
Glomerular Epithelial Cell Changes in Early Postischemic
Acute Renal Failure in Rabbits and Man

KIM SOLEZ, MD, LORRAINE C. RACUSEN, MD,
and ANDREW WHELTON, MD

From the Departments of Pathology and Medicine,
The Johns Hopkins University School of Medicine and Hospital,
Baltimore, Maryland

Spreading and flattening of glomerular podocyte cell
bodies and major processes and an apparent lack of foot
processes were observed by scanning electron micros-
copy in a reversible pedicle-clamping model of acute
renal failure in ADH-treated rabbits and in biopsy
specimens taken 1 hour after transplantation from pa-
tients who later showed clinical signs of "acute tubular
necrosis." Glomerular changes were quantified by
morphometry in A) normal rabbit kidneys, B) rabbit
kidneys obtained 2 hours after 1 hour of left pedicle
clamping and right nephrectomy, C) kidneys similar to
Group B except that the animals were treated with an
agent that reliably lessens the eventual severity of renal
failure (clonidine, 30 Mg/kg given intravenously 1/2
hour before unclamping), D) 1-hour-posttransplanta-
tion biopsy specimens from human kidneys that func-
tioned well after transplantation (recipient serum
creatinine <2.5 mg/dl on Day 3), and E) 1-hour-
posttransplant biopsy specimens from kidneys that later
manifested posttransplantation ischemic acute renal

failure (recipient serum creatinine >2.5 mg/dl on Day
3). The fraction of glomerular capillary surface
covered only by podocyte processes smaller than 1 p
(and not by cell bodies and wider processes) was .65 +
.02 (SEM) in A; .48 + .03 in B; .64 ± .03 in C; .57 ± .01
in D; and .38 ± .04 in E (A vs B, P < .01; B vs C, P <
.02; D vs E, P < .01). In Groups D and E there was a
significant negative correlation between the fraction of
glomerular capillary surface covered only by podocyte
processes less than 1 , in width and serum creatinine on
the third posttransplantation day (r = - .86, P < .01 by
the Spearman rank test). It is concluded that podocyte
changes are seen by scanning electron microscopy ear-
ly in clinical and experimental postischemic acute renal
failure and are more pronounced in those groups that
eventually develop more severe renal failure. It is
unclear whether these changes reflect a decrease in
glomerular hydraulic permeability or an increase in
glomerular permeability to protein. (AmJ Pathol 1981,
103:163-173)

ISCHEMIC ACUTE RENAL FAILURE ("acute tu-
bular necrosis") occurs commonly following renal
transplantation. Although it is reversible and does not
appear to interfere with long-term function of the
graft,' the unpredictability of this nonimmunologic
type of acute renal failure increases the difficulty of
diagnosing and treating acute rejection and surgical
complications in the early posttransplantation period.
In renal biopsy specimens obtained 1 hour after trans-
plantation, standard light microscopy, immunofluor-
escence, and transmission electron microscopy, al-
though helpful in diagnosing hyperacute rejection or
pre-existing disease, are of little value in predicting the
occurrence or severity of posttransplantation ischemic
acute renal failure. We report here the finding of an al-
teration in glomerular podocyte structure, seen in bi-

opsy specimens taken 1 hour after transplantation,
which can be reproducibly quantified by scanning
electron microscopy and which correlates with post-
transplantation renal function. We first observed this
lesion in a model of postischemic acute renal failure in
the rabbit which resembles ischemic acute renal failure
in man.2,3
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In normal glomeruli more than 50% of the total epi-
thelial surface of the capillary loops is covered only by
a fine meshwork of epithelial cell (podocyte) processes
less than 1 ,u in width. We have found that very early in
the course of ischemic acute renal failure there is a sig-
nificant reduction in the glomerular capillary surface
area covered only by the fine podocyte processes less
than 1 I in width. It appears that in both rabbits and
man podocyte abnormalities are more severe 1-2
hours after the ischemic insult in those groups that will
later develop more severe renal impairment. The po-
docyte abnormalities observed by scanning electron
microscopy in experimental and clinical ischemic
acute renal failure resemble those described in pro-
teinuric states4 but are less severe. Transmission elec-
tron microscopy shows that there is little foot process
"fusion" and that much of the apparent foot process
loss seen by scanning electron microscopy in early
ischemic acute renal failure is due to the covering over
of intact foot processes by flattened podocyte cell
bodies and major processes. It is possible that the po-
docyte cell bodies and major processes closely ap-
posed to the foot processes may act as a sheetlike addi-
tional barrier to glomerular filtration after filtrate has
passed through the slit pores between foot processes.
Alternatively, the podocyte alterations may reflect in-
creased glomerular permeability to protein, which
would lead to an increased propensity for obstructive
tubular casts to form. Abnormalities in the slit dia-
phragm may also contribute to altered capillary per-
meability.

Materials and Methods

The groups studied (A-E) are listed in Table 1.

