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Ischemic acute renal failure: Long-term histology of cell and
matrix changes in the rat
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not macrophages). Apoptosis was maximal at day 8 (in bothIschemic acute renal failure: Long-term histology of cell and
interstitial and tubule cells) in the postischemic groups.matrix changes in the rat.

Conclusion. Marked changes in the accumulation of Mo/Mφ,Background. The cellular infiltration and matrix accumula-
MF, and collagen IV were found in this model of ischemiction accompanying acute renal ischemia and reperfusion have
acute renal failure. The reversibility of functional and structuralbeen frequently noted but poorly defined. The long-term conse-
changes is in marked contrast to that found in progressivequences of ischemia may irreversibly damage the kidney.
disease. The increases observed for collagen III at 64 and 180Methods. Female Sprague-Dawley rats (200 g) underwent
days postischemia suggest that in the long term, however, fur-unilateral nephrectomy. After five days, the left renal pedicle
ther chronic structural changes may be observed.was occluded for 45 minutes. Animals were sacrificed at 0,

1, 2, 4, 8, 16, 32, 64, and 180 days postischemia (N 5 6).
Immunohistochemistry for monocytes/macrophages (Mo/Mφ,
ED-1), myofibroblasts [a-smooth muscle actin (a-SMA)], col- Survival in ischemic acute renal failure (IARF) is asso-
lagen III and IV, matrix metalloproteinase-2 (MMP-2) and ciated with normalization of renal function, and exceptproliferating cell nuclear antigen (PCNA) and terminal dUTP

for those cases in which ischemia has been severe enoughnick end labeling (TUNEL) were performed.
to cause cortical necrosis, longer term renal impairmentResults. Kidney weights of postischemic animals were in-

creased at all time points (postischemic to controls, 1.47 6 0.21 is unlikely. However, studies in renal transplant popula-
to 0.94 6 0.12 g at day 8; 1.49 6 0.20 to 1.27 6 0.13 g at day tions have shown that an increase in the time a homograft
64; and 1.86 6 0.1 to 1.24 6 0.2 g at day 180). Serum creatinine is ischemic has long-term implications for the transplantedvalues increased to 0.42 6 0.10 mmol/L at day 2 but returned to

kidney [1–3]. The qualitative and quantitative changescontrol levels by day 8 (0.05 mmol/L). Glomerular collagen IV
in the interstitium may be important in the relationshipwas decreased from 2 to 16 days postischemia, which was ac-

companied by an increase in MMP-2. The fractional area of between the duration of ischemia and graft survival.
the interstitium was greatest at day 8 (19.55 6 0.91% compared These changes have not been quantitated or fully de-
with day 0 at 8.08 6 0.27%), with a second increase observed scribed in this common form of renal injury.
at day 180 (16.61 6 0.70%). Interstitial Mo/Mφ increased post-

Descriptions of the pathology of IARF have persis-ischemia from days 2 through 8 (8.84 6 2.12 to 133.32 6 14.04
tently noted a transient interstitial infiltrate associatedper 0.91 mm2) and then decreased. Myofibroblasts proliferated

locally (PCNA double labeling was demonstrated), and in- with tubular injury [4, 5]. Little attention has been focused
creased numbers were found from days 2 through 16 (maximal on the nature of this infiltrate or long-term consequences
at day 8, 26.96 6 3.04%, compared with day 0, 0.88 6 0.11%). [6]. This is in contrast to the numerous studies examining
In the postischemic groups, collagen IV increased to day 8

interstitial and glomerular infiltrating cells in a wide vari-(20.84 6 1.30%), but then decreased to below control values
ety of other glomerular and tubular diseases [7–10].at day 64 (2.22 6 0.15%) before returning to normal by day

Previously, we have reported the postischemic outcome180. Interstitial collagen III increased to 8 days (0.45 6 0.07%
to 2.55 6 0.36%) and then decreased to control levels by day of treatment of IARF with endothelin receptor antago-
32, but showed a marked increase to approximately 6% at days nists in a seven-day rat model [11]. Ischemia caused sig-
64 and 180. Cellular proliferation (PCNA) was maximal at nificant changes in cell populations, increases in cellulardays 2 and 4 (affecting tubule cells and myofibroblasts but

infiltrates, and extracellular matrix accumulation. These
changes were ameliorated by treatment with endothelin
receptor antagonists.Key words: myofibroblasts, collagen, apoptosis, progressive renal dis-

ease, reperfusion, graft survival. The natural history and changes in cells and matrix
components of the kidney following IARF over a longerReceived for publication June 7, 1999
time period have not been evaluated. The aim of thisand in revised form November 11, 1999

Accepted for publication January 11, 2000 study was to obtain a better understanding of the patho-
genesis of IARF. The identification and quantitation of 2000 by the International Society of Nephrology
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cellular infiltrates, extracellular matrix accumulation, washed, and then stained in a silver methamine solution
at 50 to 608C until sections turned brown (approximatelyand cell turnover were investigated. This may allow a

different approach to interventions that may shorten the 60 min). Staining was then checked microscopically until
sufficient impregnation was achieved. Fixation was per-duration of ARF, increase patient survival following

