ cell 

depletion prior to renal ischemia in HSF-KO animals resulted in significantly higher serum 

creatinine when compared with HSF-KO animals with no CD25+ cell depletion prior to 

renal ischemia (PC61 and vehicle treated by Jaffe assay were 0.93 and 0.42, respectively; p= 

0.02, and by mass spectrometry were 0.75 and 0.29, respectively; p= 0.0003 Figure 7). 

Renal ischemia following CD25+ cell depletion in the HSF-KO animals also resulted in 

significantly more medullary vascular congestion, similar to HSF-WT, compared with 

vehicle treated HSF-KO animals (Figure 8, histology score PC61 to vehicle treated p= 

0.009).

Discussion

Many in vitro studies from several laboratories provide compelling and consistent evidence 

that HSPs afford protection to renal epithelia against injury (15, 16, 22–24). Such 

consistency is not present in results from in vivo models. We believe that this inconsistency 

arises, in part, because such models have relied principally on preconditioning injury either 
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from heat or ischemia (29–31). In the present study, then, we sought to resolve this issue by 

taking advantage of the HSF-1 knockout mouse model (32, 33). In this model, HSF-1 is 

functionally knocked-out such that HSPs are not induced in response to the typical stress of 

heat, in all tissues examined, including the kidney. Furthermore, in cardiac tissue HSPs are 

not induced in this model in response to ischemia (34). Our hypothesis, then, was that renal 

ischemia would not induce the typical HSP elaboration in this knock-out model, and that the 

functional effect would be worse renal outcome in the HSF-KO mouse.

As we anticipated, neither of the inducible HSPs, HSP70 or 25, extensively studied in the 

renal ischemia models, were induced by renal ischemia in the HSF-KO mice, unlike the 

typical induction in the WT mice. At baseline, renal levels of HSP70 and 25 and renal 

morphology did not differ between the two strains. These results indicate that HSF-1 

regulates induction of these HSPs in response to ischemia, but does not regulate constitutive 

expression of the inducible HSPs. Furthermore, although HSPs have been described to 

participate in renal development (35, 36), it appears that role is restricted to constitutively 

expressed HSPs, not stress inducible HSPs, since we found no evident renal developmental 

abnormalities in the HSF-KO mice by histological examination.

Counter to our hypothesis, we found that the HSF-1 functional KO mice had less renal 

dysfunction than WT mice subjected to the same duration of I/R injury. This posed a 

conceptual dilemma, since the results appear to run against nearly all of the in vitro studies, 

including those from our group studying the effect of blocking HSF function using synthetic 

HSF decoy (27, 37). So, we then considered potential mechanistic pathways for these 

apparently discrepant results.

One clue comes from the histological findings. We found no difference between the strains 

in the typical ischemia induced changes in proximal tubules. However, there is a clear and 

significant difference between WT and HSF-KO kidneys in microvascular changes 

following ischemia. Specifically, WT mice manifest the typical dramatic vascular 

congestion in the renal medulla following ischemia, a finding nearly absent in the HSF-KO 

mice kidneys. This finding is particularly pertinent, since essentially all studies that have 

demonstrated protective effects of HSPs in renal ischemia models have focused on effects 

on renal tubule cell structure, function, or viability (15, 16, 22–24). With the growing 

knowledge that injury to the microvasculature is an important element in ischemic renal 

injury (1–5, 38), we considered potential mechanisms where inducible HSPs may play a 

pathological role in this portion of the kidney following ischemia.

The pathway ripe for exploration involved inflammatory mechanisms of injury, since they 

may be initiated at the microvasculature level by an ischemic renal insult (3–5). Several 

groups have established the significant role that immune responses play in acute kidney 

injury (39–42). In physiological conditions, vascular endothelia serve as a barrier preventing 

immunological injury to underlying tissue from pro-inflammatory cells and cytokines in the 

blood (3–5). Microvascular injury, such as occurs with ischemia, leads to vascular 

endothelial dysfunction and a pro-inflammatory environment (43).
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HSPs are known to have a role in immunological mechanisms, including innate immunity. 

The expression of some toll-like receptors (TLR) in renal epithelia, notably TLR-2 and 

TLR-4, are increased with AKI (8). Both receptors are activated by HSPs, including HSP 70 

(44–46). This interaction shapes the final immune response by mediating the release of 

cytokines and affecting the cytolytic function of phagocytic cells (46–48).

