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Summary. Polyethylene glycol protects against 02 
deprivation after clamping of the renal artery or 
norepinephrine infusion and in hypoxic primary 
cell culture. Isolated perfused kidneys under hyp- 
oxic conditions develop morphological alterations 
in all segments of the proximal tubule and medul- 
lary thick ascending limb. In an attempt to ame- 
liorate the effect of hypoxia, rat kidneys were per- 
fused for 90 min with regularly oxygenated (95% 
02 + 5% CO2) or hypoxic perfusate (95% N2 + 
COz) supplemented with 8-12% polyethylene gly- 
col (MW ~ 8000). In oxygenated and hypoxic kid- 
neys, polyethylene glycol produced similar changes 
in S1-Sz segments consisting of reduction of cell 
thickness and organelle compaction with internali- 
zation of brush border into the tubulo-vesicular 
system. In the $3 segment, the cellular volume loss 
was more limited; the brush border was trans- 
formed to membranous whorls and the cytoplasm 
contained large, irregular, clear zones. Mitochon- 
drial swelling was pronounced in the hypoxic prox- 
imal tubules. Polyethylene glycol quantitatively in- 
creased and emphasized the damage in the medul- 
lary thick ascending limb. Inclusion of 10-2M 
ouabain preserved the medullary thick ascending 
limb from hypoxic injury and polyethylene glycol 
had no effect on this undamaged epithelium. Thus, 
polyethylene glycol affects renal tubules on the ba- 
sis of their known water permeability and does 
not protect against but rather worsens hypoxic in- 
jury in the medullary thick ascending limb. 
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Introduction 

The effect of hypoxia on the isolated perfused kid- 
ney is well established (Brezis et al. 1984; Shanley 
et al. 1986). In those kidneys in which the perfusate 
is gassed with 95% 02, and no O2 carrier, such 
as hemoglobin, is included, the changes are limited 
to the inner zone of the outer medulla. In this 
region, medullary thick ascending limb (mTAL) 
injury occurs and is most severe in areas removed 
from the vasa recta and cortex (Brezis et al. 1984). 
A more extensive form of hypoxic change occurs 
when the perfusate is gassed with 95% N2. This 
injury involves the proximal nephron, as well, 
causing mitochondrial swelling and brush border 
disorganization in the convoluted segments (S 1, $2) 
and edema and fragmentation in the straight por- 
tion ($3) (Shanley et al. 1986). Studies have shown 
that polyethylene glycol (PEG) protects against 02 
deprivation both in the ischemic situation (clamp- 
ing of the renal artery and norepinephrine infu- 
sion) and in hypoxic primary cell cultures (Frega 
etal. 1979; Burke etal. 1983; Kreisberg etal. 
1980). PEG acts evidently in these circumstances 
as an impermeant solute., i.e., a substance because 
of size or charge and absence of carrier or other 
transporting mechanisms does not cross cellular 
plasma membranes and thus exerts oncotic pres- 
sure. In an attempt to ameliorate the effect of hy- 
poxia in the isolated perfused kidney preparation, 
PEG was added to the perfusate. 

This study will show that hyperoncotic imper- 
meant solutes such as PEG do not protect the cells 
of the isolated perfused kidney under conditions 
of mild or severe hypoxia. However, there was 
striking heterogeneity of cellular response to this 
agent that correlated with known water permeabil- 
ity of individual nephron segments. 
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Materials  and methods 

