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The role cells play in calcification has been poorly defined. Much has
been written about metastatic calcification since Virchow first described
calcified deposits in the kidney and called them calcium metastases.1
This concept ascribed a passive role to the precalcified tissue. Other
traditional concepts allowed cells only a limited role in calcification;
either the cells were dead or they existed in an environment of lowered
pH.2'3 Interest in parathyroid hormone (PTH) has resulted in addi-
tional theories concerning the production of calcified deposits in kid-
neys."8 It has been shown by light microscopy that PTH-induced calci-
fication has a different localization in the mouse kidney from that
resulting from calcium gluconate administration.9 Electron microscopy
has given the matter a new impetus and has made possible greater cor-
relation of cellular structure with physiologic activity.
The present investigation describes the changes induced in mouse

kidney cells by PTH and calcium gluconate. Kidneys of mice treated
for varying lengths of time with these two agents were examined by
electron microscopy. Sequential changes and cellular recovery after the
induction of calcification are described. Electron diffraction was used
to characterize the calcific deposits produced. The structure of the al-
terations as well as the nature of the calcified material produced by
these two agents was distinctly different.

MATERIAL AND METHODS
Young virgin female Swiss type A mice, weighing I5 to i8 gm., were used. Food

was withheld from the mice i6 hours prior to removal and fixation of tissue. This
established a morphologic base line as described by Oliver.10
Mice were treated with daily intraperitoneal injections (o.5 cc.) of a 6 per cent

aqueous solution of calcium gluconate, U.S.P., at 24-hour intervals for 3, 5, 8, iI, IS
and i8 days. Some animals treated for io, ii and 13 days were allowed to recover for
3, 8 and 12 days before being sacrificed. Groups of 3 animals were given either io,
20, 40, So or 8o units of parathyroid hormone, U.S.P., daily for 2 to 5 days. The ani-
mals given io and 20 unit doses failed to show calcification at 5 days. Those receiving
40 units showed occasional calcification at 4 days and slightly more at 5 days, but
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insufficient amounts to overcome the sampling problem inherent in electron micros-
copy. Three injections of 50 or 8o units produced calcification at 72 hours and a
single subsequent injection resulted in 5o per cent mortality with So units and ioo
per cent mortality with 8o units. No calcification was visible 48 hours after the first
of 2 injections of 50 units, and all of the animals exhibited extensive calcification 72
hours after the first of 3 injections. Groups of 4 animals were examined at 48, 51, 54,
57, 6o, 63 and 72 hours after the first of 3 daily injections of So units. Some animals
were allowed to live 3, 8 and I2 days after their last injection. Mice treated simul-
taneously with calcium gluconate and diamox, U.S.P., were given intraperitoneal in-
jections of the latter (0.2 CC., i per cent aqueous solution) for 7 and I2 days.
A total of I30 mice were sacrificed, and multiple sections with a minimum of 4

blocks from each animal were examined with the electron microscope. Paraffin sec-
tions were also prepared and examined. The animals were lightly anesthetized with
ether. First the left kidney was removed by clamping and then severing the renal
pedicle. The right kidney was removed 3 minutes later. Tissues for electron micros-
copy were immediately immersed for i 3 hours in cold i per cent osmium tetroxide
buffered at pH 7.4 and containing 4.5 gm. per cent sucrose.11'12 The tissues were de-
hydrated by passage through graded alcohols and were embedded in N butyl methac-
rylate. Sections were cut with glass knives on a Porter-Blum microtome,'3"14 collected
on carbon-coated formvar-covered copper grids and examined with an RCA EMU-3B
electron microscope.'5 Electron micrographs were taken at magnifications of 3,000 to
15,ooo times. Selected area diffraction was carried out using a Siemens Elmiskop with
a cold stage attachment. Gold, shadow cast on carbon-coated grids, was used to cali-
brate the microscope for diffraction.

RESULTS

The cortex of the mouse kidney consists of two regions. The outer,
more cortical area contains glomeruli, the convoluted portion of the
proximal tubule and the distal convoluted tubule. The inner zone con-
tains the distal or straight portion of the proximal tubule, collecting
tubules and ascending limb of Henle's loop. Various histochemical and
functional differences between the two zones have been described.'7"'8
Rhodin "6 and Caulfield and Trump,"' using the electron microscope,
have described differences between proximal tubules of zone i and
proximal tubules of zone iA.