Animal Studies

Twenty-five female New Zealand White rabbits
weighing 2.5-3.0 kg were perfusion-fixed with 1.5%
glutaraldehyde through a catheter inserted in the aorta
under pentobarbital anesthesia as previously de-
scribed.5 Prior to study the rabbits had free access to
Purina chow and tap water. In 4 animals (Group Al)
no drug treatments were given and no surgical proce-
dures were carried out. The remaining 21 rabbits were
treated on the day before study with a long-acting vas-
opressin preparation, pitressin tannate in oil (1.0
U/kg subcutaneously). In 7 of these 21 vasopressin-
pretreated rabbits (Group A2), no surgical procedures
were carried out before perfusion fixation. In another
8 (Group B) the right kidney was removed and the left
renal artery and vein were clamped for 1 hour. Perfu-

sion fixation was carried out 2 hours after unclamp-
ing. The remaining 6 animals (Group C) were like
those in Group B, except that clonidine (30 ,ug/kg in-
travenously in sterile 0.15 M saline, 0.3 ml/kg) was
given ½2 hour before unclamping. Previous studies
from our laboratories have shown that this drug sig-
nificantly lessens the severity of postischemic acute re-
nal failure in vasopressin-pretreated rabbits, appar-
ently by reducing microvascular damage and cast for-
mation.5'6 Light and transmission electron micro-
scopic studies were performed as previously de-
scribed.7 Scanning electron microscopic studies were
performed as described below.

Human Studies

Superficial wedge kidney biopsies are routinely per-
formed in this medical center approximately 1 hour
after the renal transplant vascular anastomoses are
completed. Biopsy specimens from 21 patients who
underwent transplant operations between May 31,
1979, and May 26, 1980, were divided and fixed by one
of us (K.S.) immediately after they were obtained. The
tissue wedge was divided with a razor blade and pro-
cessed by standard means for light-microscopic, im-
munofluorescence, and transmission electron micro-
scopic examination.3,7 Approximately a quarter of the
biopsy specimen was immersion-fixed in phosphate-
buffered 3% glutaraldehyde for scanning electron mi-
croscopic examination. We found razor-cut, immer-
sion-fixed tissue quite satisfactory for the study of the
glomerular podocytes. The razor blade tends to shear
off Bowman's capsule, leaving the underlying glomer-
ular tuft intact.

Paraffin sections of formalin-fixed tissue from the
21 cases were ranked independently and without
knowledge of clinical history by two of the authors
(K.S. and L.R.) for the following 10 histologic
changes3 10: interstitial edema, loss of proximal tubu-
lar brush border, tubular necrosis, tubular dilatation,
tubularization of Bowman's capsule, dilatation of
Bowman's space, glomerular sclerosis, juxtaglomeru-
lar apparatus hyperplasia, and the presence of poly-
morphs or starch particles in glomerular capillary
loops. There was a significant correlation between ob-
servers for all lesions (P < .05), and thus the rankings
of the two observers were combined for the final as-
sessment.
Two patients (Numbers 16 and 19) had their trans-

planted kidneys removed in the first 24 hours after
transplantation for the reasons cited in Table 2. Four
additional patients (Numbers 17, 18, 20, and 21) had
signs of acute rejection (fever, rising serum creatinine
often after an earlier decline, poor perfusion on renal
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scan) by the third posttransplantation day and were

treated for rejection. (The diagnosis of rejection and
the decision to treat these four patients for rejection
were made by the surgeons caring for the patients
without knowledge of the scanning electron microscop-
ic findings.) These 6 patients were excluded from our

analysis of postischemic acute renal failure. All of the
15 remaining transplants eventually functioned. How-
ever, most patients exhibited some degree of postisch-
mic acute renal failure after transplantation, and Ta-
ble 2 indicates the number of posttransplantation dial-
yses required to manage these patients. No patient was
dialyzed before the third day after transplantation.
Therefore, the serum creatinine on the morning of the
third day was used as the best available clinical index
of the severity of posttransplantation acute renal fail-
ure. The 15 patients were divided into two groups on

this basis. Six patients had serum creatinine levels be-
low 2.5 on the third posttransplantation day (Group
D). Nine had serum creatinine levels above 2.5 on the
third day (Group E). Before transplantation, all recip-
ients had end-stage renal disease with pre-dialysis se-

rum creatinine levels greater than 10 mg/dl. None of
the donors had proteinuria or received nephrotoxic
drugs before harvesting.

Scanning Electron Microscopy

Glutaraldehyde-fixed tissues were rinsed in buffer,
postfixed in osmium tetroxide, and then dehydrated in
a graded series of acetone solutions. After three
changes of 100% acetone, the specimens were critical-
point-dried, mounted on stubs with conductive tape,
sputter-coated with 125-150 A of gold palladium, and
examined in a JEOL JSM-35C scanning electron mi-
croscope operating at an accelerating voltage of 25 kv
with a 00 specimen tilt angle. The photography and
morphometric analysis were done without knowledge
of group assignments or clinical history.