Male Sprague-Dawley rats weighing 370470 g were used for 
all experiments. The rats were fed standard rat chow and al- 
lowed free access to water. Perfusion of the right kidney was 
performed according to the technique described by Ross et al. 
(1973). The animals were anesthetized intraperitoneally with 
Inactin 100 mg/kg. Mannitol, 200 mg and heparin, 1000 U were 
injected into the femoral vein. The peritoneal cavity was opened 
and a PE-10 catheter placed in the right ureter. A glass arterial 
cannula was inserted into the superior mesenteric artery and 
threaded across the aorta into the right renal artery. Perfusion 
was started while the cannula was still in the mesenteric artery, 
thereby avoiding any ischemia to the kidney. The kidney was 
then placed in a constant temperature cabinet where the temper- 
ature was kept at 37 ° C. Perfusion medium was recirculated 
continuously with a pulsatile flow at a pressure of 85 mmHg 
at the tip of cannula. The rate of flow of the perfhsate was 
measured with a Brooks flowmeter installed in a series in the 
arterial line. The perfusion medium consisted of a Krebs-Ringer 
Henseleit solution containing (in millimolar) : Na, 143 ; C1, 103 ; 
K, 4.5; bicarbonate, 24; Ca, 2.5; Mg, 1.2; phosphate, 1.2; pH 
of 7.4, bovine serum albumin at a concentration of 6.7 g/dl; 
glucose at 5 mM was added in all experiments. PEG was ob- 
tained from Sigma (St. Louis, MO). 

Experimental groups 

Group A (N= 6) Kidneys were perfused for 90 min with regu- 
larly oxygenated medium (95% 02/5% CO2). 

Group B (N= 5) Kidneys were perfused for 90 min with regu- 
larly oxygenated (95% 02/5% COz); perfusion medium supple- 
mented with 8%-12% PEG (MW 8000). 

Group C (N= 5) Kidneys were perfused with regular perfusion 
medium that was gassed with 95% N2/5% CO2. 

Group D (N= 4) Kidneys were perfused for 90 min with medi- 
um, gassed with 95% N2/5% COz and supplemented with 8% 
PEG. 

Group E (N= 4) Kidneys were perfused for 90 rain with medi- 
um gassed with 95% N2/5% CO2 and the perfusion medium 
was supplemented with both 8% PEG and ouabain 10 - 2  M. 

Morphologie techniques. Following perfusion, each kidney was 
fixed via the perfusion circuit with 1.25% glutaraldehyde in 
0.1 molar phosphate buffer (pH 7.4). One to 2 mm-thick sec- 
tions were removed from the central portion of the kidney and 
4 x 4 mm sections containing the entire width of the cortex and 
outer medulla were taken from that slice, post-fixed in 2% 
osmium tetroxide, dehydrated and embedded in an araldite- 
Epon 812 mixture. Evaluation was done by light microscopy 
and one-micron sections with selected blocks were examined 
by electron microscopy. Quantitative analysis of toTAL was 
done as previously indicated (Brezis et al. 1984). Briefly, the 
damage to toTAL in the inner stripe of the outer medulla was 
evaluated in three regions: outer, mid, and deep. A percentage 
score was used to indicate the fraction of tubules involved with 
minimal to mild (chromatin margination, minor degrees of mi- 
tochondrial swelling), moderate (blatant mitochondrial swelling 
with limited nuclear pyknosis), or severe (blatant mitochondrial 
swelling with extensive nuclear pyknosis and cell fragmenta- 
tion). 

Results  

Group A ( o x y g e n a t e d  k i d n e y s ) :  T h e  k i d n e y s  pe r -  
fused  w i t h  r e g u l a r  p e r f u s i o n  m e d i u m  ( 9 5 %  0 2 / 5 %  
C O z )  s h o w e d  n o  d a m a g e  in  $1 -$2  s e g m e n t s  o f  
p r o x i m a l  tubu les .  T h e  $3 s e g m e n t s  s h o w e d  c h a n g e s  
(cell  swel l ing  a n d  f r a g m e n t a t i o n )  o n l y  foc a l l y  in  
the  a r e a s  u n d e r l y i n g  the  m e d u l l a r y  r a y s  as  p r e -  
v i o u s l y  d e s c r i b e d  ( S h a n l e y  e t a l .  1986). T h e  
t o T A L s  d i s p l a y e d  the  c h a r a c t e r i s t i c  c h a n g e s  o f  
h y p o x i c  cell  i n j u r y  (Brez is  e t  al.  1984). T h e  q u a n t i -  
t a t ive  a n a l y s i s  o f  t o T A L s  (F ig .  1) s h o w s  the  t y p i c a l  
l i m i t e d  i n v o l v e m e n t  o f  t he  supe r f i c i a l  i n n e r  s t r ipe .  

