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Abstract

Renal cortex was studied during experimentally induced ischemia. A transient increase in
anerobic glycolysis occurred with concomitant swelling of both the Golgi apparatus and mitochon-
dria. These intracytoplasmic organelles underwent marked changes in their intracellular positions.
Infolding of cytoplasmic membrane at the basal side of proximal tubule cells increased in com-
plexity and proceeded to enclose various intracytoplasmic microorganelles such as mitochondria
and the Golgi apparatus. Piling up in layers was particularly marked around mitochondria. This
piling up appeared as myelin-like structures on the free surface of, and within, proximal tubule
cells, and followed disruption of the brush border at the free surface. Histological examination of
thin sections showed that the fused portions of this brush border were actually brush border cyto-
plasmic membrane piled up in layers giving the appearance of myelin-like structures. After two
hours of ischemia, parts of the membrane of these myelin-like structures were disrupted. Large
vacuoles developed and these were thought to be related to the large vacuoles seen during cell
degeneration.
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Abstract. Renal cortex was studied during experimentally induced
ischemia. A transient increase in anerobic glycolysis occurred with
concomitant swelling of both the Golgi apparatus and mitochondria.
These intracytoplasmic organelles underwent marked changes in their
intracellular positions. Infolding of cytoplasmic membrane at the basal
side of proximal tubule cells increased in complexity and proceeded to
enclose various intracytoplasmic microorganelles such as mitochondria
and the Golgi apparatus. Piling up in layers was particularly marked
around mitochondria. This piling up appeared as myelin-like structures
on the free surface of, and within, proximal tubule cells, and followed
disruption of the brush border at the free surface. Histological examina-
tion of thin sections showed that the fused portions of this brush border
were actually brush border cytoplasmic membrane piled up in layers
giving the appearance of myelin-like structures. After two hours of
ischemia, parts of the membrane of these myelin-like structures were
disrupted. Large vacuoles developed and these were thought to be
related to the large vacuoles seen during cell degeneration.
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Renal blood flow comprises 25 % of the cardiac output. Within the kidney,
90% of this blood flow goes to the cortex where it is used for aerobic oxidative
metabolism. This consumes 6-7% of the total oxygen thus available (1-4).
During deep anesthesia or shock, however, blood flow to other important organs
is safeguarded at the expense of a fall in renal blood flow (5). Overall blood
pressure fall is obviated but the kidney is plunged into ischemic conditions which
cause damage to the kidney itself. If the ischemic conditions continue for long
periods, this damage may remain well after the original situation has resolved
and can be one cause of subsequent renal failure (4-6).

The authors investigated the changes which occur during renal ischemia
after ligation of renal vessels in domestic rabbits over a period of 5 h from the
onset of ischemia. The histochemical and histological changes in renal cortical
tissue during this period were studied.
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MATERIALS AND METHODS

Domestic rabbits (24 animals, body weight 2.0-2.5kg) under pentobarbital
anesthesia were incised in the lateral abdomen and renal peritoneum together
with perirenal tissue was dissected away. The renal vessels were then ligated on
both sides, creating ischemic conditions in the kidneys. The kidneys were
returned to the retroperitoneal space and the wound closed. The kidney im-
mediately after the establishment of ischemia was used as a control (6 rabbirs).
Ischemic kidneys for study were removed after 1 h (6 rabbits), 2.5h (6 rabbits),
and 5 h (6 rabbits) of ischemia.

Histochemistry. The kidney specimens obtained at each period were stained
for acid phosphatase (Gomori method, 7), beta-glucuronidase (Hayashi method,
8) and lipid granules (Sudan III, 9). The stained sections were studied with a
light microscope.