Duplicates of photomicrographs of glomeruli taken
at magnifications of x 1800 to x 4000 and printed on

paper of standard weight were used for morphometry.
For each field, regions of capillary surface covered by
cell bodies and major podocyte processes greater than
or equal to 1 ,. wide, and the remaining regions cov-
ered only by individual pedicels and processes thinner
than 1 , were cut out and weighed separately so that
we could determine the fraction of total capillary area

covered by pedicels and small processes. Photographs
of at least 6 superficial glomeruli from each rabbit and
2-10 glomeruli from each transplant biopsy were as-

sessed in this way.
One representative specimen from Groups Al, A2,

and D (Case 6), and 2 from Groups B and E (Cases 11

and 14) were frozen in 10007o ethanol and then cryo-
fractured to provide a better view of the endothelial
surface of the glomerular capillaries.8 Photomicro-
graphs were taken at x 30,000 and assessed as de-
scribed by Avasthi, Evan, and Hay.9

Statistical Analysis

Since there are no data that indicate that quantita-
tive podocyte changes are normally distributed, the
standard t test and linear correlation test could not be
used. Instead, the nonparametric Wilcoxon two-sam-
ple test was used to test for differences between
groups, and the Spearman rank test was used for cor-
relations.3

Results
Light Microscopy

By light microscopy there were no discernible dif-
ferences between Groups B and C or Groups D and
E.* There was no correlation in the human biopsy se-
ries between light or fluorescence microscopic find-
ings in the 1-hour post-renal-transplantation biopsy
specimens and the functional status of the kidneys
three days later. These findings are consistent with our
previous studies showing that no differences could be
detected by routine histologic techniques between
postischemic kidneys from clonidine-treated and un-
treated rabbits until significant differences in creati-
nine clearance appeared 6 hours after the ischemic in-
sult,5'6 and with studies by others showing that post-
transplantation function cannot be predicted from
light and fluorescence microscopic changes in 1-hour
posttransplantation biopsy specimens. 0 No light-mi-
croscopic feature correlated with the podocyte
changes described below in any of the groups.

Scanning Electron Microscopy

By scanning electron microscopy, Groups Al and
A2 appeared identical and were combined for pur-
poses of subsequent data analysis. In these normal
rabbit kidneys the podocyte cell bodies were nearly
spherical and hung off the capillary loops in a berry-
like fashion (Figure 1). The fraction of glomerular
capillary surface covered by foot processes and podo-
cyte processes narrower than 1 p was .65 ± .02 (SEM)
(n = 11).

In the postischemic kidneys of Group B, this frac-
tion was reduced to .45 ± .03 (n = 7) (P< .01). Cell
bodies were flattened, and in many areas the glomeru-
lar capillaries were covered by a continuous sheet of

* Additional microscopic and clinical data may be ob-
tained by writing to the first author.
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Table 1-Groups Studied and Fraction of Glomerular Capillary Surface Covered Only by Podocyte Processes Narrower than
1f in Each, Determined by Scanning Electron Microscopy and Morphometry

A. Normal rabbit kidneys (n = 11) .65 ± .02 (SE)
P < .01

B. Rabbit kidneys (left) obtained 2 hours after 1 hour of left pedicle clamping and right nephrectomy (n = 8) .48 ± .03
P< .02

C. Rabbit kidneys like those in B except that clonidine 0.030 mg/kg i.v. was given 30 minutes before .64 ± .03
unclamping (n = 6)

D. One-hour posttransplantation biopsy specimens from human renal transplants that functioned promptly .57 ± .01
(serum creatinine below 2.5 mg/dl on the third day posttransplantation) (n = 6)

P < .01
E. One-hour posttransplantation biopsy specimens from human renal transplants that had posttransplanta- .38 ± .04

tion acute renal failure (serum creatinine above 2.5 mg/dl on third day posttransplantation) without signs of
rejection (n = 9)

podocyte cytoplasm, and the usual branching struc- renal transplants that functioned promptly (Group D)
ture and foot processes were not seen (Figure 2). In the the podocytes appeared similar to those in Groups A
clonidine-treated postischemic kidneys (Group C), and C (although cell bodies were hemispherical rather
some slight flattening of cell bodies was seen, but the than spherical) and the fraction of capillary surface
fraction of glomerular capillary surface area covered covered by processes <1 , in width was greater than
by foot processes and podocyte processes thinner than .50. In 1-hour biopsy specimens from 7 out of 9 of the
1 j was not different from that in the control Group A transplants that exhibited posttransplantation renal
(.64 ± .03, n = 6). failure (Group E), podocyte abnormalities similar to

In 1-hour biopsy specimens from all of the human those in the rabbit kidneys of Group B were observed

Table 2-Data From Biopsy Series

% Glo-
Time of merular
biopsy capillary
after surface Creatinine

vascular covered 3rd Post- No. Post-
anasto- only by transplan- transplan-

Case mosis processes tation Day tation Reason for exclusion from
No. Group Type of donor (min) <1 A widet (mg/dl)t dialyses statistical analysis

1 D Living, related 60 52 2.0 0
2 D Living, related 60 59 1.2 0
3 D Living, related 60 61 0.4 0
4 D Living, related 60 55 1.0 0
5 D Cadaver 55 57 2.3 0
6 D Living, related 60 55 1.3 0

