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The luminal surface of collecting tubule cells in the inner stripe of the renal medulla in
normal and potassium-depleted rats was studied by scanning electron microscopy. In
normal rats the luminal surfaces were of two types. One cell type was sparsely covered
with small bulbous microvilli and had either a single or double cilium. This type
corresponds to the light cell seen in transmission electron microscopy. The second cell
type was covered by prominent microplicae and represents the dark cell observed in
transmission electron microscopy. In potassium-depleted animals. numerous cells with
a morphologic appearance of internediate forms were identified. By scanning electron
microscopy, the luminal surface of these cells was covered by a mixed population of
villi and microplicae in different stages of development and often showed cilia, which
were previously considered to exist only on light cells. On the basis of these morpho-
logic findings, we conclude that the dark and light cells are not different cell types but
rather represent different forms of a single type of cell. (Am J Pathol 84:317-326, 1976)

STL-DIES OF CHANGES in the cells of the kidney wvith potassium
depletion have contributed to the understanding of the range of reactive
patterns as w-ell as adding insight into the potential of individual cells.
Initiallv, the renal lesion was characterized as a fatty degeneration and
hydropic vacuolization in the renal cortex.' Improved fixation and better
sampling, howsever, revealed prominent collecting tubule droplet change
near the renal papilla.2 Subsequently, droplets %ere demonstrated in
interstitial cells, capillary endothelial cells, as xvell as in the covering
epithelial cells of the papilla in the kidneys of potassium-depleted ani-
mals .

\More recent studies of changes in the inner stripe of the outer medulla
have revealed proliferation of the collecting tubule cells.145 We have
extended these studies by using light, transmission, and scanning electron
microscopy to clarify the nature of the reactive cell and the distinctive
pathologic alteration characteristic of this zonal pathologic lesion.
The concept that the epithelial cells of the collecting tubule are com-

posed of two distinct types of cells Xwith different functions has been the

From the Department of Patholog%. Univ ersit\ of Chicago. Pritzker School of \Medicine. Chicayo.
Illinois

Supported bx- Grants HL-02986 and NIH I-PO, RR-009S4 from the tIS Public Health Servicee Dr
Spargo is the recipient of Research Career A\-ard K06 HL-4415 from the National Heart and Luny
Institute

Accepted for publication April 6. 1976
Address reprint requests to Dr. Benjamin Spargo. Department of Pathologx Box 414 U niversitx

of Chicago. 9.50 East .59th Street. Chicago. IL 60637
317



318 ORDONEZ AND SPARGO American Journal
of Pathology

object of controversy for many years. The presence of two types of cells
was first noted in 1876 bv Schachowa, who observed that some cells in the
collecting tubules stained darker with hematoxylin and eosin.6 This find-
ing was later confirmed by the light microscopy findings of others.7'8 The
terms light cell (principal) and dark cell (intercalated) w"ere based on the
studies of transmission electron microscopists who observed that dark cells
contained more organelles and possessed a more electron-dense cy-
toplasm.'12 Dark cells, which are less numerous than the light cells, are
more frequently found in the renal cortex and decrease in number toward
the outer zone of the medulla, disappearing entirely in the papilla."
Although the transmission electron microscope (TENt) discerned differ-
ences in the surfaces of these cells, it was only with the introduction of the
scanning electron microscope (SEM), which permitted the visualization of
the entire cellular surface, that the morphology of these cells was more
precisely defined. With scanning microscopy the surfaces of the light cells
appear to be covered by short sparse microvilli with one, and occasionally
two, centrally located cilia. The surface of the dark cells is covered with
microplicae or folds,13-15 or with a dense population of finger-like projec-
tions. 14

The object of the present study is to establish the existence of inter-
mediate forms as evidence that the light and dark cells may represent
different forms of the same cell.

Materials and Methods
Fifteen male Sprague-Dawley rats (Sprague-Dawley Farms, Madison, WNisc.) \veighing

200 to 300 g were depleted of potassium by the ad libitumn feeding of a potassium-
restricted diet (General Biochemicals, Chagrin Falls, Ohio). Eight normal controls re-
ceived the same diet supplemented with potassium (1.2 g KCI 100 g diet). All rats X'ere
allowed deionized water ad libitum.