Group B ( o x y g e n a t e d  k i d n e y s  s u p p l e m e n t e d  w i t h  
P E G ) :  T h e  $1-$2  s e g m e n t  was  c h a r a c t e r i z e d  b y  
a n  ove ra l l  r e d u c t i o n  in  cell  t h i c k n e s s  a n d  by  ex t en -  
sive b r u s h  b o r d e r  loss  (F ig .  2). T h e  b r u s h  b o r d e r  
w h i c h  r e m a i n e d  h a d  a v a r i a b l e  o r i e n t a t i o n  g iv ing  
a n  i r r e g u l a r  c o n t o u r  to  the  ce l l u l a r  sur face .  I m m e -  
d i a t e l y  b e n e a t h  the  b r u s h  b o r d e r  a r e a  was  a z o n e  
o f  s m a l l  ves ic les  w h i c h  o c c u p i e d  1 /4 -1 /3  o f  cell  
he igh t .  S c a t t e r e d  l a r g e r  ves ic les  were  a l so  n o t e d  
t h a t  o c c u p i e d  m u c h  o f  the  en t i r e  ce l l u l a r  w id th .  

[ ]  m o d e r a t e  [ ]  severe  

100 - 

% 
5 0 -  

In jury 

100- 

% 
5 0 -  

1n jury 

O= 

R 
T 

i 
N 2  

T 
o:o:=:i 

I I . . . . .  ii)ii 
,::::::::.1 
~o:=:=:~- 
o:o., .~ i!!!!}!ili.--' T 
==-o:,:~- 
=:o.:.,.~ 

A B C 

O= + PEG 

T 
!i!!!!iiiii 
:,:,:,:,:,: 

i!!!iiii;ii 
T :!:!:i:i:i: 
ilii! 
!iiii !!i!i iiiii 

, + P E G  

L ,-,...,..., 
,::',,,',::,,',: 

[ !:i:i:i:i:i 
i !i!iiiiiiii 

T I ::::::::::: !iiiiiiiii 
I i:i:i:i:!: 
I !!!!!iiiii 

A B 

l 

~T 

;iiiiiii 
i!!i!iiiiiii 
,',;::'..,:;:..'. 

T 

" r  

ii!iiiiiii 
!!i!iiiiii 

Fig. 1. The effect of PEG on mTAL injury. When the isolated 
perfused kidney is gassed with 95% O2, selective mTAL necro- 
sis occurs which is confined to mid and deep inner stripe (A = 
superficial, B=mid, C= deep inner stripe); if N2 is substituted 
for 02, the injury becomes more extensive. The severe damage 
(top panel) in toTAL (zones A and B) was significantly more 
extensive when PEG was added to the oxygenated perfusion 
medium (p < 0.01). Under hypoxic conditions (lower panel, zone 
C), the moderate and severe damage was significantly more 
extensive when PEG was added (p < 0.05, p < 0.005, respective- 
ly) 

C 
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Fig. 2A-E. Oxygenated and hypoxic kidney supplemented with 8% PEG. The appearances are similar whether oxygenated (A, 
C, D) or hypoxic (B, E). The epithelium of the convoluted tubules ($1, $2) (A and B) shows reduction in thickness, increased 
density, and loss of brush border. Focally (arrows') a superficial zone of fine vacuoles can be appreciated. The brush border 
in ($3) (C) is better maintained but very distorted. Zones of cytoplasmic clearing are apparent in the en face section of the 
tubule in the center. Sections from the inner stripe of the outer medulla (D and E) show unremarkable collecting ducts (CD). 
The cytoplasm of the upper portion of the descending limbs of the long loops (L) is fragmented and condensed; the nuclei 
show chromatin margination and pyknosis. Zones of cytoplasmic compaction/fragmentation and intact epithelium with high 
amplitude mitochondria swelling are noted in the toTAL (*). x 570, x 590, x 570, x 360, x 320 (reduced to 89%) 