This background, combined with the unanticipated findings presented here in figures 2 and 

3b, led us to examine the pattern of mononuclear cell infiltration into the kidneys of WT and 

HSF-KO mice. We focused our studies on T cells, since several studies indicate that a T cell 

response modulates I/R injury in mouse kidney (10–13, 49). The lymphocyte response 

following renal ischemia has been demonstrated in multiple studies to occur early, and to 

peak at one hour of reperfusion (9, 50). So we chose to examine the lymphocyte pattern in 

the kidney at one hour of reflow after ischemia, long before the typical changes in renal 

histology and function are found after an ischemic insult.

Early after the ischemic insult to WT kidneys, we found increased infiltration of pro-

inflammatory mononuclear cells, CD4 positive T helper and CD8 positive T cytotoxic cells, 

consistent with previous investigations (40–42). No such increase was found in the HSF-KO 

mice. Of particular interest was the finding that prior to ischemia there are significantly 

more immunomodulatory Foxp3+ regulatory T cells in the HSF-KO kidneys compared with 

the WT mice kidneys. This finding appears to be unique to the kidneys in HSF-KO mice, 

since we did not find significant differences in the number of Foxp3+ cells in blood, spleen 

or lymph nodes in HSF-KO mice compared to WT (data not shown).

Since regulatory T cells have been shown to contribute to the protective effect seen with 

ischemic preconditioning in the kidney (10), we sought to determine whether the baseline 

elevated T regulatory cells that we found in the HSF-KO kidneys play a role in the tolerance 

to ischemic renal injury seen in these animals. So, we treated HSF-KO animals with PC61, 

anti-CD25 antibody, to suppress the elevated T regulatory cells in kidneys of these mice, 

and then examined its effect on renal ischemia reperfusion injury. Suppression of the CD25+ 

Foxp3+ regulatory T cells in HSF-KO kidneys prior to the renal ischemic insult resulted in 

significantly worse renal function, partially reversing the protection against ischemia 

induced renal insufficiency found in this model.

Taken together, these results suggest that the pre-injury milieu of increased Foxp3+ cells is 

responsible, at least in part, for providing protection to HSF-KO mice kidneys against 

ischemic injury, and the mechanism may be to blunt infiltration of pro-inflammatory CD4 

and CD8 cells. In our studies with PC61 treatment in HSF-KO mice, there was no increase 

in CD4 and CD8 cells in kidneys (results not shown) at 1 hour of reperfusion following 

ischemia with suppression of CD25+Foxp3+ regulatory cells. We attributed this to 

suppression of CD4 and CD8 T cells that are also CD25 positive. Regulatory T cells have 

also been shown to modulate later infiltration of innate immunity cells, macrophages and 

neutrophils, into the kidney after ischemia (10, 49). It may be, then, that the higher baseline 

Foxp3+ cells in HSF-KO kidney also affect this downstream pathway to renal injury, 

providing additional benefit to kidneys subjected to ischemia. Our study does not address 
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this additional potential mechanism, which could be a fruitful avenue for future exploration 

of this model.

In sum, then, we found that HSF-KO kidneys at baseline had an increased level of 

immunomodulatory Foxp3+ regulatory T cells, and that the pro-inflammatory environment 

that develops in WT kidneys shortly following an ischemic insult does not develop in HSF-

KO mice kidneys. In addition, suppression of the regulatory T cells in HSF-KO mice 

resulted in partial reversal of the inherent protection of this strain against ischemic renal 

injury.

So taken in the context of our previous in vitro work, although HSPs may provide protection 

at a cellular level in tubular epithelial cells, the present study demonstrates that the systemic 

effect of inducible HSPs may not be protective in the setting of an in vivo ischemic insult. 

How might inducible HSPs regulated by HSF contribute to immune mediated mechanisms 

of renal injury after ischemia? We suspect HSP expression induced by renal I/R in normal 

WT mice facilitates antigen presentation, providing increased endogenous targets for the 

innate immune response.