Histology. Kidney specimens were cut into rings 2-3 mm thick and fixed in
10% cold formalin. These rings were then dehydrated in a graded alcohol series,
embedded in paraffin, sectioned finely to 4 # thickness, stained with hematoxylin
and eosin, and studied under the light microscope,

For transmission electron microscopy, the kidney cortical tissue was cut into
0.8 mm?® blocks, fixed in iced 2.5% cacodylate buffered (pH 7.4) glutaraldehyde,
then refixed with 1% cacodylate buffered (pH 7.4) osmium tetraoxide. The
specimens were then dehydrated in a graded alcohol series, imbedded in Epon
812, and ultrathin sections prepared with a Type 1 Soval ultramicrotome. These
were double-stained with lead and uranyl by Reynold’s method (11) and studied
using a Hitachi HU-11 transmission electron microscope at an acceleration voltage
of 75KV,

For scanning electron microscopy, the renal cortical tissue was finely sec-
tioned (2x1x1mm), double fixed in iced 2.5% cacodylate buffered (pH 7.4)
glutaraldehyde, then refixed with 1% cacodylate buffered (pH 7.4) osmium tetra-
oxide. The fixed specimen was immersed first in glycerin, then in liquid freon,
then split in liquid nitrogen. In that state, the tissue was dehydrated in a graded
alcohol series, then dried in an Hitachi CPD-I critical point drying apparatus (11).
The cut surface was coated with gold in an Eiko 1B-3 ion coating apparatus and
studied with a U-3 Nihon Denshi scanning electron microscope at an acceleration
voltage of 25KV,

RESULTS

Changes with time in proximal tubule cells. Light microscopy after 2.5h of
ischemia showed no marked differences from the normal. After 2.5 h of ische-
mia, parts of the tubule cell basement membrane and cytoplasm had begun to
separate. By 5 h, pyknosis was evident in the nucleus and separation of base-
ment membrane and cytoplasm had become marked. The tubule lumen had
narrowed. Even after 5 h of ischemia, the myelin-like structures were not visi-
ble with light microscopy.
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At normal time, proximal tubule cells, at their basement side, had complex
infolding following the line of the basement membrane. Intracellularly, numer-
ous large long mitochondria (Mt) extended almost at right angles from the basal
side to the free surface. Cristae ran parallel within the mitochondrial matrix
(photos 1, 2}). At the free surface, the brush was ordered, smooth, and thick
(photos 3, 4).

At 30-60 min of ischemia, the complicated infolding from the basal side
showed signs of roughness, mitochondria and Golgi apparatus had begun to
swell and the electron density of the mitochondrial matrix had decreased. The
cristae alignment was disorganized and, within the mitochondria, small floc-
culant densities had appeared. Intracellularly on the basement membrane side,
myelin-like structures existed as multilayers of concentric circles centered around
mitochondria (photos 5, 7).

Scanning electron microscopy of the free surface of the tubule cells showed
that, at normal time, the brush border was neatly arranged. At 30-60 min of
ischemia, this was disorganized and showed entanglement of the villi. With the
transmission electron microscope, these appeared as myelin-like structures (pho-
tos 6, 8).

At 2.5 h of ischemia, the infolding at the basal side was rough, and many
vacuoles (Ve, photo 9) were present at the basement membrane side of the cell.
The myelin-like structures were larger than at 1h of ischemia. Vacuolization
was occurring at their centers, and parts of the myelin-like membrane were
disrupted. Mitochondria were swollen and the matrix electron density was
further decreased. The flocculant densities were larger and cristae alignment
was more disorganized (photos 9, 10).

Scanning electron microscopy of the cell free surface showed extreme disor-
ganization of the brush border and increased entanglement of the villi. The
brush border surface appeared very rough (photos 10, 12).

At 5 h of ischemia, the infolding from the basal side had disappeared, the
myelin-like structures were disintegrating and becoming vacuolated. Large
vacuoles were scattered intracellularly (photos 13, 14), there was separation of
the basement membrane and cytoplasm (photo 15), and the tubule lumen was
narrowed. Mitochondria had swollen even further and the electron density of
their matrices was even further decreased. Large flocculant densities were
present. The brush border on the free surface was extremely fused, adherent,
and its surface was very rough (photo 16).