Parathyroid Hormone

Proximal Tubules, Zone I. With the electron microscope, cells in
zone i were identified by the deep basilar infoldings and abundant elon-
gated mitochondria which occupy a large portion of the cell. This por-
tion of the proximal tubule was unaffected by the PTH.
Zone iA. The earliest changes visible with the electron microscope

were found exclusively in the epithelium of the distal portion of the
proximal tubule (Figs. i and 2). These cells showed a pale cytoplasm
with increased separation of the formed elements. The over-all appear-
ance of excess cellular hydration was associated in frozen sections with
a positive glyoxyl reaction for ionic calcium.20
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The first evidence of precipitated calcium appeared at 5i and 54
hours. When present in a given cell, the calcific deposits were generally
quite large and occupied extensive portions of the cytoplasm (Fig. 7).
It was difficult to find fields with small deposits of the salt (Fig. 3).
The early deposits were observed in mitochondria and in some of the
vacuoles (Figs. 4 and 5). The areas of calcification in mitochondria oc-
curred first as aggregates of small dense spheres with a range of iOO to
200 A in diameter. As the areas of cytoplasm became more extensively
calcified, the deposits were usually evident as crystals. The earliest cal-
cification in the vacuoles appeared as elongated crystals. During this
stage many partially calcified mitochondria exhibited extensive archi-
tectural distortion; at this early period many cells were free of calcium
deposit, and adjacent cells might or might not contain calcified areas.
At 57 and 6o hours it was easier to find fields containing calcium

(Figs. 6 and 7). Calcification was manifest intracellularly before any
intraluminal crystals appeared. On occasion the mitochondria and vacu-
oles were densely mineralized, with coalescence resulting in large areas
of mineralization. The calcifying process did not involve the mitochon-
dria and vacuoles exclusively at this stage. Rather, needle-shaped de-
posits were found on many membrane surfaces throughout the cell
(Figs. 6 and 7). Surrounding a nidus of calcification, in some, a second
wave of mineral was deposited with a laminated appearance but with
no clear membranous matrix in the second ring. Large masses of crystal-
line material were eventually formed through growth and coalescence
of the many smaller deposits. These often protruded into the lumen of
the tubule, and the border between the cell and the tubule lumen was
then no longer well defined. The large calcified masses involved the
apical portion of the cell above the nucleus and extended to the mid-
nuclear region of the cytoplasm laterally, the nucleus never showing
calcification. The cell apparently was capable of sloughing this large
calcified portion since many crystalline masses were present in the
lumens of the distal convoluted tubules. Portions of normal cytoplasm
remained attached to the basement membrane even when the mineral-
ized apical region had sloughed. In the animals given PTH for 3 days
and then allowed to recover for 3 days, almost no intracellular crystals
remained (Fig. 8), and the needle-shaped deposits were very small.
The tubular lumens in some instances contained cellular debris with
aggregates of crystal. At this stage the entire basement membrane in
the proximal tubules in zone iA was covered by mature-appearing cells.
Some of the cells were somewhat overhydrated in appearance, but basi-
lar infoldings were present and normal. The mitochondria appeared in
usual numbers and the brush border was intact (Fig. 8). When recovery
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was allowed to continue for 8 days, no intracellular crystalline material
was evident and tubular cells were mature and normal, except for very
slight cellular swelling.

Selected area electron diffraction produces patterns that are analo-
gous to x-ray diffraction patterns. In the case of electron diffraction
much smaller samples can be analyzed.21 Crystalline masses of about 2 L
diameter and 200 A thickness in tissue sections are sufficiently large
to produce diffraction patterns that permit identification of crystals by
comparison with x-ray diffraction patterns.22 Crystalline masses pro-
duced by the PTH gave an electron diffraction pattern consistent with
apatite patterns obtained by x-ray diffraction of bone.23'24

Calcium Gluconate

Proximal Convoluted Tubule, Zone I. The earliest changes in this
region were present at 3 days. Occasionally there was focal thickening
of the basement membrane. The area of thickening was usually related
to a lamellar body. Several such round bodies might lie adjacent to each
other and be enveloped by a common outer lamella (Fig. 9). At 5 days
the bodies were more abundant, and at I2 days they often extended
along and replaced the entire basement membrane of the cell (Fig. io).
The number of concentric lamellas constituting each body also in-
creased. At 3 days there were 3 or 4 lamellas per body; at I2 days these
increased to 6 to 8. The lamellas had a membranous appearance and
small black dots appeared in association with the laminations. These
dot-like areas of extreme electron density increased in number as the
treatment period was extended (Fig. ii). The laminated bodies were
always extracellular and did not migrate from the basement membrane.
Very occasionally they appeared as a cluster and were not arranged
in a straight line along the base of the cell. Such areas, however, prob-
ably resulted from oblique sectioning of the basement membrane.