7 E Cadaver 40 41 9.0 1
8 E Cadaver 60 31 8.4 3
9 E Cadaver 90 25 11.3 10
10 E Cadaver 60 42 6.4 0
11 E Living, related 30 52 3.1 0
12 E Cadaver 45 56 5.1 0
13 E Cadaver 30 40 7.4 0
14 E Cadaver 60 18 8.2 2
15 E Cadaver 60 35 6.6 0

16* Cadaver 60 35 - - Perfusion injury, problems with venous
anastomosis, and recipient hypoten-
sion led to immediate nephrectomy

17* Cadaver 60 56 15.2 5 Early episode of rejection
18* Cadaver 60 60 9.5 8 Early episode of rejection
19* Cadaver 60 44 - - Kidney removed because of recipient

bleeding
20* Cadaver 50 44 9.7 2 Early episode of rejection
21* Cadaver 70 51 4.1 1 Early episode of rejection

* Excluded from statistical analysis for reasons stated in right-hand column.
t These two variables are significantly correlated in groups D and E (r = - .86, n = 15, P < .01 by Spearman rank correlation test).
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Figure 1-Scanning electron micrograph of a glomerulus from a normal rabbit (Group A). The podocyte cell bodies hang off the capillary loops
in berrylike fashion. Most of the capillary surface is covered by foot processes and podocyte processes narrower than 1 M. (x 1500) Figure 2-
Scanning electron micrograph of a glomerulus from a rabbit in Group B. Cell bodies are flattened and are indistinguishable from the broad ir-
regular processes that emanate from them and cover most of the capillary surface. Few foot processes and podocyte processes narrower than
1 M are seen.

(Figure 3), and the fraction of capillary surface cov-
ered by processes <1 p in width was less than .50. In
some areas there were defects in the sheetlike covering
of podocyte cytoplasm that allowed underlying, rela-
tively normal foot processes to be seen, suggesting
that the principal alteration was flattening of cell bod-
ies and major processes rather than foot process fu-
sion or obliteration. There was a significant rank cor-
relation in Groups D and E between the fraction of
capillary surface covered by podocyte processes thin-
ner than 1 p and serum creatinine on the third day after
transplantation (r = - .86, P< .01; Table 2). Overall,
the mean fraction of capillary area covered by pro-
cesses <1 p in width was .57 ± .01 in Group D and .38
± .04 in Group E (P< .01) (Tables 1 and 2).
No significant endothelial cell abnormalities were

observed in the rabbit groups by transmission or scan-
ning electron microscopy. Cryofracture to display the
glomerular capillary endothelium by scanning elec-
tron microscopy was carried out in only the cases in
the human biopsy series (Cases D6, El1, and E14). In
these cases an apparent decrease in size and density of
the endothelial fenestrae was observed (Figure 4). Fe-
nestral density (number per 5 sq cm in a x 30,000 pho-
tomicrograph) and average fenestral diameter (in
Angstroms) were 38.8 and 463 in Case D6, 17.4 and
694 in Case El1, and 17.1 and 662 in Case E14. Nor-
mal values for these measurements in man are un-
known, and measurements in animals are based on
perfusion-fixed rather than immersion-fixed tissues.9

Transmission Electron Microscopy

Transmission electron microscopic studies showed

that the podocyte cell bodies in Groups A, C, and D
were roughly spherical or hemispherical and were con-
nected to the foot processes enveloping the capillary
loops by long, thin cytoplasmic processes. In Groups
B and E the podocyte cell bodies were flattened and
closely applied to the foot processes enveloping the
loops. Thick cytoplasmic processes were seen imme-
diately above the foot processes in most areas. The
lack of foot processes seen by scanning electron mi-
croscopy (Figures 2 and 3) apparently was largely due
to concealment of foot processes by these overlying
thick processes and flattened cell bodies, rather than
to true "fusion" of foot processes, since fewer than
half of the foot processes covering capillary loops
were "fused" as seen by transmission electron micros-
copy, even in cases with severe podocyte changes seen
by scanning electron microscopy (Figures 5 and 6B).
Wrinkling of the basement membrane along the mes-
angial reflections was frequently observed in Group
B, suggesting contraction of the mesangium (Figure
5). Higher magnification transmission electron micro-
scopic examination showed normal slit diaphragms
between foot processes in GroupA (Figure 6A) and re-
traction, reduplication, or absence of the slit dia-
phragms in Group B (Figure 6B). Similar changes in
postischemic acute renal failure in the rat have been
reported by Barnes and colleagues in a recent ab-
stract."I Only minor abnormalities in the slit dia-
phragm were observed in Group C (Figure 6C). Ab-
normalities in the slit diaphragm were also observed in
Group E, but these were less easy to interpret, since
this diaphragm is difficult to demonstrate in immer-
sion-fixed renal biopsy material.
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Discussion

In this report we describe an alteration in glomeru-
lar epithelial cells that is found very early following an
ischemic insult in both man and experimental animals
and appears to provide prognostic information relat-
ing to subsequent renal function. These changes can-
not be properly appreciated with the use of transmis-
sion electron microscopy, because of the complex
three-dimensional shape of the podocytes, and there is
no change observable by light microscopy that has
similar predictive value. The investigations reported

Figure 3A-Normal human glomerular cap-
illary loops from a pretransplantation biopsy
specimen from a cadaveric donor. Podo-
cyte cell bodies are nearly hemispherical
or octopuslike in appearance; more than
half of the capillary surface is covered by
processes less than 1 jA in width.
(x 4000) B-Scanning electron micro-
graph of a glomerulus from a human
transplant kidney in Group E. Podocyte
changes similar to those in Figure 2 are
seen. Defects in some of the podocyte ma-
jor processes allow underlying relatively
normal foot processes to be observed.
Elsewhere they are hidden by the overlying
broad podocyte major processes greater
than 1 M in width. (x 4000, bar = 1 p)

in this paper support the concept that the eventual de-
crease in glomerular filtration that follows an isch-
emic insult is related to morphologic changes in the
glomerular podocytes that occur soon after the insult.