Changes with time in histochemistry of proximal tubule cells. During the 5h
period of study, no changes were seen in acid phosphatase, beta-glucuronidase
or lipid granules.
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DISGUSSION

The authors have been studying the changes which occur in the kidney after
the development of a state of ischemia. The nature of changes in renal cortical
tissue, and the progress of such changes, have been studied histologically. The
morphological changes which occur with return of the blood flow to a kidney
once plunged into ischemia, and the transition from reversible to irreversible
change, have been studied over a period of 5 h from the onset of ischemia. The
results have been reported previously (6, 13).

Experimentally, 30-60 min after the creation of ischemic conditions in the
kidney, myelin-like structures became evident electron-microscopically both
within proximal tubule cells and on their free surfaces. There have been other
reports of myelin-like structures on the free surface of tubule cells early in
ischemia (14-16), but these do not explain either what the myelin-like structures
are, or why they are produced intracellularly.

To clarify these points, the authors’ previous study (6) of tissue pH, LDH
activity, and changes in lactate and pyruvate was supplemented in the present
study by histological staining for acid phosphatase, beta-glucuronidase, and lipid
granules. Specimens were studied by light microscopy, transmission electron
microscopy, and scanning electron microscopy.

The object of the present experiment was to study as accurately as possible
the changes due only to loss of renal blood flow. To achieve this, the kidney
was completely dissected out from the surrounding capsular tissue. Blood flow
from within the kidney after occlusion of lateral flow was confirmed before
ligating the renal artery, veins, and ureter. The kidney was then returned to
the retro-abdominal space and the wound closed.

This model of ischemic acute renal failure (ligation of the renal artery in
domesticated rabbits) is said to resemble ischemic acute renal failure in man both
histologically and functionally (17). In general, it begins with turbid swelling,
hyaline degeneration, and pyknosis. At its peak, flattening of epithelial cells,
necrotic desquamation, enlargement of vacuoles, and hyaline casts occur. The
tubulorrhexis described by Oliver et al. (18), however, is not seen. Biochemical
studies of these conditions indicated that the cell is maximally active for one hour
after ischemia but that, thereafter, cell function begins to deteriorate (6).

From 30-60 min after the onset of ischemia, no change from the normal
was evident with light microscopy. With the electron microscope, however,
infolding from the basal side appeared coarse, mitochondria were swollen with
decreased matrix electron density and disorganized alignment of their cristae.
Small flocculant densities corresponding to those of Glaumann et al. (14, 15) were
also present. Myelin-like structures were seen at the basal side of the cells. The
alignment of the brush border on the free surface was swollen and disorganized,
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and was fused in places. The surface had started to lose its smooth appearance.
With the transmission electron microscope, this disorganization and fusion of the
brush border was seen to center around cell projections and, as Suzuki ¢t al. (17)
suggested, the cytoplasmic membrane which made up the brush border is prob-
ably what makes up the myelin-like structures.

At 30-60 min of ischemia, the cell was considered as being in its maximally
promoted functional state, with biochemical parameters such as anerobic glyco-
lysis showing great activity (6). Histologically, also, the picture of promoted
function was observed: swelling of mitochondria and Golgi apparatus had de-
veloped, and many of these organelles were fused together. Rapid changes in
their intracellular positions resulted in the development of extended, convoluted
infoldings from the basement membrane side. These infoldings were continuous
with the membrane which enveloped the various intracellular organelles (double
arrow, photo 5). Alkaline phosphatase activity was not studied histochemically,
but photos 5, 6 and 8 clearly show that the myelin-like material appearing within,
and at the free surface of, cells in response to ischemia was cytoplasmic mem-
brane. With mitochondria at the center, this cytoplasmic membrane infolding
in parts of the cell was what made up the myelin-like structures {double arrow,
photos 9, 10, 11).