Another change at I2 days was a separation of the infolded mem-
branes at the base of the cell. The separation accentuated the basilar
cell processes, the tips of which were only slightly separated from the
basement membrane.
At i8 days the laminated bodies were much more numerous (Fig.

I2). The small bodies were very electron opaque and were deposited in
sufficient numbers to obscure the concentric lamellas. At times the en-
tire basement membrane appeared as a dense mass of mineral deposit
(Fig. i I). The disposition of the mineral was limited to a portion of
zone i proximal tubules, since in all specimens with calcification many
regions of convoluted tubules were free of deposit. No needle forms
suggestive of crystals were observed in the basement membranes or in
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the lamellated bodies. Intracellular structures were well defined, and
no changes appeared in the nuclei or intracellular membranes. An occa-
sional small cluster of needle-shaped crystals similar to the apatite seen
with PTH was found within mitochondria. At i8 days there was further
separation of basilar cell processes. Occasionally these were enormously
enlarged so that they constituted saccular cavities which separated the
cell from the underlying basement membrane. The cells with large sac-
cular extracellular spaces usually lay above a basement membrane con-
taining many dense mineralized laminated bodies.

Animals treated simultaneously with diamox and calcium gluconate
also developed laminated bodies (Fig. I3). However, the small areas of
extreme electron opacity were either absent or minimal in quantity at
12 days. In animals treated with calcium gluconate and allowed to re-
cover for 8 days laminated bodies were present but free of dense min-
eralized deposits. Selected area electron diffraction techniques to charac-
terize the intralaminar deposits were unsuccessful.

Distal Tubules. At I2 days laminated bodies were observed in the
distal convoluted tubules in zone i. These were less well developed and
less extensive than in the proximal tubule. The space between basilar
cell processes was accentuated, as in the proximal tubule. No laminated
bodies were encountered in the basement membrane of other portions
of the tubule, the glomerulus or the renal vessels.

DIscuSSION

The alterations described indicated that the calcification in renal
tubules was dependent upon cellular mechanisms. Parathyroid hormone
has been shown to have a direct effect on renal tubular epithelium, both
proximal and distal portions.2>27 Differences in enzyme activity in
proximal tubular cells of zones I and IA have been known to exist for
some time 17.18; it is reasonable to assume that these are associated with
functional differences. The sharp localization of the hormone effect is
in keeping with the morphologic and enzymatic differences previously
shown to exist between these two proximal tubule zones. Localization
of PTH activity by stop-flow analysis has not been sensitive enough to
delineate its site of activity, but the results are compatible with locali-
zation in the pars recta of the proximal tubule.28
An initial effect of PTH is to produce an abundance of intracellular

calcium ions. These are accompanied by an increase in intracellular
water apparent as cellular swelling. From our data there was no way
to determine whether the PTH administration resulted primarily in ac-
tive concentration of Ca'+ or PO4-. However, shortly before intra-
cellular calcification commences there is an increase in ionic calcium.
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Precipitation of the calcium begins intracellularly in the form of an
apatite.
The presence of the increased calcium and water in a very limited

portion of the tubule, although calcium is reabsorbable in other areas,
implies a highly selected locus of action for the parathyroid hormone.
Biochemical evidence of altered respiration in kidney and bone tissue
but normal respiration in liver and heart treated with PTH suggests an
action of this hormone on enzymes located within mitochondria.28
Whether this effect on oxidative enzymes is solely responsible for the
increased calcium uptake has not been made apparent. The earliest
intracellular calcium deposition is within mitochondria and vacuoles;
this is difficult to explain. It is known that some vacuoles contain acid
phosphatase, and the increased phosphate associated with enzyme ac-
tivity may be responsible for the early precipitation.29 This type of
vacuole is thought to contain a variety of enzymes, and the calcification
may be due to other effects. Certainly there are many facets of mito-
chondrial activity that might explain the presence of early calcification.
These organelles contain active ATPase and have, as well, the ability to
bind calcium ions.30 Since renal mitochondria are stimulated by PTH,
this in itself might alter their internal environment sufficiently to pro-
duce calcification. There are no morphologic criteria to indicate one
mechanism over another.
The fact that there were few cells containing minimal calcification