In 1974 Cox and associatesl2 reported finding ab-
normalities in glomerular podocyte structure by scan-
ning electron microscopy in unilateral acute renal fail-
ure produced by infusing norepinephrine into one re-
nal artery of dogs for 2 hours. The authors suggested
that renal failure in this model was largely the result of
decreased glomerular capillary permeability, and that
the absence of the renal podocyte branching and foot
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Figure 4-Reduction in number and irregularity in
size of glomerular capillary endothelial fenestrae
from Case 14, Group E. Inset shows larger and
more numerous fenestrae from a rabbit in Group
B. (Both reduced equally from x 30,000)

8645 1.0U PHSEM

process formation which they observed represented
the morphologic counterpart of this decrease in per-
meability. This original 2-hour norepinephrine infu-
sion model was irreversible and characterized by corti-
cal infarcts. Subsequently, Cronin et all 3 used a
shorter 40-minute infusion of norepinephrine to pro-
duce a reversible model and did not find podocyte ab-
normalities. Other investigators found evidence for
decreased ultrafiltration coefficient (Kf) in uranyl ni-
trate and gentamicin-induced acute renal failure.'4"15
The decrease in the ultrafiltration coefficient brought
about by these two compounds is allegedly associated
with predominantly endothelial, rather than epithe-
lial, (podocyte) changes,9"16 although in one recent
study neither endothelial nor epithelial changes were
found. 17 Glomerular changes in the pedicle-clamping
model of acute renal failure observed by scanning
electron microscopy have not been reported, although
recent studies by Savin et al suggest that the ultrafiltra-
tion coefficient is also reduced in this type of postisch-
emic acute renal failure.'8

It is possible that the podocyte changes observed in
this study represent the morphologic counterpart of
decreased glomerular permeability. However, tem-
poral considerations suggest another possibility in-
volving proteinuria and tubular obstruction. In pre-
vious studies we have shown that statistically signifi-
cant differences in creatinine clearance and number of
tubular casts between clonidine-treated and untreated
rabbits similar to those in Groups C and B do not ap-
pear until 4-6 hours after the ischemic episode.5,6
(From this time onward the clonidine-treated group
has significantly better renal function.) Thus, the sig-
nificant difference in severity of podocyte alterations

at 2 hours after the ischemic episode in the present
study suggests that podocyte alterations precede,
rather than coincide with, the eventual significant dif-
ferences in renal function and number of cast-filled
tubules in the two groups. Thus, the link between po-
docyte changes and decreased glomerular filtration
rate is likely to be indirect. The podocyte changes may
reflect increased glomerular permeability to large
molecules, which could account in part for the pro-
teinuria that is present in early postischemic acute re-
nal failure.'9'20 Ryan and Karnovsky2' have shown
that renal ischemia leads to at least a transient increase
in glomerular permeability to proteins, and protein-
uria up to 200 mg/dl was observed in some of the rab-
bits in Group B. If the concentration of the serum pro-
teins in the tubular fluid were elevated, this would in-
crease the propensity for Tamm-Horsfall protein in
the tubular fluid to aggregate and form hyaline
casts.22 Hoyer and Seiler have pointed out that under
most circumstances the conditions required for hya-
line cast formation are probably present only tran-
siently in a small number of tubules, and once casts
form they are passed into the urine without diffi-
culty.22 However, in postischemic acute renal failure
there is sluggish flow of tubular fluid during and after
the ischemic insult. This by itself would predispose to
cast formation and in combination with elevated con-
centrations of serum proteins, sodium, and chloride in
the tubular fluid, could lead to the formation of
very long obstructive hyaline casts, which have been
shown to be an important feature of postischemic
acute renal failure.5

Support for this theory would have to come from
differential protein clearance determinations to estab-
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Figure 5-Transmission electron micrograph of
mesangial area from a rabbit in Group B showing
wrinkling of the basement membrane along the
mesangial reflections, an indicator of mesangial cell
contraction. There is only a minor degree of foot pro-
cess fusion in adjacent capillary loops. (x 9600)

lish that the proteinuria was in part of glomerular ori-
gin and not due entirely to decreased tubular reab-
sorption of protein or to protein discharged into the
tubule at a postglomerular site.2324 Unfortunately,
such investigations were not carried out in the present
study. The interpretation of protein clearance data
might be difficult, since many of the most "proteinuric"
nephrons would become blocked by casts and thus
not contribute fluid to the urine samples used to
calculate clearances. However, it is also possible that
the remaining unobstructed nephrons would also de-
velop defects in glomerular permeability to protein
akin to those observed in models of reduced renal
mass. 25,26