ARF, and perhaps improve long-term renal transplant formed in 5% sodium thiosulfate for 20 seconds, and
then sections were placed into Harris hematoxylin forfunction and survival.
five minutes. Sections were dipped into Scott’s tap water
and then stained in Masson red for five minutes. Without

METHODS
rinsing, the sections were then placed into 1% aqueous

Experimental model phosphotungstic acid for five minutes. Counterstaining
was performed in 1% aqueous light green for five min-A right unilateral nephrectomy was performed through

a flank incision in female Sprague-Dawley rats of approx- utes, and then sections were quickly dehydrated through
graded alcohols, cleared in xylene, and mounted in dePeximately 200 g body wt, under 4% fluothane in oxygen

anesthesia. This was performed to exacerbate the injury (BDH).
and exclude variables from additional functioning/non-

Immunohistochemistryfunctioning renal mass. Five days later, an ischemic injury
was induced by occlusion of the left renal pedicle with A modification of the avidin-biotin-peroxidase com-

plex (ABC) immunoglobulin enzyme bridge techniquearterial clamps for 45 minutes, using intraperitoneal ket-
amine/xylazine (9 mg/kg:1 mg/kg) anesthesia [11]. was used for immunohistochemistry [12]. Sections 2 mm

thick, obtained from formalin-fixed paraffin-embeddedAn infusion of 6 mL saline was given 24 hours after
ischemia to minimize dehydration. The extracellular tissue were dewaxed and brought to water through graded

alcohols. Following digestion of tissue, endogenous per-fluid volume of the animals was subsequently maintained
by a daily administration of up to 5 mL intraperitoneal oxidase activity was eliminated by treatment with metha-

nol containing 0.03% hydrogen peroxide for 20 minutes.saline to rats with a loss of body weight of $5 g from
the previous day. This was continued until normalization Sections were then incubated with normal serum for

20 minutes to block nonspecific antibody binding sitesof serum creatinine concentration.
Groups of animals (N 5 6 per interval) were sacrificed before incubation with primary antibody for one hour.

Primary antibodies used were collagens IV and IIIat 1, 2, 4, 8, 16, 32, 64, and 180 days postischemia. A
corresponding control group was sacrificed at 0, 8, 64, (Southern Biotechnology Associates Inc., Birmingham,

AL, USA), a-smooth muscle actin (a-SMA; Dako Corp.,and 180 days with no ischemia (N 5 6 per interval).
Each of these animals had a unilateral nephrectomy but Carpinteria, CA, USA), ED-1 for monocytes/macrophages

(Mo/Mφ; Serotec Ltd., Oxford, UK), proliferating cellno occlusion of the renal pedicle. These control time
points were ascertained from a pilot study showing that nuclear antigen (PCNA; Dako) and matrix metallopro-

teinase-2 (MMP-2; Oncogene, Cambridge, UK). Tissuemost pathological changes were maximal at day 8. Serum
creatinine was monitored daily for one week and then sections were then stained consecutively with biotinylated

IgG for 10 minutes and avidin-biotin horseradish peroxi-fortnightly until sacrifice. The kidney was removed, de-
capsulated, and weighed immediately. Tissue was taken dase complex for 15 minutes (Vectastain ABC ELITE

kit; Vector Laboratories Inc., Burlingame, CA, USA).for histology and immunohistochemistry.
All procedures were performed with the approval of Peroxidase activity was demonstrated by staining with a

freshly prepared substrate solution of 3,39-diaminobenzi-the Animal Ethics Committee of the Royal Children’s
Hospital Research Institute. dine tetrahydrochloride (DAB; Dako) in 0.1 mol/L phos-

phate-buffered saline (PBS) containing 0.03% hydrogen
Histology peroxide. Sections were counterstained in Harris hema-

toxylin and mounted in dePex (BDH).Hematoxylin and eosin. Formalin-fixed, paraffin sec-
tions 2 mm thick were dewaxed and brought to water

Double labelingthrough graded alcohols. Sections were then stained for
five minutes in Harris hematoxylin and washed in Scott’s Double labeling was performed for colocalization of

PCNA/Mo/Mφ and PCNA/a-SMA. Staining for the pri-tap water for 10 seconds. Staining was then continued
by immersion in eosin Y for five minutes. Sections were mary antibody proceeded exactly as stated in previous

immunohistochemistry methods. After the developmentthen dehydrated through graded ethanols, cleared in xy-
lene, and mounted in dePex (BDH Chemicals, Poole, UK). of DAB, sections were blocked for endogenous avidin/

biotin activity for 10 minutes, followed by incubationCombined silver methamine/Masson trichrome. For-
malin-fixed, paraffin sections 2 mm thick were dewaxed with normal serum. The secondary antibody was incu-

bated for one hour and then stained sequentially withand brought to water through graded alcohols. Sections
were treated with 0.5% periodic acid for 30 minutes, biotinylated IgG for 30 minutes and avidin-biotin alka-
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Table 1. Body weights, kidney weights, and serum creatininesline phosphatase complex for 30 minutes (Vectastain
for all animals