In addition, a separate HSF1 regulated pathway may contribute to renal injury after 

ischemia. Studies have demonstrated that several immune responses and inflammation 

related genes have heat shock response elements, and are directly regulated by HSF-1(51, 

52). The increase in constitutive T regulatory cells in the kidneys in HSF-KO mice might, 

therefore, be a direct result of the non-functional HSF-1 altering the immunological profile 

in the kidneys of these mice, in a pathway completely separate from HSF-1 regulation of 

heat shock protein expression. The two separate HSF-1 regulated pathways potentially could 

then interact to the detriment of kidneys subjected to renal ischemia. In mice with normally 

functional HSF-1, the combination of increased endogenous targets for innate immune 

responses (triggered by ischemia and chaperoned by HSPs) along with lower base line T 

regulatory cells may facilitate early infiltration of pro-inflammatory T cells into the injured 

kidneys, which extends the damage in the kidney. In contrast, the absence of HSP induction 

in HSF-KO kidneys might impair antigen presentation and, along with the increased level in 

baseline regulatory T cells in HSF-KO kidney, result in less pro-inflammatory cell 

infiltration. Less immune mediated microvascular injury early after ischemia in the HSF-KO 

mice might then lead to less propagation of renal injury through inflammatory mechanisms. 

Thus, this altered T cell response in HSF-KO mice kidneys may account for the observed 

protection against injury in this model.

This mechanism, then, could explain the discrepancy between the well-established in vitro 

finding of inducible HSPs benefiting both structure and viability of renal tubule cells in 

ischemia models, and our current findings that ablated HSP induction in vivo results in 

protection against the full manifestations of renal injury from ischemia. It may be that while 

inducible HSPs have a distinct beneficial effect localized to the renal tubule cell, the 

contribution that HSP induction makes to promoting immune mediated pathways to renal 

injury in vivo is greater. The broader effect of the latter pathway may then supersede the 

direct beneficial effects of inducible HSPs in preserving renal tubule cell structure, function 

and viability.
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Our study is not the first to report in vivo findings of HSP function in ischemia that 

apparently conflict with prior in vitro results (53). Supporting prior in vitro studies, proximal 

tubule cells isolated from transgenic mice that over express human HSP27 were found to be 

tolerant to H2O2 induced necrosis. However, these same mice manifested worse ischemic 

renal injury. This worse in vivo renal outcome was attributed to increased pro-inflammatory 

gene expression, along with increased neutrophil and lymphocyte infiltration into the kidney 

early (3 hrs) after the ischemic insult. In a follow-up study, selective renal over-expression 

of HSP27 protected against ischemic renal injury in vivo, in direct contrast to the finding in 

animals with systemic HSP27 overexpression (54). In the renal specific HSP27 over-

expression model, protection against ischemic injury was attributed to decreased neutrophil 

infiltration of kidneys and reduced pro-inflammatory gene expression.

These two prior reports taken together, then, support our findings and contention that 

detrimental effects of inducible HSPs, outside of the renal tubule and in the 

microvasculature, conflict with their beneficial effects within renal tubule cells subjected to 

an ischemic insult. The inducible HSPs appear to augment an ischemic insult in vivo by 

facilitating pro-inflammatory mechanisms of renal injury. These studies, then, connect 

inducible HSPs to pathways of inflammation in renal ischemia/reperfusion injury and 

recovery. Progressively defining specific beneficial or deleterious effects of individual 

classes of HSPs, alongside studies of the more generalized stress response regulated by 

HSF-1, should identify where HSPs can ameliorate injury or promote recovery, as opposed 

to those pathways through which the stress response might contribute to worse renal 

outcome.

Materials and Methods

Animal model

Care of the mice before and during the experimental procedures was conducted in 

accordance with the policies of the Biomedical Resource Center, Medical College of 

Wisconsin, and the National Institutes of Health guidelines for the care and use of laboratory 

animals. All protocols had received prior approval by the Medical College of Wisconsin 

Institutional Animal Care and Use Committee.