Morita et al. (16) reported that fragility of lysosome membrane, followed
by autolysis, developed after one hour of ischemia. However, in the present
experiments, the myelin-like structures appeared within one hour of ischemia ;
moreover, histologically, acid phosphatase, beta-glucuronidase and lipid gran-
ules were not demonstrable even 5 h after the onset of ischemia. Instead of
activation of autolytic enzymes such as lysosome being responsible, therefore,
the myelin-like structures were seen to consist of layers of cytoplasmic mem-
brane.

By 2.5 h of ischemia, all cell metabolism has ceased biochemically (6, 14, 15,
19). At 2.5h, mitochondria and Golgi apparatus were more swollen and
numerous vacuoles were apparent intracellularly. The infoldings from the base-
ment membrane side were almost completely absent and the myelin-like struc-
tures were larger. Parts of the cytoplasmic membrane of these myelin-like
structures had ruptured. Mitochondria were lost from the central part and
vacuolization was in progress. The electron density of the mitochondrial matrix
was decreased, cristae alignment was disorganized, and large flocculant densities
had become evident (photos 9, 10). Brush border alignment on the free surface
was disorganized. There was fusion and increased entanglement so that the cell
surface appeared coarse. In many tubule cells, separation of cell basement
membrane from the cytoplasm had begun (photos 11, 12), and it was histologi-
cally evident that, by 2.5 h, the changes due to ischemia had become irreversible.

Produced by The Berkeley Electronic Press, 1980



Acta Medica Okayama, Vol. 34 [1980], Iss. 1, Art. 3

24 T. YaMaDA ef al.

This point of time has also been reported in other histological studies (13, 20-23).

At 5 h of ischemia, the infoldings from the basal side were lost and numer-
ous vacuoles were scattered intracellularly. Mitochondria and Golgi apparatus
were extremely swollen and the electron density of mitochondrial matrices was
even further decreased. Large flocculant densities, and mitochondria with parts
of their external membrane disrupted, were present. The myelin-like structures
were seen as large vacuoles at the center of disrupted cytoplasmic membrane
(photos 13, 14).

Brush border on the free surfaces was fused, entangled, and bunched up.
Its surface was rough. The basement membrane of the cell was completely
separated from the cell cytoplasm (photos 15, 16).

It was concluded, therefore, that the myelin-like structures which appeared
both within, and on the free surface of, proximal tubule cells after 30-60 min
of ischemia consisted of layers and layers of cytoplasmic membrane centered on
mitochondria. This membrane had previously been part of the brush border, or
had surrounded intracellular organelles after developing into complex infoldings
from the basal side of the cell as part of a temporary increase in cell function due
to tissue anoxia. The intracellular myelin-like structures became disrupted with
increase in time of anoxia, and lost their central mitochondria. Spaces developed
which progressed to become large intracellular vacuolae.

Acknowledgment. The authors wish to express their thanks to Mr. N. Hayashi and Mr. N.
Kishimoto of the General Laboratory of the Okayama Medical School for their assistance
with the electron microscopy.

REFERENCES

1. Fujimoto, M.: Physiology of metabolism. II. Body fluid, excretion. In Japanese Handbook
af Physiology, ed. H. Yoshimura, Igaku Shoin Ltd., Tokyo, Vol. IV, pp. 343-339, 1972 (in
Japanese).

2. McCann, W.P.: Renal glucose production and uptake in separate sites and its signifi-
cance. Am. J. Physiol. 203, 572-576, 1962.

3. Kobayashi, K., Shibata, M., Fujii. T., Kato, K., Nishimoto, H., Iwatsu, A. and Nakamura,
S.: Renal metabolism in separated kidney of rabbits (Ist report: glycolytic enzyme in
the disturbed kidney). Jpn. J. Nephrol. 8, 207-217, 1966 (in Japanese).