ABC-AP kit). Alkaline phosphatase activity was demon-
Body Serum Kidneystrated by staining with a freshly prepared solution of

Time from weight creatinine weight
Vector Red substrate (Vector) with levamisole added to surgery days N g mmol/L N g
block endogenous alkaline phosphatase activity. Sec- Controls (Sham

operated)tions were counterstained and mounted as described pre-
0 days 64 203611 0.0560.00 6 0.9260.1viously in this article. Control sections were stained as
8 days 16 204660 0.0560.01 5 0.9460.1

mentioned here with the omission of the first or second 64 days 11 275616a 0.0560.01 5 1.2760.1c

180 days 6 299625a 0.0560.01 6 1.2460.2cprimary antibody [13].
Ischemic

1 day 48 199611 0.2660.03b 6 1.3460.2c

TUNEL 2 days 42 189612 0.4260.10b 6 1.3160.1c

4 days 36 188613 0.1460.06b 6 1.4060.2c

Cell death was identified by 39 in situ end labeling of 8 days 30 200615 0.0560.00 6 1.4760.2c,d

fragmented DNA with biotinylated deoxyuridine-tri- 16 days 24 213612 0.0560.00 6 1.3160.1c

32 days 18 234620a 0.0560.01 6 1.1860.1c
phosphate [14]. DNA fragmentation is a hallmark of

64 days 12 267614a 0.0560.00 6 1.4960.2c,e

cells in which endonucleases have been activated during 180 days 6 289633a 0.0560.02 6 1.8660.1c,f

the process of cell death [15]. Terminal transferase labels aP , 0.05 for body weight as compared to day 0
bP , 0.05 for serum creatinine as compared to day 0the nicked DNA with labeled deoxy-uridine-triphos-
cP , 0.05 for kidney weight as compared to day 0

phate (dUTP), which is subsequently detected by immu- dP , 0.05 for day 8 ischemic kidneys as compared to nonischemic controls
eP , 0.05 for day 64 ischemic kidneys as compared to nonischemic controlsnohistochemical techniques [16]. fP , 0.05 for day 180 ischemic kidneys as compared to nonischemic controls

Sections of formalin-fixed tissue were dewaxed and
hydrated. Following digestion with proteinase K (2 mg/mL;
Sigma, St. Louis, MO, USA), sections were consecutively
washed in TdT buffer (0.5 mol/L cacodylate, pH 6.8,
1 mmol/L cobalt chloride, 0.15 mol/L NaCl) and then % FA 5

number of grid intersections
with positive staining

total number of
grid intersections

3 100
incubated at 378C with TdT (25 U; Boehringer-Mann-
heim, Mannheim, Germany) and biotinylated dUTP
(1 nmol/mL). After washing in TB buffer (300 mmol/L This corresponds to the percentage of positive area in
NaCl, 30 mmol/L sodium citrate) to terminate the reac- the total area counted of the section.
tion, incorporation of biotinylated dUTP was detected TUNEL and PCNA quantitation was undertaken at

31000 (oil immersion) where a total of 20 graticule fieldsby a modification of the ABC method [12]. Horseradish
was counted (approximately 1000 nuclei per slide 20.61peroxidase-conjugated strepavidin-biotin complex was
mm2 total area/slide), and the results are expressed asapplied (Vector), and the sections developed with DAB
the number of positive cells per total number of cellsand counterstained in Harris hematoxylin. A mouse
counted. Glomerular size was estimated as describedspleen with increased apoptosis was used as a positive
previously [17].control for TUNEL. The omission of TdT during dUTP

nick end labeling provided a negative control [16]. Statistical analysis
Statistical analysis was performed between experimen-

Point counting tal groups by applying Kruskal–Wallis nonparametric
Point counting was performed in the renal cortex and testing with correction for multiple comparisons. Sig-

inner cortical/corticomedullary junction for each animal nificance was stated at P , 0.05. Data are expressed as
mean 6 SEM or mean 6 SD as appropriate.following routine established methods [17, 18]. In each

field, 100 points were counted on a 1 cm2 eyepiece grati-
cule with 10 equidistant grid lines. A total of 12 high- RESULTS
power fields (3400) per section were counted for each Body and kidney weight measures
animal in all groups (8 cortical and 4 inner cortical/corti-

A tendency to lose body weight in the week followingcomedullary fields). Each high-power field was 0.076
the renal artery occlusion was observed (Table 1); how-

mm2 with 0.91 mm2 being the total area counted per slide. ever, there was no significant difference in body weight
For glomerular quantitations, a total of 20 glomeruli at 8, 64, or 180 days between ischemic animals and their
(glomerular tuft only) were counted per slide for each nonischemic controls. Within the postischemic groups,
animal. For collagen III, 12 fields in the subcapsular kidney weights increased until 8 days postischemia and
cortical areas were also counted. The percentage of frac- then decreased to 32 days postischemia (Table 1). A

further increase in kidney weight was observed at 180tional area (FA) was calculated as follows [18]:



Fig. 1. Morphometric quantitation of in-
flammatory parameters. (A) Interstitial area.
(B) Mo/Mφ (ED-1). (C) Myofibroblasts (a-
SMA). (D) Tubulointerstitial collagen IV. (E)
Tubulointerstitial collagen III. *P , 0.05 as
compared with 0 day nonischemic control
group. #P , 0.05 for ischemic groups as com-
pared with time-matched nonischemic groups.
SEM constitutes error bars on all graphs.
Where error bars are not evident, the number
was too small to be represented on these axes.
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Fig. 1. (Continued).

days postischemia. Ischemic kidneys were significantly Histologic changes
heavier than sham-operated nonischemic controls at 8, The sham-operated nonischemic animals had minimal
64, and 180 days (P , 0.001). pathological changes in the kidney at 0, 8, 64, and 180

days. There was some edema and an occasional cystic
Serum creatinine concentrations tubule at 64 and 180 days, with minor thickening of

At 24 hours postischemia, all animals had ARF, with tubular basement membranes (TBMs) at day 180. No
serum creatinine concentrations in excess of 0.15 mmol/L. glomeruloscerosis was observed.
The serum creatinines then steadily decreased toward Changes in the postischemic kidney were marked, al-
normal, with no differences observed between ischemic though no qualitative changes in renal vessels could be
and nonischemic groups after four days (Table 1). All identified. At 24 hours postischemia, the kidneys ap-
creatinines then remained constant from day 8 through peared to be swollen, and a large proportion of tubule
to day 180. There was no difference in urine volumes cells had detached from the TBM and moved into tubular
from ischemic versus nonischemic animals collected at lumens. Over the next 72 hours, the amount of extracel-

lular matrix and the number of cells present in the tissue180 days postischemia.
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Table 2. Glomerular quantitation of Mo/Mφ, a-SMA, collagen III, and collagen IV

Glomerular Glomerular Glomerular Glomerular
a-SMA Mo/Mφ collagen III collagen IV

Time from surgery days N % FA

Controls (Sham operated)
0 days 5 1.060.1 1.160.0 0.060.0 22.260.7
8 days 5 1.160.1 1.060.0 0.060.0 23.961.0
64 days 5 0.960.1 1.160.1 0.060.0 17.660.7
180 days 6 0.760.2 1.060.0 0.060.0 19.760.6

Ischemic
1 day 6 1.160.0 1.160.0 0.060.0 21.560.5
2 days 6 1.260.2 1.060.1 0.060.0 11.061.1a

4 days 6 1.160.2 0.960.2 0.060.0 6.560.4a

8 days 6 0.860.1 1.160.3 0.060.0 12.861.5a,b

16 days 6 1.260.1 1.260.1 0.060.0 12.860.9a

32 days 6 0.960.2 1.160.0 0.060.0 20.960.8
64 days 6 0.960.1 1.260.2 0.060.0 17.660.7
180 days 6 0.760.3 1.560.1 0.060.0 17.560.4

Abbreviations are: Mo, monocytes, Mφ, macrophages; a-SMA, a-smooth muscle actin.
aP , 0.05 for %FA glomerular collagen IV as compared to day 0
bP , 0.05 for 8 day ischemic vs. 8 day nonischemic controls for %FA glomerular collagen IV

increased. There was also cast formation in all compart- and eight-days postischemia (P , 0.001; Fig. 1B). These
ments of the kidney at this time. This corresponded to cells were present throughout the interstitium and at the
increases in kidney weight (Table 1) and tubulointersti- inner cortex/corticomedullary junction. A second signifi-
tial area (Fig. 1A). There was significant congestion of cant (P , 0.05) but numerically small increase in ED-1
the inner cortex with red blood cells. TBMs and Bow- staining was observed at 64-days postischemia, which had
man’s capsules were thickened when compared with pre- resolved by day 180. There was a significant difference
ischemic and control kidneys. The most severe changes between nonischemic control groups at 8, 64, and 180
in the postischemic kidney were observed at eight days days as compared with their ischemic counterparts (P ,
postischemia, although few tubular casts could be ob- 0.001). There were no differences observed between
served. Glomerular morphology, however, remained un- groups for glomerular ED-1 staining (Table 2).
changed. Glomerular size also remained unaltered dur-
ing the time course. The appearance of these kidneys Myofibroblast localization
has been described previously by our group [11]. Al- Significant increases in number of interstitial a-SMA–
though the histologic appearance of the kidney had re- positive cells were seen as early as two-days postischemia
turned to almost normal (that of preischemic day 0) by (Fig. 1C). This cellular increase peaked at eight days
day 16 postischemia, a minor increase (although signifi- and returned to preischemic control levels by day 32. A
cant) in cellular infiltration, some fibrosis and cystic tu- second minor increase was observed at days 64 and 180
bules were evident at 64 days postischemia. There was

postischemia (P , 0.05). Nonischemic control groups atno increase in interstitial area, consistent with the finding
0, 8, 64 and 180 days showed minimal staining for a-SMAthat tubular atrophy was minimal at this time point. By
when compared with their ischemic equivalents (P ,day 180 postischemia, there was further thickening of
0.001). There were no changes between groups in stain-TBMs, and the interstitial area had increased, corre-
ing for a-SMA in the glomerulus (Table 2).sponding to the increased kidney weight (Table 1 and

Fig. 1A). Casts were present in the inner cortex. These
Collagen IV accumulationwere not noted in the corresponding nonischemic groups.