HSF-1 functional knock-out (HSF-KO) mice were generated by cross breeding HSF-1 

homozygous knock-out male mice with HSF-1 heterozygous female mice, on 129XI/SvJ × 

BALB/c background, developed and kindly provided to us by Dr. Ivor J. Benjamin, 

University of Utah School of Medicine Health Sciences (32, 33). HSF-1 wild type mice 

were generated by cross-breeding HSF-1 heterozygotic male and female mice from the same 

colony. We performed PCR genotyping using separate primers for HSF-1 WT and 

functional knock-out DNA sequence to confirm homozygotic HSF-KO and WT status of the 

animals used in the experiments. Male HSF-1 homozygous knock-out and WT mice were 

used in all studies.
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Ischemia Reperfusion Injury

Surgery was performed at 6 weeks of age. Some animals were given intravenous injection of 

PC61 (anti-CD25 antibody, clone purchased from the American Tissue Culture Collection, 

and the antibodies generated and purified in the laboratory) to deplete the CD25+ population 

of Foxp3 cells, or vehicle, for 5 days as previously described (55). Animals (15–25 g) were 

anesthetized by intra peritoneal injection of ketamine and medotomidine. Bilateral renal 

ischemia was induced in mice according to surgical procedures previously described (56). 

Animals were placed on heated surgical tables and monitored with rectal probes to maintain 

constant body temperature. Kidneys were exposed with midline incisions and blood supply 

to the kidneys interrupted with micro-aneurysm clamps for 45 minutes. After the occlusion 

interval, the clamps were removed, and reflow was verified visually. In sham operations, 

animals were exposed to the same treatments, but clamps were not applied.

Assessment of renal function and structure

At 24 hours of recovery, animals were anesthetized as described above, and a midline 

incision was made to expose the kidneys and aorta. Blood samples (minimum 0.5 ml) 

collected from the aorta into heparinized tubes, were centrifuged for plasma. Plasma 

creatinine was measured with an enzymatic assay based on the modified Jaffe reaction by an 

autoanalyzer (ACE, Alfa Wasserman, Fairfield, NJ) to determine the extent of renal injury. 

Some samples were also assayed by Mass Spectrometry at The University of Alabama at 

Birmingham, O’Brien Core Facility so as to verify the results obtained from the 

autoanalyzer using the modified Jaffe reaction. The kidneys were excised promptly and 

either fixed by immersion in 10% buffered formalin, used for biochemical analysis, or 

processed for mononuclear cell isolation (see below). The tissues were prepared for routine 

paraffin embedding and examination by light microscopy using hematoxylin and eosin 

stains, PAS stain by the histology core at Children’s Research Institute at Medical College 

of Wisconsin. The degree of histological changes was scored by two investigators blinded to 

the experimental conditions, using a quantitative scale. Tubular injury was graded using an 

established scoring scale (57). Briefly, the scoring scales were based on epithelial necrosis 

and necrotic debris in tubules in outer medulla. Score of 0 represents normal histology, score 

of 1 represents <10% change, 2 – 10–25% change, 3 – 26–75% change and 4 – >75% 

change for H&E and PAS staining, similar to that used by other investigators (57). Likewise, 

we adapted this method to grade the additional manifestation of ischemic injury, medullary 

vascular congestion; score 0 representing no congestion, 1– <10% congestion, 2 – 10–25% 

congestion, 3 – 26–75% congestion, 4 – >75% congestion.

Protein expression in kidney tissue

As has been described previously (56), renal tissue taken from HSF-1 function knock-out 

and WT mice were either snap frozen in liquid nitrogen and stored at −80°C for later 

processing, or immediately processed as follows: the tissue samples were homogenized 

using a Potter-Elvehjem homogenizer in 150 mmol/L NaCl, 10 mmol/L Tris (pH 7.5), 1 

mmol/L EDTA, and 1 mmol/L phenylmethylsulfonyl fluoride (PMSF). The samples were 

centrifuged at 680g for 10 minutes at 4°C and then the homogenates underwent protein 

determinations as previously described (58). Equal protein aliquots were subjected to 
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Western analysis for HSP25 (antibody SPA 801; Stressgen, Victoria, BC, Canada), HSP72 

(antibody SPA 810; Stressgen), and Actin (A5441, Sigma-Aldrich) after electrophoresis on 

4–20% precast gradient gels using the Mini-Trans-Blot system (Bio-Rad, Hercules, CA, 

USA). Immunoreactive protein was detected with enhanced chemiluminescence and 

quantified by means of densitometry (JImage, NIH) as previously described (15). The 

linearity of measurements within the experimental range was confirmed by serial dilution 

and subsequent densitometry.