In the $3 segment, epithelium (Fig. 2) was also at- 
tenuated, but the brush border was better main- 
tained, albeit very abnormal. In this segment epi- 
thelial volume loss was much more limited but the 
luminal surface was irregular and the whole brush 
border zone was transformed to small vacuoles. 
There appeared to be a loss of cytoplasmic sap, 
such that large irregular clear zones were noted. 
The remaining cytoplasmic elements formed a re- 
ticular pattern. Cells immediately adjacent to yes- 

sels showed a largely normal configuration that 
appeared related to fixative rehydration. When 
PEG was included in the fixative, this "apparent  
restoration of  form" was very limited. 

Changes in the mTAL were noted primarily 
in the inner stripe of  the medulla (Fig. 2). These 
were similar to those previously described: a se- 
quence of  mitochondria swelling and chromatin 
margination which progressed to cell fragmenta- 
tion. These changes were most conspicuous in at- 
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Fig. 3. Oxygenated kidney supplemented with 8% PEG. Fine structural studies of the proximal convoluted tubules (upper, A) 
show condensation of organelles, a spherical conformation to the mitochondria, and a superficial zone of small vesicles. Both 
brush border and basal membranes appear reduced and are poorly oriented with respect to the luminal membranes and basal 
lamina. In contrast (lower, A) the adjacent distal tubular segment is unremarkable. The medullary thick ascending limb (upper, 
B) shows loss of lumen membranes and portions of the cell body. The nucleus is markedly condensed; mitochondria are swollen 
and opaque. The adjacent thin limb (lower, B) is relatively intact, x 10500, x 10200 
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Fig. 4. Oxygenated kidney supplemented 
with 8% PEG. This low power electron 
micrograph (A) of Sa shows diffuse 
transformation of the brush border to 
membranous whorls. Irregular electron 
lucent zones are noted in both the cell 
body and nucleus. An adjacent 
interstitial cell (lower left) and distal 
nephron segment (upper left) are 
unremarkable. At higher power (B) 
traces of intact brush border elements 
can be identified (*). Small vesicles are 
scattered throughout the condensed 
cytoplasmic sap; mitochondria are 
enlarged, and contain aggregated cristae. 
x4000, x 15000 

eas remote from the vascular supply (vasa recta) 
and cortex. However, in zones of fragmentation 
the remaining cellular elements showed marked 
condensation. In addition, the thin descending 
limbs of the long loop of Henle showed cytoplas- 
mic condensation and lumenal border irregularity. 
The quantitation of mTAL damage is summarized 
in Fig. 1. It is apparent that perfusion with PEG 

with normal oxygenation induces more severe and 
extensive injury as compared to controls. 

Fine structural studies of the $1-$2 segments 
revealed irregular brush border loss, shortening, 
and angulation of the microvilli (Fig. 3). The brush 
border plasma membrane appeared to be continu- 
ous with a copious tubulo-vesicular system that 
comprised 1/4-1/3 of the cellular thickness. The 



434 J. Kopolovic et al. : Polyethylene glycol effect on perfused kidney 

Fig. 5. Hypoxic kidney supplemented with 8% 
PEG. The fine structure of the proximal 
convoluted tubules ($1, $2) is largely similar to 
those of the oxygenated perfused kidney 
supplemented with PEG (see Fig. 3), i.e., disarray 
and reduction of brush border and basal 
membranes. Mitochondrial swelling is more evident 
and small electron densities can be noted (left). x 
14000 

Fig. 6. Hypoxic kidney supplemented with 8% 
PEG. The mTALs (upper and lower left) show 
fragmentation and marked cytoplasmic 
condensation as in Fig. 3. The adjacent collecting 
duct and interstitial cell (lower right) are 
unremarkable, x 11200 

mitochondria were ovoid and enlarged, lacking the 
usual perpendicular orientation, and with cristae 
disordered and focally closely opposed. The basal 
membrane system did not have a perpendicular 
orientation, was diminished in extent, and focally 
expanded to form large vacuoles. Smaller vacuoles 
were noted dispersed among the cytoplasm sap. 