Tubulointerstitial collagen IV was significantly in-
Monocyte/macrophage localization creased by 24-hours postischemia and reached a maxi-

mum at day 8 (P , 0.001; Fig. 1D). From day 8, theThe number of interstitial cells demonstrating ED-1
staining for Mo/Mφ were significantly increased at four- amount of collagen IV decreased to levels below those

c

Fig. 2. (a) Double labeling for ED-1 [monocytes/macrophages (Mo/Mφ), red] and proliferating cell nuclear antigen (PCNA; brown 3200). (b)
ED-1 (upward arrow) and PCNA (downward arrow) 31000. (c) Double labeling for a-smooth muscle actin (a-SMA) (myofibroblasts, red) and
PCNA (brown; 3200). (d) a-SMA/PCNA–labeled cell (arrow; 31000). (e) Collagen III staining 64 days postischemia (inner cortical region; 3200).
(f) Collagen III staining in the 64-day nonischemic control (inner cortical region; 3200). (g) matrix metalloprotein-2 (MMP-2) glomerular staining
eight-days postischemia (3400). (h) MMP-2 staining two-days postischemia (3200).



Forbes et al: IARF in the rat 2381



Forbes et al: IARF in the rat2382

Fig. 3. Morphometric quantitation of PCNA
positive cells. Symbols are: (j) tubular; ( )
interstitial; ( ) other. *P , 0.001 for tubule
cells as compared with 0-day nonischemic con-
trols. #P , 0.001 for interstitial cells. “Other”
cells included glomerular and vascular cells.

observed at day 0 before returning to normal by day Thirty percent of those cells proliferating at day 2 were
180. It was not possible in some areas to distinguish in the interstitium, and this proportion increased to 75%
between TBMs and interstitial staining. No significant at 2 days. The number of proliferating cells decreased
changes were observed in the nonischemic groups at significantly at day 8. There was no significant increase
days 8, 64, or 180. There was a strong positive correlation in cell proliferation in the nonischemic groups. We were
between a-SMA and collagen IV (Pearson’s coefficient, unable to demonstrate cells staining for both Mo/Mφ
r 5 0.886). Glomerular collagen IV staining decreased and PCNA (Fig. 2 a, b). Cells were identified in the
from 2 to 16 days postischemia (Table 2; P , 0.001). In tubular extracellular matrix with colocalized staining for
an attempt to find a reason for this unexpected finding, PCNA and a-SMA (Fig. 2 c, d). Control sections stained
staining for MMP-2 (a type IV collagenase) was under- with the omission of the second primary antibody during
taken. Strong staining for MMP-2 was detected 8 days double labeling showed no nonspecific cross-reactivity.
postischemia in the glomerulus (Fig. 2). Those time

Cell death and apoptosispoints studied, up to 8 days postischemia, demonstrated
interstitial increases in MMP-2 staining intracellularly in At 24-hours postischemia, there was a significant in-
myofibroblasts and macrophages, which were temporally crease in the number of TUNEL positive cells with DNA
related to their accumulation and distribution within the fragmentation (P , 0.001; Fig. 4). Only the minority of
tissue. cells had typical morphological features of apoptosis such

as chromatin condensation and the formation of apo-
Collagen III accumulation ptotic bodies. The number of these TUNEL-positive cells

There was a minor increase in tubulointerstitial colla- had significantly decreased by 4 days postischemia. In con-
gen III from day 4 to day 32 (Fig. 1E). At 64 and 180 trast, a large proportion of both tubular and interstitial
days postischemia, there were tenfold increases observed cells were found to be TUNEL positive and have mor-
in collagen III (P , 0.001) compared with a twofold phological features of apoptosis at 8 and 16 days post-
increase in the equivalent nonischemic controls. This ischemia. As shown in Figure 4, the number of TUNEL-
staining occurred predominantly in the inner cortex (Fig. positive tubule cells was greater than the number of
2 e, f), while subcapsular cortical staining remained simi- interstitial cells at all times and reached a level five times
lar to nonischemic controls, as demonstrated by addi- higher than that seen in the pre-ischemic kidneys at day 0.
tional counting in this separate kidney compartment.
No differences were observed in glomerular collagen III

DISCUSSIONstaining between groups (Table 2).
This study investigated the time course of pathologic