4. Lee, J.B.: Energy metabolism in renal tissue in vitro. In The Renal Metabolism and Epi-
demioloy of Some Renal Disease, ed. H. J. Metcoff, st ed., Maple Press Coy, Pennsylvania,
1964.

5. Lauson, H. D., Bradley, S.E. and Cournand, A.: The renal circulation in shock. J. Clin.
Invest. 23, 381-402, 1944.

6. Yamada, T.: Experimental research on chronological changes in renal tissue after
ischaemia. I. Effect on metabolism in the renal cortex. Jpn. J. Nephrol, 19, 883-892, 1977
(in Japanese).

7. Gomori, G.: Improved histochemical technic for acid phosphatase. Stain Technol, 25,
81-85, 1950.

8. Hayashi, M., Nakajima, Y. and Fishman, W. H.: The cytologic demonstration of - glucu-

http://escholarship.lib.okayama-u.ac.jp/amo/vol 34/iss1/3



15.

16.

17.

18.

19.

20.

21.

22.

23.

Yamadaet a.: Myelin-like structures seen intracellularly in renal tubule cells

Myelin-like Structures in Ischemic Renal Cells 25

ronidase employing naphtol AS-B1 glucuronide and hepazonium pararosaniline; a preli-
minary report. J. Histochem. Cytochem. 12, 293-297, 1964.

Kay, W.W. and Whitehead, T.: Role of impurities and mixtures of isomers in staining
of fat by commercial sudans. J. Pathol. Bacteriol. 53, 279-284, 1941.

. Luft, J.H.: Improvements in epoxyresin embedding methods. J. Biophysic. Biochem.

Cytol. 9, 409-414, 1961.

. Reynolds, E.S.: The use of lead citrate of high pH as an electron-opaque stain in elec-

tron microscopy. J. Cell Biol. 17, 208-212, 1963.
Osumi, M. : Critical point drying method—Its principle and practice—. The Cell 7, 99-
117, 1975 (in Japanese).

. Yamada, T. : Experimental research on chronological changes in renal tissue after ischa-

emia. II. Effect on degeneration of renal tubule cells. Jpn. J. Nephrol. 19, 893-907, 1977
(in Japanese).

. Glaumann, B., Glaumann, H., Berezesky, I.K. and Trump, B. F.: Studies on the patho-

genesis of ischemic cell injury. II. Morhological changes of the pars convoluta (pl and
P2) of the proximal tubule of the rat kidney made ischemic in vivo. Virchows. Arch. B.
Cell Pathol. 19, 281-302, 1975.

Glaumann, B. and Trump, B. F.: Studies on the pathogenesis of ischemic cell injury. III.
Morphological changes of the proximal pars recta tubules (P3) of the rat kidney made
ischemic in viva. Virchows. Arch. B. Cell Pathol. 19, 303-323, 1975.

Morita, L. and Hirata, K. : Fine structure of the renal proximal tubules during autolysis:
relation with enzymatic activities. Jpn. J. Nephrol. 17, 299-306, 1975 (in Japanese).
Suzuki, T., Tsunematsu, S., Naruse, K., Shiraiwa, Y. and Funyu, T.: Fine structure
changes in renal tubules after temporary occlusion of the renal pedicle. Jpn. J. Nephrol.
15, 49-54, 1073 (in Japanese).

Oliver, J., McDowell, M. and Tracy, A.: The pathogenesis of acute renal failure associ-
ated with traumatic and toxic injury. Renal ischemia, nephrotoxic damage and the
ischemic episode. J. Clin. Invest. 30, 1307-1351, 1951.

Mergner, W. J., Chang, S. H. and Trump, B. F.: Studies on the pathogenesis of ischemic
cell injury. V. Morphological changes of the pars convoluta (Pl and P3) of the proximal
tubule of rat kidney made ischemic in vitro. Virchows Arch. B. Gell Pathol. 21, 211-228,
1976.