Mononuclear cell isolation from kidney

Decapsulated kidneys were taken from anesthetized animals following sham surgery, or 

after 45 minutes renal ischemia and 1 or 24 hours reperfusion (as indicated in results), and 

incubated in RPMI buffer (11875; Invitrogen) containing 15% FBS and 0.18mg/ml of 

Collagenase D (11088874103; Roche) at 37°C for 1 hour. Background studies were 

performed examining the effect of perfusion of the kidneys prior to digestion, compared to 

no perfusion prior to digestion, on the number of mononuclear cells isolated. No difference 

was found between the two techniques in the number or pattern of mononuclear cells 

isolated from the kidney, regardless of whether they were perfused (data not shown). 

Therefore, further mononuclear cell isolations were performed without prior perfusion of the 

kidneys. Digested samples were strained with 100 µm filters, washed with DMEM (11995; 

Invitrogen) and centrifuged twice at 670 g for 5 min. at 4°C. The pellets were resuspended 

in 44% Percoll (P1644; Sigma) mixture and carefully layered onto 67% Percoll. Following 

centrifugation at 530 G for 36 min. at 4°C, mononuclear cell layer was collected from the 

Percoll interface, washed in DMEM and centrifuged twice at 670 G for 7 min. at 4°C. The 

pellets were resuspended in FACS buffer (PBS with 0.5% FBS), counted on a 

hemocytometer and prepared for flow cytometry.

Flow cytometry

Isolated mononuclear cells were separated into two groups and incubated with anti-CD16/

CD32 Fc receptor blocking antibody for 10 minutes at room temperature prior to incubation 

with anti-mouse anti- CD4 (MCD0428; Invitrogen), CD8 (MCD0830; Invitrogen) for 30 

minutes at 4°C. Samples were then washed with FACS buffer, centrifuged at 670 G at 4°C 

and then either fixed in 1% paraformaldehyde solution and analyzed immediately or 

processed for intranuclear staining of Foxp3. The samples for intra nuclear staining were 

fixed with paraformaldehyde for 30 minutes at 4°C, washed with PBS and centrifuged twice 

at 670 G for 5 minutes at 4°C and again with 0.1% triton X-100 at 2000 rpm for 5minutes 

twice at 4°C. The pellets were once again blocked with Fc receptor blocking antibody for 10 

minutes at room temperature, incubated with anti-mouse anti-Foxp3(11-5773-82; 

Ebioscience) for 30 minutes at 4°C. Following fixation with 1% paraformaldehyde once 

again, samples were analyzed immediately using LSR-II flow cytometer and FACS DIVA 

software. Each assay included a minimum of 10,000 gated events.

Sample size and statistical evaluation—HSP abundance was measured and compared 

between HSF-KO and WT mice kidney under each experimental condition (n=4 for each 

condition). Average values were calculated and expressed in terms of change from the 

respective level in sham operated control. Serum creatinine was measured and compared 
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between HSF-KO and WT mice (n=6 for each condition), and between HSF-KO mice 

treated with PC61 or vehicle control (n=5 for each condition) following ischemia for 45 

minutes and reperfusion for 24 hours, or sham surgery. Similarly number of total leukocytes 

that were CD4+, CD8+ and Foxp3+ were measured in the sham and injury condition in 

HSF-KO and WT mice kidneys (n=6 for each experimental condition). The number of 

Foxp3+ and CD25+ cells isolated from kidneys of HSF-KO mice treated with PC61 and 

vehicle control, both after sham operation and following renal ischemia, were measured 

(n=5 for each condition). Values are expressed as a mean ± standard error of the mean 

(SEM). Comparison between experimental groups was made using Student’s t-test. Values 

were considered significantly different if p<0.05.
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Figure 1. 
HSP expression in WT and HSF-KO mice following ischemia reperfusion. Panel A is the 

representative Western blots of WT and HSF-KO mice kidney tissue stained with antibody 

against HSP70, HSP25 and actin following sham (S) surgery and ischemia reperfusion 

injury (I) for 45 minutes and 24 hours respectively. Panel B is the graph of densitometry 

(mean +/− SEM) of Western blots probed for HSP70 and HSP25, expressed as change from 

sham conditions, using actin as loading control (n=4 for all conditions). * represents p< 0.05 

between groups.
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Figure 2. 
Serum creatinine in WT and HSF-KO mice. Mice were subjected to sham surgery or renal 

ischemia injury for 45 minutes and 24 hours reflow (I/R) Shown in figure are mass 

spectrometry results. N ≥ 6 for all conditions, including sham, by Jaffe assay. * represents 

p= 0.000001 by Jaffe assay and 0.001 by mass spectrometry between groups. # represents 

p<0.0004 by Jaffe assay between each sham and injury (I/R) group for both WT and KO 

animals.