Proliferating cells changes in IARF in the rat. Significant increases in
Mo/Mφ and myofibroblasts were found in the first weekCells demonstrating staining for PCNA were in-

creased 2 and 4 days postischemia (P , 0.001; Fig. 3). postischemia, which then returned to basal levels. A 50%
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Fig. 4. Morphometric quantitation of TUNEL-
positive cells. Symbols are: (j) tubular; ( )
interstitial; ( ) other. *P , 0.001 for tubule
cells as compared with 0-day nonischemic con-
trols. #P , 0.001 for interstitial cells. “Other”
cells included glomerular and vascular cells.
Note that TUNEL-positive cells increased at
day 2 and beyond had condensed chromatin
and apoptotic bodies and other morphological
evidence of apoptosis. TUNEL-positive tu-
bule cells at one-day postischemia did not ap-
pear to have condensed chromatin, with ho-
mogeneously staining nuclei.

increase in kidney weight, reflected by edema and appar- studies, the number of proliferating macrophages in the
tubulointerstitium was small. They also demonstratedent increases in collagen III and IV accumulation, was

found at one-week postischemia. Acute inflammatory that the number of macrophages infiltrating and prolifer-
ating in the glomerulus was very significant. This is inedema and tubular cast formation were accompanied

by significant changes in the incidence of both cellular direct contrast to this model of ischemia in which there
was no significant increase in the number of macrophagesproliferation and death. In the longer term, the patho-

logic changes and serum creatinine values returned to infiltrating into the glomeruli. It is difficult to ascertain
whether local proliferation of myofibroblasts was solelynormal. The only marker of injury remaining 64 days

postischemia was the accumulation of collagen III in the responsible for the large numbers observed during the
first week postischemia, as only a very small proportioninner cortical region, although by 180 days postischemia,

this was accompanied by increases in interstitial area. of these cells are resident in the normal kidney [20]. We
were not able to convincingly demonstrate transdifferen-The control groups showed that these changes were not

due to the effects of compensatory hypertrophy follow- tiation of tubule cells to myofibroblasts, which a number
of groups have argued is the source of the myofibroblasting unilateral nephrectomy. However, a twofold increase

in collagen III was found in the 64-day sham-operated in disease states [21, 22]. Also, as expected (Fig. 2c),
there was strong staining in the media of arterioles fornonischemic group, but this had resolved by day 180.

These data suggest that myofibroblast proliferation a-SMA, and the possibility that these cells may have a
vascular origin cannot be excluded.occurred within the kidney, whereas the origin of the

majority of macrophages was found outside the kidney. Immediately after injury, a large number of tubule
cells were identified by TUNEL. Morphologic examina-Evidence for this important finding is provided by the

double labeling experiments using PCNA as a marker of tion, however, suggests that these cells may have under-
gone necrosis rather than apoptosis caused by ischemiamitosis. In this model of injury, no ED-1–positive Mo/Mφ

were identified as staining for PCNA in the kidney. This [15]. In contrast, TUNEL-positive tubule and interstitial
cells observed later at one-week postischemia showedimplies that renal Mo/Mφ proliferation has a minor, if

any, contribution to the accumulation of these cells in morphological features of apoptosis. Thus, the resolution
of inflammation occurring postischemia involved a sig-this model. In contrast, a large proportion of the cells

demonstrating PCNA staining were found to be myofi- nificant degree of apoptosis. It was also evident that, in
part, the elimination of these cells was via the urine, withbroblasts, as shown by double staining with a-SMA.

These results are in keeping with other experimental formation of casts containing apoptotic cells, as described
previously [15]. This is supported by the large proportionfindings in renal interstitial injuries [17]. A different re-

sult may be found in primary glomerular inflammatory of casts present in the kidney during the first four days
postischemia. The resolution of an inflammatory renallesions. Lan et al provided evidence for the proliferation

of macrophages in the kidney in anti-glomerular base- event necessitates removal of significant numbers of tran-
sient cells, and this has only been addressed in veryment membrane nephritis [19]. However, even in their
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circumspect ways. The number of cells that may disap- cells and matrix occurring consecutively, which are also
pear via the vasculature or lymphatics, which drain the affecting the weight of the kidney. This may have re-
cortex of the kidney [23], have not been estimated in sulted in an overestimation of collagen IV. In contrast,
this study. at 64 days postischemia, the fractional area of intersti-

No qualitative changes in renal vessels were observed tium had returned to basal levels, whereas the amount
throughout the postischemic time course, which is re- of tubulointerstitial collagen III was maximal, indicating
flected by a lack of quantitative changes in proliferation that was little tubular atrophy at this time. By 180 days
or apoptosis of vascular cells. This is consistent with postischemia, the interstitial area had again increased
recent publications, which demonstrated no changes in and TBMs had increased in thickness, indicating that
vascular pathology in a one kidney model of renal ische- some tubular atrophy may be occurring, although there
mia [24, 25]. was no increase in collagen IV quantitated (Fig. 1D).