In most proteinuric states 50-9807o of the epithelial
cell foot processes are fused.27 Fusion appears to re-
late to loss of the normal negative charge of the capil-
lary loop basement membrane and in the experimental
animal can occur within 10 minutes after infusion of
polycations such as protamine.28 The epithelial cell al-
terations in postischemic acute renal failure appear to
be less severe than those in most proteinuric states.
There is less foot process fusion,29 and the major al-
teration in podocyte structure appears to be a flatten-
ing of cell bodies and expansion of major processes, so
that they almost completely envelope the capillary
loops. It is possible that this enveloping of the glomer-
ular capillaries produces a mechanical interference
with filtration.
The changes in slit diaphragm between foot pro-

cesses that we observed in postischemic acute renal
failure appear identical to those described in amino-
nucleoside nephrosis in the rat,30 a condition charac-
terized by proteinuria, oliguria, and azotemia.3l,32 It

remains to be proven that these slit diaphragm abnor-
malities occur in proteinuric states unattended by a de-
crease in glomerular filtration rate. The fact that hy-
poproteinemia reduces Kf33 and that experimental
models of proteinuria are associated with reduced
Kf34'35 increases the difficulty of separating the glom-
erular ultrastructural changes associated with protein-
uria from those associated with reduced Kf.

Regardless of whether the podocyte changes ob-
served are a manifestation of decreased hydraulic per-
meability or increased permeability to proteins, the
predictive value of these changes is likely to be clini-
cally useful. In this and previous studies neither urine
flow in the immediate posttransplantation period nor
recorded warm or cold ischemia times allowed predic-
tion of renal function three days later. Currently, it is
often difficult to decide whether or not to subject pa-
tients with early posttransplant renal failure to the
hazards of antirejection therapy.36 If, as the present
study suggests, the severity of podocyte changes is a
predictor of the severity of postischemic acute renal
failure, treatment for rejection could be considered in
those patients with posttransplantation renal failure
who have few podocyte changes in their 1-hour bi-
opsy.
Some kidneys sustain such severe ischemic changes

that they never function in the recipient. In England,
where "beating heart" donors are not used, 15-3007o of
cadaver kidneys fall into this category.37 The evalua-
tion of podocyte changes in pretransplantation biopsy
specimens of donor kidneys may help to identify such
kidneys so that one may avoid transplanting them.
However, an undetected proteinuric state in the donor
or the administration of protamine28 (used to reverse
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Figure 6A-Normal slit diaphragms between
foot processes in a rabbit from Group A2.
(x 60,000) B-Retraction, reduplication,
and loss of slit diaphragms in a rabbit from
Group B. The foot processes are covered by an
overlying major podocyte process. (x 60,000)
C-Reduplication of slit diaphragms (arrows)
in a rabbit from Group C. This was the only ab-
normality in slit diaphragms observed in this
group. (x 60,000)

heparinization) may also produce podocyte changes
similar to those produced by ischemia and would not
preclude successful transplantation. Delayed fixation
also brings about a number of confusing morphologic
changes in the glomeruli. This is the reason why post-
mortem material is unsatisfactory for assessment of
glomeruli by scanning electron microscopy.38
The endothelial cell changes in Cases 6, 11, and 14

(Figure 6) suggest the possibility that in man both epi-
thelial and endothelial alterations may play a role in
posttransplantation ischemic acute renal failure. This
idea is not entirely new. Ten years ago, Weymouth et

a139 noted severe epithelial and endothelial changes by
transmission electron microscopy in the 1-hour post-
transplantation biopsy specimen from a patient who
developed reversible ischemic posttransplantation re-
nal failure. Unlike the podocyte changes, which we
have found persist for at least 6 hours (Solez, unpub-
lished), glomerular endothelial changes are short-
lived in experimental postischemic acute renal fail-
ure,40 and this probably accounts for our inability to
demonstrate endothelial alterations in rabbit kidneys
examined 2 hours after the ischemic insult. If the en-
dothelial changes we observed in 1-hour posttrans-
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plantation biopsy specimens are similarly transient, or
if they are largely an artifact of immersion-fixation,
then these changes probably have little or no influence
on eventual renal function. It should be noted that our
observations on endothelial changes must be regarded
as preliminary, since they are based on the examina-
tion of only 1-2 specimens per group, rather than 2-6
specimens per group, as in the study of Avasthi et al.9
Two important questions arise from our current

study: 1) What is the cause of the podocyte alterations
observed in postischemic acute renal failure? Angio-
tensin II produces similar morphologic changes41'42
and is known to reduce the ultrafiltration coefficient43
and cause proteinuria.44 However, other possible me-
diators such as vasopressin,6 thromboxane,45 or cal-
cium46 may also play a role. 2) Can one demonstrate
that podocyte changes correlate with and precede or
coincide with changes in a) ultrafiltration coefficient
or b) protein permeability in the same glomeruli?
Such a demonstration, using micropuncture or iso-
lated perfused glomeruli, is necessary before one can
conclude that podocyte changes are directly related to
altered glomerular capillary permeability. These im-
portant issues merit further study.