At 6 weeks after initiation of potassium-free feeding, rats were anesthetized by in-
traperitoneal injection of 25 mg of sodium thiamrlal solution (Parke, Davis and Company.
Detroit, Mich.). When anesthesia was attained, the abdominal aorta was cannulated, and
the kidneys were fixed in situ bv retrograde perfusion (Method 1 in Griffith et al."). The
technique was modified in that a perfusion pressure of 200 mm Hg was used to obtain
complete perfusion of the renal medulla. The pressure was controlled with a manometer
throughout the procedure. The fixative used was 1.5%7 gluteraldehyde in 0.08 N1 sodium
cacodylate buffer, and the osmolaritv was adjusted to 650 milliOsmoles with sodium
chloride. This osmolarity was considered to be optimal for the study of the inner stripe of
the outer zone of the renal medulla.'7 After 15 minutes of perfusion, the kidneys were
removed and processed. For SENI, specimens were cut into 5-mm slices and left in
gluteraldehyde for 12 hours at 4 C. After fixation, each block was cut once and w.ashed
overnight in the same buffer used for perfusion containing 0.2 NI sucrose. Specimens were
postfixed for 1 hour in 1 % osmium tetroxide buffered with s-collidine (pH 7.4). Samples
were dehydrated in graded series of ethanol through absolute alcohol and then in increas-
ing concentrations of amyl acetate (50, 70, 95, and 100%) for 30 minutes. Critical point
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drying %vas done xvith carbon dioxide. using a Bomar SPC-.3 critical point drving apparatus.
The specimens were mounted and coated -vith :300 X of gold using a Conductivac I
microcoater (Seevac Inc., Pittsburgh. Pa.). and examined at 25 kV\ %vith a Hitachi HFS-2
scanning electron microscope. For TEM. portions of each kidney mvere taken after per-
fusion, fixed for 2 hours in 1 .5 gluteraldehyde. postfixed in osmium tetroxide. dehx-drated
in ethanol, and embedded in Epon epoxy resin.'9 U-ltrathin sections %vere cut mvith diamond
knives on an LKB 2 ultramicrotome, stained mvith uranyl acetate " and lead citrate.2' and
examined at 60 k\' s-ith a Siemens 101 electron microscope.

Results
The luminal surface of the collecting tubule in normal rats appears to

be lined by two different types of cells. By scanning electron microscopy
the light cell has a surface characterized by sparse population of small
bulbous microvilli and one or two centrally located cilia. The surface of
the dark cell exhibits numerous microplicae, and in some cells microvilli
can be seen between the folds. By transmission electron microscopy, the
main difference between dark and light cells is the observation that the
former contain more cellular organelles and have many supranuclear
mitochondria, wvhile the latter exhibit fewer organelles and rarely sho\-
mitochondria between the nucleus and the apical surface (Figures 1-3).
Cells suggestive of intermediate forms can be observed by- transmission
and scanning electron microscopy in normal control animals, but these
forms become much more numerous in potassium-depleted rats.
The collecting tubules in potassium-depleted animals exhibit marked

cellular hvperplasia in the inner stripe of the outer zone of the renal
medulla, resulting in polyp-like projections which protude into the tubu-
lar lumen. The surfaces observed in these projections may be of several
types. Some cell surfaces are nearly or completely devoid of microvilli and
may or may not exhibit the usual one or t'wo cilia. Other projections are
composed entirely of cells wvhose surfaces are co-ered by deep, closely
packed microplicae. These folds often appear concentrically arranged as
wvhorl-like figures at the center of the cell. No microvilli or cilia are seen on
this surface type (Figures 4-6). Between these two extremes there are
several variations of surface morphology. Occasional cells exhibit a micro-
plicae-covered surface similar to that of dark cells in control animals, but
contain, in addition, a prominent cilium. In other cells, microvilli longer
than those seen in "typical" light cells can be seen between less elaborate
microplicae; cilia may or may not be present (Figures 7-10). Other cell
surfaces are densely covered with finger-like projections, have no micro-
plicae, and may appear w-ith or wvithout cilia (Figures 11 and 12). Some-
times finger-like projections or verv prominent microvilli are seen at the
edge of the folds in cells with well-developed microplicae (Figure 13).
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Disssion
The existence of intermediate forms of the collecting tubule cells has