Sreedharan et al. Page 16

Kidney Int. Author manuscript; available in PMC 2015 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
a Histology and tubular injury grading of WT and HSF-KO kidney tissue. Panels A, B, C & 

D are representative of PAS stained sections of WT and KO mice kidneys subject to sham 

surgery (Panels A&B) or 45 minutes ischemia and 24 hour reperfusion (Panels C&D). 

Original images are 10 × and insert images are 40 ×. The graph is the tubular injury score of 

n=5 for each condition, blinded to the scorers. (No significant difference between WT and 

HSF-KO after I/R, p=0.3)

b Histology and medullary vascular congestion grading of WT and HSF-KO kidney tissue. 

Panels E, F, G & H are representative of H&E stained sections of WT and HSF-KO mice 
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kidneys subject to sham surgery (Panels E&F) or 45 minutes ischemia and 24 hour 

reperfusion (Panels G&H). Images are 4×. The graph is the vascular congestion score of n=5 

for each condition, blinded to the scorers. * represents p< 0.0007 between groups.
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Figure 4. 
Flowcytometry of mononuclear cells isolated from WT and HSF-KO mice kidneys. Panel A 

is representative flowcytometry of mononuclear cells marked with antibodies against CD4 

and CD8 isolated from WT and HSF-KO mice kidney following sham surgery and ischemia 

followed by 1 hour reperfusion. Panel B is the summation of the flowcytometry data (mean 

+/− SEM) for CD4 and CD8 positive cells, expressed as number of cells (n= 4 – 8 for all 

conditions). * represents p<0.05 between groups. # represents p<0.002 between groups.

Sreedharan et al. Page 19

Kidney Int. Author manuscript; available in PMC 2015 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Flowcytometry of mononuclear cells isolated from WT and HSF-KO mice. Panel A is 

representative flowcytometry of mononuclear cells marked with antibodies against Foxp3 

and CD4, isolated from WT and HSF-KO mice kidney following sham surgery and ischemia 

followed by 1 hour reperfusion. Panel B is the summation of the flowcytometry data (mean 

+/− SEM) for Foxp3 positive cells, expressed as total number of cells (n=6–12 for all 

conditions). * represents p<0.02 between sham operated WT and HSF-KO.
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Figure 6. 
Flowcytometry of mononuclear cells isolated from HSF-KO mice kidney. Panel A is 

representative flowcytometry of mononuclear cells marked with antibodies against Foxp3 

and CD25, isolated from HSF-KO mice kidney following treatment with PC61 or vehicle, 

and subjected to sham surgery or ischemia followed by 24 hour reperfusion. Panel B is the 

summation of the flowcytometry data (mean +/− SEM) for Foxp3, CD25 positive cells, 

expressed as total number of cells (n=5 for all conditions). * represents p<0.006 between 

PC61 and vehicle treated conditions.
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Figure 7. 
Serum creatinine in HSF-KO mice with PC61 treatment. HSF-KO mice were treated with 

PC61 or vehicle, and then subjected to sham surgery or renal ischemia injury for 45 minutes 

and 24 hours reflow (I/R) Shown in figure are mass spectrometry results, n=5 for all 

conditions by Jaffe assay as detailed in text. * represents p< 0.0003 for mass spectrometry 

assay and p< 0.02 for Jaffe assay between groups shown.
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Figure 8. 
Histology and medullary vascular congestion grading of HSF-KO kidney tissue. HSF-KO 

mice were treated with PC61 or vehicle and subjected to I/R. Panels A and B are 

representative of H&E stained sections of HSF-KO mice kidneys treated with vehicle (A) or 

PC61 (B) and subjected to 45 minutes ischemia and 24 hr reperfusion. Images are 4×. The 

graph is the vascular congestion score of n=3 for each condition, blinded to the scorers. * 

represents p< 0.009 between groups.
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