References
1. Kjellstrand CM, Casali RE, Simmons RL, Shideman

JR, Buselmeier TJ, Najarian JS: Etiology and prognosis
in acute post-transplant renal failure. Am J Med 1976,
61:190-199

2. Solez K, D'Agostini RJ, Stawowy L, Freedman MT,
ScottWW Jr, Siegelman SS, Heptinstall RH: Beneficial
effect of propranolol in a histologically appropriate
model of postischemic acute renal failure. Am J Pathol
1977, 88:163-192

3. Solez K, Morel-Maroger L, Sraer J-D: Morphology of
"acute tubular necrosis" in man: Analysis of 57 renal bi-
opsies and a comparison with the glycerol model. Medi-
cine 1979, 58:362-376

4. Jones DB: SEM ofHuman and Experimental Renal Dis-
ease. Vol III. SEM, Inc., AMF, O'Hare, Ill, 1979, pp
679-689

5. Ideura T, Solez K, Heptinstall RH: The effect of cloni-
dine on tubular obstruction in postischemic acute renal
failure in the rabbit demonstrated by microradiography
and microdissection. Am J Pathol 1980, 98:123-150

6. Solez K, Ideura T, Silvia CB, Hamilton B, Saito H:
Clonidine after renal ischemia to lessen acute renal fail-
ure and microvascular damage. Kidney Int 1980, 18:
309-322

7. Solez K, Kramer EC, Fox JA, Heptinstall RH: Medul-
lary plasma flow and intravascular leukocyte accumula-
tion in acute renal failure. Kidney Int 1974, 6:24-37

8. Humphreys WJ, Spurlock BO, Johnson JS: Critical
point drying of ethanol-infiltrated cryofractured biolog-
ical specimens for scanning electron microscopy. Vol I.
SEM, Inc., AMF, O'Hare, Ill, 1974, pp 275-282

9. Avasthi PS, Evan AP, Hay D: Glomerular endothelial
cells in uranyl nitrate-induced acute renal failure in rats.
J Clin Invest 1980, 65:121-127

10. Valenzuela R, Hamway SA, Deodhar SD, Braun WE,
Banowsky LH, Magnusson MO, Osborne DG: Histo-
logic, ultrastructural, and immunomicroscopic findings
in 96 one hour human renal allograft biopsy specimens:
Immunologic and clinical significance. Human Pathol
1980, 11:187-195

11. Barnes JL, Osgood RW, Reineck HJ, Stein JH: Glom-
erular alterations in the ischemic model of acute renal
failure (ARF) (Abstr). Kidney Int 1979, 16:771

12. Cox JW, Baehler RW, Sharma H, O'Dorisio T, Osgood
RW, Stein JH, Ferris TF: Studies on the mechanism of
oliguria in a model of unilateral acute renal failure. J
Clin Invest 1974, 53:1546-1558

13. Cronin RE, deTorrente A, Miller PD, Bulger RE, Burke
TJ, Schrier RW: Pathogenic mechanisms in early norep-
inephrine-induced acute renal failure: Functional and
histological correlates of protection. Kidney Int 1978,
14:115-125

14. Stein JH, Gottschall J, Osgood RW, Ferris TF: Patho-
physiology of a nephrotoxic model of acute renal fail-
ure. Kidney Int 1975, 8:27-41

15. Baylis C, Rennke HR, Brenner BM: Mechanisms of the
defect in glomerular ultrafiltration associated with gen-
tamicin administration. Kidney Int 1977, 12:344-353

16, Avasthi PS, Huser J. Evan AP: Glomerular endothelial
cells in gentamicin-induced acute renal failure (ARF) in
rats (Abstr). Kidney Int 1979, 16:771

17. Schor N, Ichikawa I, Rennke HG, Troy JL, Brenner
BM: Role of angiotensin II (All) in gentamicin (G)
nephrotoxicity (Abstr). Clin Res 1980, 28:461A

18. Savin VJ, Patak RV, Marr G: Glomerular filtration in
ischemic renal failure (Abstr). Kidney Int 1979, 16:776

19. Manuel Y, Poli S, Bernhardt JP, Revillard JP, Claudey
D, Traeger J: Proteinuria in human renal allografts.
Helvet Med Acta 1969, 35:3-19

20. MacLean PR, Robson JS: Unselective proteinuria in
acute ischaemic renal failure. Clin Sci 1966, 30:91-102

21. Ryan GB, Karnovsky MJ: Distribution of endogenous
albumin in the rat glomerulus: Role of hemodynamic
factors in glomerular barrier function. Kidney Int 1976,
9:36-45

22. Hoyer JR, Seiler MW: Pathophysiology of Tamm-
Horsfall protein. Kidney Int 1979, 16:279-289

23. Peterson A, Evrin E, Berggard I: Differentiation of
glomerular, tubular, and normal proteinuria: Determi-
nations of urinary excretion of P2-microglobulin, albu-
min, and total protein. J Clin Invest 1969, 48:1189-1198