been suggested bv other investigators.ll22,23.24 In studies with newborn
mice, Clark observed that only light cells were present at birth; the first
dark cell did not appear until 8 to 24 hours later. Although he could not
demonstrate any intermediate forms to show this transition, he suggested
that light cells differentiate into dark cells.9 The observation by Hagege et
al. that the dark cell index increases as early as 5 hours in bicarbonate-
loaded rats support this idea.24 Previous studies with SEM have shown cell
surfaces with both microplicae and villi 13,24 which are suggestive of an
intermediate form, but these reports have failed to satisfactorily illustrate
the full spectrum of intermediate forms assumed by this cell. In potas-
sium-depleted cells we found two extremes in surface types. One is bald or
exhibits verv few small bulbous microvilli and contains a cilium, while the
other surface shows elaborated folds deeper than those present on the
surface of dark cells in control animals (Figure 5). A diversity of inter-
mediate cell surfaces was observed in which microplicae were associated
not only with villi, but also with cilia, which were previously considered to
be the hallmark of a light cell.13-15 Cells with a surface of finger-like
projections, which were demonstrated by Andrews to have the ultrastruc-
tural characteristics of dark cells,14 were also observed to have cilia.
Transmission electron microscopy showed that in potassium-depleted ani-
mals, the ultrastructure of most cells was neither distinctly that of a light
cell nor that of a dark cell, but rather nearly all cells shared characteristics
of both tvpes (Figures 6 and 10).

Recent experiments in rats with bicarbonate loading and respiratory
acidosis relate these cellular changes to an increase of bicarbonate absorp-
tion in the collecting tubule. The marked dark-cell hyperplasia occurring
in potassium-depleted rats, which are chronically alkalotic, supports the
theory proposed by Richet and his group that these morphologic
changes in the collecting tubule are related in part to acid-base regu-
lation. There is no satisfactory explanation for this short segment of
collecting tubule showing the marked zonal hyperplasia with the wide
range of dark, intermediate, and light cell proliferation. A detailed study
of this interesting aspect of the renal lesion of potassium deficiency has
been delaved bv the earlier and more impressive Ivsosomal formation in
the papillary tip associated with increased accumulation of phospholipids.

It is now clear that the extension of the Ivsosomal change through the
outer medulla does not involve the collecting tubule cells. The nearly total
obstructive proliferation of these collecting tubule cells in the inner stripe
of the medulla, with a variety of forms between the light and dark cells is a
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distinctive pathologic pattem of reaction, with promise for improved
insight into the pathogenetic mechanism of potassium deficiency nephro-
pathy.

Refereces
1. Oliver J, MacDowell M, Welt LG, Holliday NMA, Hollander W, Winters RW, Wil-

liams TF, Segar WE: The renal lesions of electrolyste imbalance. I. The structural
alterations in potassium-depleted rats. J Exp Med 106:563-574, 1957

2. Spargo B: Kidney changes in hvpokalemic alkalosis in the rat. J Lab Clin Med
43:802-814, 1954

3. Spargo B, Straus F, Fitch F: Zonal renal papillary droplet change with potassium
depletion. Arch Pathol 70:599-613, 1960

4. MacDonald MK, Sabour MS, Lambie AT, Robson JS: The nephropathy of ex-
perimental potassium deficiency: An electron microscopic study. Q J Exp Physiol
47:262-272, 1962

5. Toback FG, Ordouiez NG, Bortz SL, Spargo BH: Zonal changes in renal structure
and phospholipid metabolism in potassium-depleted rats. Lab Invest 34:115-124.
1976

6. Schachowa S: Untersuchungen Ober die Nieren. Bern, Stampfli, 1876
7. Mollendorff W: Der Exkretionsapparat. Handbuch der Mikroskopischen Anatomie

des Meschen, Vol VIIX, Part I. Edited bv W M181lendorff. Berlin, Julius Springer,
1930

8. Heidenhain R: Mikroskopische Beitrage zur Anatomie und Physiologie der Nieren.
Arch Mikroskop Anat Entwicklungsmech 10:1-0, 1947

9. Clark SL: Cellular differentiation in the kidneys of newborn mice studied with the
electron microscope. J Biophys Biochem Cvtol 3:349-362, 1957

10. Rhodin J: Anatomy of the kidney tubules. Int Rev Cvtol 7:485-534, 1958
11. Myers CE, Bulger RE, Tisher CC, Trump BF: Human renal ultrastructure. IV.