The glomeruli appeared to be minimally changed, and Most collagen III was located at the inner cortical region,
no differences were detected in Mo/Mφ, a-SMA or colla- where the presence of tubular casts was also noted, which
gen III throughout the time course. Collagen IV, how- is consistent with ischemia affecting this area of the kid-
ever, significantly decreased to 8 days postischemia and ney, encompassing the S3 portion of the proximal tubule.
then returned to basal levels by 32 days. Immunolabeling In summary, we observed the pathological changes
for MMP-2 provided evidence that the family of MMPs over a time course of ischemia. There were increases in
responsible for the degradation of collagen IV may be cellular infiltrates and extracellular matrix, which ap-
up-regulated in the glomerulus during IARF. There were peared to resolve by 16 days postischemia. There was,
also interstitial increases in MMP-2 staining at 8 days, however, a subsequent increase in collagen III 64 days
which were attributable to intracellular myofibroblast postischemia, especially in the inner cortical region. This
and macrophage staining. This raises the possibility that was further supported by increases in collagen III and
other aspects of the protein degradation pathway are interstitial area at 180 days postischemia, suggesting that
abnormal following ischemia. This could involve changes the injury sustained has long-term implications for ani-
in other matrix metalloproteinase enzymes, the tissue mals with only one kidney. Extrapolated to the human
inhibitors of metalloproteinases (TIMP-1, -2, or -3), the situation, this may indicate long-term consequences for
plasmin/plasminogen activator system or nonspecific patients receiving transplanted kidneys, which have been
proteases such as cathepsin or meprin (abstract; Walker exposed to ischemia.
et al, J Am Soc Nephrol 5:912, 1994) [26].

Although the abnormal accumulation of matrix in the ACKNOWLEDGMENTS
tubulointerstitium is predictive of final outcome in many

This work was supported by grants from the Royal Children’s Hospi-renal diseases [27], it has been largely overlooked in
tal Research Institute, the Australian Kidney Foundation, and the

IARF. Historically, this may have been due to the belief National Health and Medical Research Council (grant numbers #94729
that IARF was usually a completely reversible injury and #9936249). We thank the staff of the animal house at Royal Chil-

dren’s Hospital for their expertise and tireless assistance with animalwith no long-term consequences for the patient [1, 2, 28].
procedures.One previous study by Azuma et al, however, suggests

that there may be long-term increases in cellular infil- Reprint requests to Dr. Colin L. Jones, Department of Nephrology,
Royal Children’s Hospital, Flemington Road, Parkville, Victoria, 3052,trates and mRNA for matrix components 24 weeks post-
Australia.ischemia in animals with only one kidney [24].
E-mail: cjones@cryptic.rch.unimelb.edu.au

In our model, the significant increase in the deposition
of collagens IV and III in the tubulointerstitium was REFERENCES
resolved by 16 days postischemia. The increases in colla-

1. Nicholson ML, McCullogh TA, Harper SJ, Wheatley TJ, Ed-gen III and IV observed may be due to several factors,
wards CM, Feehally J, Furness PN: Early transplant measure-

including increased de novo synthesis by fibroblasts [20], ment of interstitial fibrosis predicts long-term renal function and
increased tubular synthesis [29], decreased collagenase graft survival in renal transplantation. Br J Surg 83:1082–1085,

1996production [30], and increased synthesis of collagenase
2. Nickerson P, Jeffery J, Gough J, McKenna R, Grimm P, Cheanginhibitor by Mφ [31, 32]. This is supported by a strong M, Rush D: Identification of clinical and histopathological risk

correlation between the appearance of myofibroblasts factors for diminished renal function 2 years post-transplant. J Am
Soc Nephrol 9:482–487, 1998and collagen IV. However, this apparent increase in col-

3. Nicholson ML, Harper SJ, Wheatley TJ, McCullogh TA, Fee-lagens III and IV during the first eight days is unlikely
hally J, Furness PN: Renal transplant fibrosis: Histomorphome-

to represent a real increase in the amount of protein and tric assessment of early transplant biopsies for markers of chronic
rejection. Transplant Proc 29:2793–2794, 1997more likely to be reflective of the increases observed in

4. Solez K: The morphology of acute renal failure, in Acute Renalfractional area of interstitium as demonstrated in Figure
Failure (3rd ed), edited by Lazarus JM, Brenner BM, New York,

1A due to edema. This would not be resolved by mea- Churchill Livingstone, 1993
5. Mason J: The pathophysiology of ischaemic acute renal failure: Asurement of dry kidney weight, as there is turnover of



Forbes et al: IARF in the rat 2385

new hypothesis about the initiation phase. Renal Physiol 9:129–147, 19. Lan HY, Nikolic-Paterson DJ, Mu W, Atkins RC: Local macro-
phage proliferation in the progression of glomerular and tubuloin-1986

6. Hooke DH, Gee DC, Atkins R: C: Cellular analysis using mono- terstitial injury in rat anti-GBM glomerulonephritis. Kidney Int
48:753–760, 1995clonal antibodies in human glomerulonephritis. Kidney Int 31:964–