24. Mogensen CE, Vittinghus E, Solling K: Abnormal al-
bumin excretion after two provocative renal tests in dia-
betes: Physical exercise and lysine injection. Kidney Int
1979, 16:385-393

25. Robson AM, Mor J, Root ER, Jager BV, Shankel SW,
Ingelfinger JR, Kienstra RA, Bricker NS: Mechanism of
proteinuria in nonglomerular renal disease. Kidney Int
1979, 16:416-429

26. Olson JL, Hostetter TH, Rennke HG, Brenner BM,
Venkatachalam MA: Altered charge and size selective
properties of the glomerular wall: A response to reduced
renal mass (Abstr). Kidney Int 1979, 16:857

27. MurphyWM, Moretta FL, Jukkola AF: Epithelial foot-
process effacement in patients with proteinuria. Am J
Clin Pathol 1979, 72:529-532

28. Seiler MW, Venkatachalam MA, Cotran RS: Glomeru-
lar epithelium: Structural alterations induced by polyca-
tions. Science 1975, 189:390-393

29. Olsen TS, Skjoldborg H: The fine structure of the renal
glomerulus in acute anuria. Acta Pathol Microbiol
Scand 1967, 70:205-214

30. Ryan GB, Rodewald R, Karnovsky MJ: An ultrastruc-
tural study of the glomerular slit diaphragm in aminonu-
cleoside nephrosis. Lab Invest 1975, 33:461-468



Vol. 103 * No. 2 PODOCYTE CHANGES IN ACUTE RENAL FAILURE 173

31. Oken DE, Flamenbaum W: Micropuncture studies of
proximal tubule albumin concentrations in normal and
nephrotic rats. J Clin Invest 1971, 50:1498-1505

32. Andrews PM: A scanning and transmission electron mi-
croscopic comparison of puromycin aminonucleoside-
induced nephrosis to hyperalbuminemia-induced pro-
teinuria with emphasis on kidney podocyte pedicel loss.
Lab Invest 1977, 36:183-197

33. Baylis C, Ichikawa I, Willis WT, Wilson CB, Brenner
BM: Dynamics ofglomerular ultrafiltration: IX. Effects
of plasma protein concentration. Am J Physiol 1977,
232:F58-F71

34. Blantz RC, Wilson CB: Acute effects of antiglomerular
basement membrane antibody on the process of glomer-
ular filtration in the rat. J Clin Invest 1976, 58:889- 911

35. Maddox DA, Bennett CM, Deen WM, Glassock RJ,
Knutson D, Daugharty TM, Brenner BM: Determinants
of glomerular filtration in experimental glomeruloneph-
ritis in the rat. J Clin Invest 1975, 55:305-318

36. Anderson CB, Sicard GA, Etheredge EE: Delayed renal
function and long-term cadaver renal allograft survival.
Transpl Proc 1979, 11:482-485

37. Baxby K, Johnson RWG: Prediction of kidney viability
before transplantation. Br J Surg 1975, 62:810-812

38. Langlinais PC, Myers WD, Merrill RH: Scanning elec-
tron microscopic observations on glomeruli. Arch Pa-
thol Lab Med 1980, 104:308-312

39. Weymouth RJ, Seibel HR, Lee HM, Hume DM, Wil-
liams GM: The glomerulus in man one hour after trans-
plantation: An electron microscopic study. Am J Pathol
1970, 58:85-104

40. Frega NS, DiBona DR, Guertler B, Leaf A: Ischemic re-
nal injury. Kidney Int (Suppl) 1976, 10:517-525

41. Hornych J, Beaufils M, Richet G: The effect of exoge-
nous angiotensin on superficial and deep glomeruli in
the rat kidney. Kidney Int 1972, 2:336-343

42. Ausiello DA, Kreisberg JI, Roy C, Karnovsky MJ: Con-
traction of cultured rat glomerular cells of apparent
mesangial origin after stimulation with angiotensin II
and arginine vasopressin. J Clin Invest 1980, 65:754-760

43. Blantz RC, Konnen KS, Tucker BJ: Angiotensin II ef-
fects upon the glomerular microcirculation and ultrafil-
tration coefficient of the rat. J Clin Invest 1976, 57:
419-434

44. Bohrer MP, Deen WM, Robertson CR, Brenner BM:
Mechanism of angiotensin II-induced proteinuria in the
rat. Am J Physiol 1977, 233:F13-F21

45. Solez K, Ideura T, Saito H: Role of thromboxane and
outer medullary microvascular injury in post-ischemic
acute renal failure (Abstr). Clin Res 1980, 28:461A

46. Goldberg JP, Schrier RW, Gardenswartz MH, Berl T:
In vivo role of cellular calcium (Ca) uptake in the re-
sponse to systemic vasoconstrictors (Abstr). Clin Res
1980, 28:549A

Acknowledgments
We are grateful to Dr. James Burdick, Dr. Joseph Rom-

olo, and Dr. G. Melville Williams, who performed the
transplant biopsies, and to Karen Garst, who supplied the
clinical information on the transplant patients. We thank
Gertrude Brown, Marilyn Miller, and Phillip Rutledge for
skilled technical assistance and Nancy Lambert for typing
the manuscript.