and many with large masses would indicate that once the process of
intracellular calcification started, it proceeded quite rapidly and affected
large areas of the cell. The frequently observed concentric rings of
calcified material could be related to the Liesegang phenomenon of
crystal growth in gels.31
Though large quantities of crystal material and cytoplasmic debris

appeared in tubule lumens, nuclei were not manifest here. The areas of
calcification extended fairly deeply into the cells on occasion although
mineral deposit never involved the nucleus. A zone of morphologically
healthy cytoplasm appeared adjacent to the basement membrane in
most cells that could be adequately evaluated. The fact that the nucleus
was never affected in the process of calcification, and that some normal
cytoplasm persisted, coupled with the observation of relatively normal
structure 3 days after treatment would indicate that this dosage sched-
ule produced a rather extensive intracellular calcification with little
complete cellular destruction.

Alterations produced by calcium gluconate, including calcification
of tubule basement membrane, have been observed by others.8'9 These
are highlighted by localization of early calcification in the tubular base-
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ment membrane of zone i, an organized structure of laminated bodies,
the increase in their size and number in a highly characteristic way and
retention of the normal intracellular content in tubular epithelium.
These features, in the presence of extensive basement membrane
changes, are all indicative of a specific response to excess calcium. The
membranes which formed the laminated bodies probably derived from
the tubular epithelium near or at the plasma membrane since they were
never observed within the cytoplasm. Whether these changes were the
result of interference of calcium with the normal formation of mem-
branes or whether the formation of laminated bodies at the basement
membrane constituted a pathologic alteration is uncertain.
The opaque mineral deposits in the lamellas were not hydroxyapatite.

It is possible that the calcium deposited with an organic matrix. This
would explain the failure to obtain a diffraction pattern which is only
obtained when a crystalline state is present.32 The laminated bodies
were well localized in the tubules of zone i and did not occur in glomer-
uli. This localization would not be well explained by assuming that
calcium was bound to mucoprotein material in basement membranes.
Another possibility was that calcium deposited as calcium carbonate;
this in itself is difficult to diffract with electrons and forms a nondiffract-
able, noncrystalline precipitate in the presence of phosphate ions. Cal-
cium carbonate was identified in kidney tubules by H. Gideon Wells,
who reported that calcium phosphates were present in the epithelium
and that calcium carbonate was present in the renal interstitium.38

Carbonic anhydrase, known to be present in the kidney,34 is asso-
ciated with acidification of the urine. Recent work indicates that the
major reduction of tubular fluid pH occurs in the proximal tubule with
a subsequent fall of lesser degree in the distal tubule.35 The localization
of the calcific deposits was clearly greatest in the proximal tubule; fewer
aggregates deposited later in the course of the experiments appeared in
the distal tubule. Since carbonic anhydrase activity might well result in
the production of carbonate, one would expect calcium carbonate pre-
cipitation in the regions where this enzyme activity prevailed.35'3f6

Eggshells consist of calcium carbonate, and there is a high carbonic
anhydrase activity in the hen oviduct. If diamox is given to a hen, the
eggshell matrix is formed but fails to calcify.37 Simultaneous adminis-
tration of diamox and calcium gluconate in mice did not prevent forma-
tion of laminated bodies. However, significantly less mineral was de-
posited in the lamellas than when calcium was administered alone. This
might have been the result of carbonic anhydrase inhibition by diamox
although a nonspecific removal of the mineral by the diuresis induced
by the diamox could not be excluded.
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The localization of calcific deposits to limited areas in zone i proximal
tubules and a portion of the distal tubule could represent localization
of one of two activities or both. The areas of precipitate might corre-
spond to local areas of carbonic anhydrase activity, the calcium ac-
tually being reabsorbed over rather broad areas of the nephron. Con-
versely, the precipitation might be associated only with sites of high
calcium concentration and be independent of carbonic anhydrase ac-
tivity, or the two activities, carbonic anhydrase and calcium reabsorp-
tion, could coincide. On the basis of all evidence, it would seem that the
precipitates probably occurred in the region of both carbonic anhydrase
activity and calcium concentration.

Separation of basilar cell processes and the formation of large sac-
cular cavities between the epithelium and the underlying basement
membrane have been previously described.19 These changes were noted
to be reversible when occurring in rats given intravenous infusions of
saline and examined 2 to 30 minutes later. The spaces reflected an accu-
mulation of fluid secondary to ion transport. The saccular cavities were
encountered after prolonged administration of calcium gluconate in in-
stances where the basement membrane was densely mineralized. It is
reasonable to assume that reabsorbed ions and water could not readily
penetrate the severely altered basement membrane and therefore ac-
cumulated, forming the large extracellular spaces.