972, 1987 20. Rodemann HP, Muller GA: Characterization of human renal
fibroblasts in health and disease II. In vitro growth, differentiation7. Haralambous-Gasser A, Chan D, Walker RG, Powell HR,

Becker GJ, Jones CL: Collagen studies in newborn rat kidneys and collagen synthesis of fibroblasts from kidneys with interstitial
fibrosis. Am J Kidney Dis 17:684–686, 1991with incomplete ureteric obstruction. Kidney Int 44:593–605, 1993

8. Klintmalm G, Bohman SO, Sundelin B, Wilczek H: Interstitial 21. Strutz F, Okada H, Lo CW, Danoff T, Carone RL, Tomazewski
JE, Neilson EG: Identification and characterization of a fibroblastfibrosis in renal allografts after 12-46 months of cyclosporine treat-

ment. Lancet 2:950–954, 1984 marker: Fsp1. J Cell Biol 130:393–405, 1995
22. Ng YY, Huang TP, Yang WC, Chen ZP, Yang AH, Mu W,9. Hewitson TD, Becker GJ: Interstitial myofibroblasts in IgA glo-

merulonephritis. Am J Nephrol 15:111–117, 1995 Nikolic-Paterson D, Atkins RC, Lan HY: Tubular epithelial-
myofibroblast transdifferentiation in progressive tubulointerstitial10. Eddy AA: Interstitial inflammation and fibrosis in rats with diet

induced hypercholesterolemia. Kidney Int 50:1139–1149, 1996 fibrosis in 5/6 nephrectomized rats. Kidney Int 54:864–876, 1998
23. Lan HY, Nikolic-Paterson DJ, Atkins RC: Trafficking of in-11. Forbes JM, Leaker B, Hewitson TD, Becker GJ, Jones CL:

Macrophage and myofibroblast accumulation in ischaemic acute flammatory macrophages from the kidney to draining lymph nodes
during experimental glomerulonephritis. Clin Exp Immunol 92:renal failure is attenuated by endothelin receptor antagonists. Kid-

ney Int 55:198–208, 1999 336–341, 1993
24. Azuma H, Nadeau K, Takada M, Tinley NJ: Initial ischaemia/12. Hsu SM, Raine L, Fainger H: Use of avidin-biotin-peroxidase

complex (ABC) in immunoperoxidase technique: A comparison reperfusion injury influences late functional and structural changes
in the kidney. Transplant Proc 29:1528–1529, 1997between ABC an unlabelled antibody (PAP) procedures. J Histo-

chem Cytochem 29:577–580, 1981 25. Pagtalunan ME, Olson JL, Tilney NL, Meyer TW: Late conse-
quences of acute ischaemic injury to a solitary kidney. J Am Soc13. Murdoch A, Jenkinson EJ, Johnson GD, Owen JJ: Alkaline

phosphatase fast red, a new fluorescent label: Application in double Nephrol 10:1–14, 1999
26. Jones CL: Matrix degradation in renal disease. Nephrology 2:13–labelling for cell surface antigen and cell cycle analysis. J Immunol

Methods 132:45–49, 1990 23, 1996
27. Klahr S, Schreiner G, Ichikawa I: The progression of renal14. Gavrieli Y, Sherman Y, Ben-Sasson S: Identification of pro-

grammed cell death in situ via specific labelling of nuclear DNA disease. N Engl J Med 318:1657–1666, 1988
28. Edelstein CL, Ling H, Shrier RW: The nature of renal cell injury.fragmentation. J Cell Biol 119:493–501, 1992

15. Arends MJ, Morris RG, Wyllie AH: Apoptosis: The role of Kidney Int 51:1341–1351, 1997
29. Kuncio GS, Neilson EG, Haverty T: Mechanisms of tubulointer-endonuclease. Am J Pathol 136:593–608, 1990

16. Hewitson TD, Smith KGC, Becker GJ: Apoptosis and resolution stitial fibrosis. Kidney Int 39:550–556, 1991
30. Woessner JF: Matrix metalloproteinases and their inhibitors inof experimental renal infective tubulointerstitial nephritis. Ne-

phrology 2:127–132, 1996 connective tissue remodelling. FASEB J 5:2145–2154, 1991
31. Nathan CF: Secretory products of macrophages. J Clin Invest17. Hewitson TD, Darby IA, Bisucci T, Jones CL, Becker GJ: Evolu-

tion of tubulointerstitial fibrosis in experimental renal infection 79:319–326, 1987
32. Jones CL, Fecondo J, Kelynack K, Forbes J, Walker R, Beckerand scarring. J Am Soc Nephrol 9:632–642, 1998

18. Baak J, Oort J: Practical Morphometry: A Manual of Morphometry G: Tissue inhibitor of the metalloproteinases and renal extracellu-
lar matrix accumulation. Exp Nephrol 3:80–86, 1995in Diagnostic Pathology. Berlin, Springer, 1983