Badenoch, A.W. and Darmady, E. M.: The effect of temporary occlusion of the renal
artery in rabbits and its relationship to traumatic uremia. ,J. Pathol. Bacteriol. 59, 79-94,
1974.

Koletsky, S. and Gustavsson, G. E.: The effect of temporary cessation of renal blood flow
in rats. J. Clin. Invest. 26, 1072-1078, 1947.

Reimer, K. A. and Jennings, R.B.: Alterations in renal cortex following ischemic injury.
I. PAH uptake by slices of cortex after ischemia or autolysis. Lab. Invest. 25, 176-184,
1971.

Reimer, K. A., Ganote, C.E. and Jennings, R.B.: Alterations in renal cortex following
ischemic injury. IIL. Ultrastructure of proximal tubules after ischemia or autolysis. Lab.
Invest. 26, 347-363, 1972.

LEGENDS TO PHOTOS
Abbreviations in Photographs 1-16:

Bb brush border Bm basement membrane
Er erythrocyte Mt mitochondria
N  nucleus Ve wvacuole

The scale indicates one micron.
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1,2. Transmission electron micrographs of proximal tubule cells showing complex in-
foldings following the line of the basement membrane {Bm) at normal time. Almost at right
angles to the basal side of the cell, there are numerous large, long mitochondria (Mt).
Cristae are aligned in parallel within the mitochondrial matrix. A brush border (Bb) is
present on the free surface.

3,4. Scanning electron micrographs of proximal tubule cells at normal time. Infolding
is more complex. The brush border on the free surface is smooth, well-ordered, and dense.

5,6. Transmission electron micrographs of proximal tubule cells after 1h of ischemia.
The basal infolding is somewhat coarse, Mt are swollen, and small flocculant densities (arrow,
photo 5) are now present in their matrices. The cytoplasmic membrane is piled up in layers
centered on mitochondria and appears as myelin-like structures (double arrow, photo 5).
Brush border alignment is disorganized and parts of it appear as myelin-like structures (ar-
row, photo 6).

7,8. Scanning electron micrographs of proximal tubule cells after 1 h of ischemia. The
myelin-like structures of photo 5 are seen to be three-dimensional layers of cytoplasmic
membrane (photo 7). Brush border alignment is disorganized and the villi are fused in places
(photo 8). When sectioned, this is probably what appears as the myelin-like structures.

9,10. Transmission electron micrographs of proximal tubule cells after 2.5 h of ischemia.
The basal infolding is more coarse and the myelin-like structures are larger. Parts of the
cytoplasmic membrane making up these myelin-like structures are ruptured and vacuoles have
begun to develop. Large flocculant densities (arrows, photo 9, 10} are present in the mito-
chondrial matrix. Brush border alignment is extremely disorganized and appears as myelin-
like structures (photo 9).

11,12. Scanning electron micrographs of proximal tubule cells after 2.5h of ischemia.
Basal infolding and the cytoplasmic membrane enfolding the mitochondria have formed
distinct layers centered on mitochondria (photo 11). The brush border alignment is disorgan-
ized and fusion of the villi seen here probably gives the picture of myelin-like structures seen
in sectioned specimens (photo 12).

13, 14. Transmission electron micrographs of proximal tubule cells after 5h of ischemia.
Basal infolding has been lost and the myelin-like structures are disrupted and vacuolated
(arrow, photo 14). Scattered large spaces have developed intracellularly. Mitochondria are
more swollen and their matrices have decreased electron density. Large flocculant densities
are present and, in parts, mitochondrial disruption has occurred. The brush border align-
ment is extremely disorganized and appears as myelin-like structures.

15,16. Scanning electron micrographs of proximal tubule cells after 5h of ischemia.
Basement membrane and cell cytoplasm have parted and the tubule lumen is narrowed (photo
15). The brush border villi are in mutual contact and fused (photo 16).
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