SUMMARY

Changes produced by calcium gluconate and parathyroid extract
(PTH) in the proximal tubules of the mouse kidney were examined by
light and electron microscopy.
The proximal tubular epithelium in the mouse kidney consists of two

morphologically different zones. Cells in zone i and zone iA responded
differently to the calcifying agents. This would appear to indicate that
the cells in these zones had different functions.
The administration of PTH resulted in intracellular apatite forma-

tion first in mitochondria and vacuoles and later in large areas of the
cytoplasm. This was restricted to zone IA of the proximal tubule. The
changes induced by calcium gluconate were manifest in the basement
membranes of zone i proximal tubules and to a lesser extent in the base-
ment membrane of the distal convoluted tubules. These areas corre-
spond to the sites of acidification of intratubular fluid.
Two different types of calcific deposit were encountered. Parathyroid

extract produced masses of needle-shaped crystals with the diffraction
pattern of apatite. Calcium gluconate caused electron-opaque deposits
of confluent dots; in these no diffraction pattern was obtainable. These
deposits were thought to be calcium carbonate, and it is suggested that

372 Vol. 44, No. 3



March, z964 RENAL CALCIFICATION 373

they were related to carbonic anhydrase activity. It is emphasized that
tubular epithelium plays an active and predominant role in renal cal-
cification.
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LEGENDS FOR FIGURES
FIG. I. Calcium deposits induced by 3 injections of PTH appear in zone iA. Zone i,

containing the proximal portions of the proximal convoluted tubules, is free of
mineral whereas all of the mineral is evident in the distal portion of the proximal
convoluted tubule. Von Kossa stain. X 32.
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2

FIG. 2. Distal portion of the proximal convoluted tubule after two injections of
PTH. The cell is overhydrated, and at this stage a positive reaction for ionic
calcium can be obtained. Though the cytoplasm appears pale and swollen, the
nuclei (N), mitochondria (M) and brush border (BB) are normal. X 9,ooo.
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3

4 5

FIG. 3. Fifty-one hours after the first of 3 PTH injections. Dense deposits composed
of aggregates of small granules measuring IOO to 200 A in diameter are visible
in mitochondria (M) and vacuoles (V). Many of the vacuoles may be distended
mitochondria since membranous remnants are present. X IO,OOO.

FIG. 4. Higher magnification of the area shown in Figure 3. The small dense spheres
have an intramitochondrial location. X 6o,ooo.

FIG. 5. An area from the same kidney illustrated in Figures 3 and 4. The elongated
forms are consistent in size and shape with apatite crystals observed in bone.
X 6o,ooo.
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FIG. 6. At 57 hours there is more extensive mineralization. Coalescence of mineral-
ized material and intervening non-mineralized cytoplasm are shown. Bodies
(arrows) resembling mitochondria in size and shape appear separated from the
main mass of mineral. X 9,000.

FIG. 7. At 6o hours large areas of cytoplasm are completely calcified. There is no

recognizable structure within the dense mass. However, noncalcified cytoplasm
exhibits its usual content of cellular organelles. X T2,000.
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FIG. 8. Three days after the third injection of PTH. Some calcified material remains
within cells of zone iA. (arrows). The tubule lumen contains calcified cellular
debris. At this stage the tubular epithelium has a relatively normal appearance,
as do its organelles. There has been almost complete recovery from the extensive
calcification shown in Figure 7. X IO,000.
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FIG. 9. After 3 days of calcium gluconate injection, smnall ovoid structures composed
of concentric lamiellas (arrows) appear at the base of proximal tubule epithelium
in zone i. The basement membrane itself is also involved. X 2$ 000.

FIG. io. Tubular epithelium from an animal that received calcium gluconate for
5 days. The laminated bodies are larger and more dense. X I15,000.
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FIG. i i After 12 days of calcium gluconate administration, the laminated bodies

are larger and masses of mineral appear within them X 12,000

FIG. 12 Eighteen days of calcium gluconate injection. The basement membranes of
the proximal tubules in zone I contain densely mineralized areas. Remnants of
the lamellar structures are still visible (arrows). The mineral deposits involve
only portions of the pars convoluta but, where present, are of this degree of
severity. X 24,000.

FIG. 13. Simultaneous injections of diamox and calcium gluconate result in the pro-
duction of laminated bodies. However, after I3 days of this treatment the lami-
nated bodies remain uncalcified. X 22,000.
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