Collecting ducts of healthv individuals. Lab Invest 15:19'21-1950, 1966
12. Latta H, Maunsbach AB, Osvaldo L: The fin,e structures of renal tubules in cortex

and medulla. Ultrastructure of the Kidnev, Vol 2, Ultrastructure in Biological Sys-
tems. Edited bv Aj Dalton, F Haguenay. New York, Academic Press, Inc., 1967, pp
1-56

13. Bulger RE, Siegel FL, Pendergrass R: Scanning and transmission electron micro-
scopv of the kidnev. Am J Anat 139:483-502, 1974

14. Andrews PM, Porter KR: A scanning electron microscopy study of the nephron. Am
J Anat 140:81-116, 1974

15. Andrews PM: Scanning electron microscopy of human and rhesus monkey kidneys.
Lab Invest 32:610-618, 1975

16. Griffith LD, Bulger RE, Trump BF: The ultrastructure of the functioning kidney.
Lab Invest 16:220-246, 1967

17. Bohman SO: The ultrastructure of the rat medulla as observed after improved
fixation methods. J Ultrastruct Res 47:329-360, 1974

18. Luft JH: Improvements in epoxy resin embedding methods. J Biophys Biochem
Cvtol 9:409-414, 1961

19. Trump BF, Smuckler EA, Benditt EP: A method for staining epoxy sections for
light microscopy. J Ultrastruct Res 5:343-348, 1961

20. Watson M L: Staining of tissue sections for electron microscopy with heavy metals.
J Biophys Biochem Cytol 4:475-478, 1958

21. Revnolds ES: The use of lead citrate at high pH as an electron-opaque stain in
electron microscopy. J Cell Biol 17:208-212, 1963



322 ORDONEZ AND SPARGO American Journal
of Pathology

22. Muehrcke RC. Rosen S: Hypokalemic nephropathy in rat and man: A light and
electron microscopic study. Lab Invest 13:1:359-1373. 1964

23. Richet G, Hagege J. Gabe N: Correlations entre les transferts de bicarbonate et la
morphologie du segment terminal du nephron chez le rat. Nephron 7:413-429. 1970

24. Hagege J. Gabe NI. Richet G: Scanning of the apical pole of distal tubular cells
under differing acid-base conditions. Kidney Int .5:137-146. 1974

Acknowiedgments
The authors would like to thank Roger Reeves for his excellent technical assistance and Andrea

Bradley for preparing the manuscript. We also wish to acknowledge the Scanning Electron Micro-
scope Users Laboratorx at the University of Chicago in which (part of) these results w-ere obtained.
The laboratory is operated on a resource grant from the National Institutes of Health.



Figure 1-Transmission electron micrograph of a light cell with basal mitochondria and acilium (x 6750). Figure 2-The dark cell contains many organelles including numeroussupranuclear mitochondria and long, extensively developed microvilli (x 6750). Figure 3-Scanning electron micrograph of the luminal surface of the collecting tubule of a normal rat.The light cell surface exhibits sparse bulbous microvilli and cilia, while the dark cell is covered
by microplicae. (x 7500)

1



Fgure 4-Polyp-like projection in a potassium-depleted rat. The cellular surfaces are smooth and have
sparse short bulbous microvilli, Some cells have one or two cilia, while others do not have this
structure. (SEM, x 3000) Figure 5-Collecting tubule with marked dark cell hyperplasia and very
prominent, well-developed microplicae concentrically arranged in the center of each cell. In the upper
right corner, a cilium can be seen in conjunction with long, densely packed microvilli. (SEM, x
3000) Figure 6-Transmission electron micrograph of a projection composed of cells which share
characteristics of light and dark cells. The cell in the upper left corner shows numerous supranuclear
mitochondria and a mooth surface, whereas the cells on the upper right corner have prominent
branching microvilli. (x 3000)
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Figure 7-Typical dark cell with microplicae and a cilium in a potassium-depleted rat (SEM, x
23,000). Figure 8-Cellular surface with well-developed microplicae, microvilli, and cilium (SEM, x
20,000). Fiure 9-Cells with rudimentary microplicae, small microvilli, and cilia (SEM, x
9500). Fiure 1-Transmission electron micrograph of an intermediate form shows the typical
dense cytoplasm and supranuclear mitochondria of a dark cell, but displays prominent cilium as well.
Note the smooth surface of the adjacent light cell. (x 15,600)



Figure 11-Dark cell surface of long microvilli with the appearance of finger-like projections
(SEM. x 30,000). Figure 12-Long microvilli with cilium (SEM, x 9500). Fiure 3-Dark
cell surface with microplicae showing prominent microvilli not only between the folds but also at
their edges (SEM, x 25,000).