The endoplasmic reticulum and ribosomal ele- 
ments were condensed, as was the nucleoplasm. 

The brush border of $3 could no longer be de- 
fined as such being transformed into membranous 
whorls (Fig. 4). Within the latter, segments of the 
original microvillous network could be identified. 
Large irregular non-membrane-bound, electron-lu- 
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Fig. 7A-D. Hypoxic kidney supplemented with 8% PEG and 10 -2 ouabain. The appearance of the convoluted proximal tubules 
$1, $2 (A) and pars recta $3 (B) and (C) is similar to conditions without ouabain included in the perfusate. The medullary 
thick ascending limbs (D) are unremarkable. × 640, x 640, x 1600, x 250 

cent zones were present intermingled with con- 
densed cytoplasmic sap that included small vesicles 
of endoplasmic reticulum origin and mitochondria. 
These mitochondria contained multifocal zones of 
closely approximated cristae. Interstitial cells, en- 
dothelium, and distal nephron segments were basi- 
cally unremarkable except for the mTAL. Focal 

toTAL cell fragmentation was present (Fig. 3) 
which was as previously described: extensive plas- 
ma membrane interruption, mitochondrial swell- 
ing with small densities and conspicuous nuclear 
chromatin condensation. The cytoplasm contained 
closely opposed membranous fragments forming 
whorls. 
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Group C (hypoxic kidneys): The kidneys perfused 
under hypoxic conditions showed changes as pre- 
viously described (Brezis et al. 1984; Shanley et al. 
1986), e.g. the $1-$2 segments showed either brush 
border clubbing and mitochondrial swelling or ex- 
tensive formation of apical vesicles; toTAL injury 
became more extensive. 

Group D (hypoxic kidneys supplemented with 
PEG): The light microscopic appearance (Fig. 2) 
was similar to that in group B. Quantitative analy- 
sis of mTALs showed nearly complete involvement 
by moderate or severe injury (Fig. 1). The extent 
of injury was not statistically different from group 
B. Electron microscopic studies of the proximal 
tubules (Fig. 5) revealed findings similar to those 
noted in group B except for that the mitochondria 
swelling was more marked and associated with 
small electron densities. Electron microscopic stu- 
dies of the mTAL were similar to group B (Fig. 6). 

Group E (hypoxic kidneys supplemented with PEG 
and ouabain): The proximal tubular changes ($1, 
$2, $3) resembled those in groups B and D (Fig. 7). 
However the mTALs were preserved. 

Discussion 

In the early 70's, Flores et al. (1972) but forth the 
hypothesis that cell swelling was the primary deter- 
minant factor that did not allow recovery after 
prolonged ischemia. They showed that after renal 
artery obstruction, cellular elements were swollen 
and the available vascular space was limited. These 
changes and their functional consequence were 
corrected by the administration of hypertonic man- 
nitol, but were unaffected by equivalent isotonic 
saline, extracellular fluid volume expansion. These 
findings were confirmed by others using the nor- 
epinephrine model of renal ischemia (Burke et al. 
1983). The latter studies comparing hypertonic sa- 
line (permeant solute) and isotonic mannitol and 
PEG (impermeant solutes) concluded that the im- 
permeant nature of the solute rather tlaan its toni- 
city or concentration predicted best recovery from 
ischemic acute renal failure. Kreisberg et al. (1980) 
showed that anoxic effects of primary cultures of 
renal tubular epithelium could be mitigated if cell 
swelling was prevented by 8% PEG. Thus, these 
studies suggested that prevention of cell swelling 
per se was a primary determinant in cellular recov- 
ery from ischemia rather than unavailability of 
blood because of compromise of vascular path- 
ways. The present study extends the work of Kre- 
isberg et al. (1980) to the situation of the isolated 
perfused kidney under conditions of mild and se- 

vere hypoxia. The effect of an impermeant solute 
in this situation was to create combined changes 
in the proximal tubule and toTAL of both hyper- 
oncotic effects and 02 deprivation. 

The extraordinary findings in this study related 
to the differential tubular effects of PEG. The 
proximal convoluted tubules underwent a series of 
remarkable changes which included an apparent 
loss of brush border membrane with incorporation 
into the tubulovesicular system. The basal mem- 
branes appeared reduced as well, and the amount 
of cytoplasmic space appeared diflhsely dimin- 
ished. Alterations in S3 were equally striking but 
very different. The brush border membrane mass 
was better preserved but its basic structure was 
markedly altered. Cytoplasmic sap was removed 
in a more irregular fashion, such that large elec- 
tron-lucent zones appeared. Thus the convoluted 
tubular response was a diffuse volume loss with 
membrane internalization, while the cells of the 
pars recta maintained their general structure with- 
out membrane internalization, but with marked 
distortion of cell sap cytoarchitecture suggesting 
a more rigid cellular structure than $1, $2. Both 
oxygenated and hypoxic kidneys showed similar 
changes, but mitochondrial swelling was pro- 
nounced in the latter situation. 

In contrast to the remarkable proximal tubular 
changes, the distal tubules responded quite differ- 
ently. In cells with hypoxic alterations, PEG em- 
phasized injury by causing condensation of the re- 
maining elements in the fragmented tubules. If, 
however, distal tubular injury (mainly medullary 
toTAL) was prevented by ouabain, PEG had no 
effect on the epithelium. Thus the uninjured mTAL 
cell did not respond to the effect of this imper- 
meant solute. 

The morphologic response to hyperoncotic im- 
permeant solutes is consonant with the known per- 
meability of the nephron segments (Kneffer and 
Burg 1983). The proximal tubule is highly water 
permeable, responsible for absorbing large vol- 
umes of ultrafiltrate. This volume flow can be ap- 
parenty accounted for by a small osmotic gradient 
in the lateral interspaces. On the other hand, distal 
epithelium is relatively water-tight and transport 
is dependent on pump activity. The proximal tu- 
bule is also responsive to the alteration of the peri- 
tubular hyperoncotic pressures both directly and 
indirectly (Agerup and Persson 1982). 

The dramatic PEG effects on the convoluted 
proximal tubule suggests that cytoskeleton gel 
state, membrane interrelationships are such that 
marked shape alterations can occur. It is particu- 
larly interesting that part of the compensation for 



J. Kopolovic et al. : Polyethylene glycol effect on perfused kidney 437 

volume loss is the internalization of the brush 
border via the tubulo-vesicular apical system. In 
contrast, $3 appears a more rigid cell, i.e., the 
brush border is deformed, but not internalized; 
the cytoplasmic substance is not diffusely con- 
tracted, but irregularly condensed forming a reticu- 
lar pattern of electron-lucent zones. The relative 
normalcy of other nephron segments and endothe- 
lium is remarkable in the face of hyperoncotic 
forces. When injury had increased membrane per- 
meability in mTAL, the hyperoncotic pressure was 
capable of altering cellular constituents. When 
ouabain prevents cell injury, the mTAL epithelium 
becomes resistant to these changes. 

In conclusion, this study has failed to show 
that an impermeant solute, PEG, protects against 
hypoxic injury in the situation of the isolated per- 
fused kidney. However, this substance produces 
marked cellular alterations that appear to relate 
to the known water permeability of a given neph- 
ron segment. 
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