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Cell type-specific acquired protection from crystal
adherence by renal tubule cells in culture
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PIM VISSER, FRITZ H. SCHRÖDER, and JOHANNES C. ROMIJN

Departments of Urology, Pathology, and Cell Biology, Erasmus University and Academic Hospital Dijkzigt,
Rotterdam, The Netherlands

Cell type-specific acquired protection from crystal adherence to concentrate the tubular fluid [1]. The selective reab-
by renal tubule cells in culture. sorption of water and solutes takes place in distinct seg-

Background. Adherence of crystals to the surface of renal ments of the nephron [2]. The distribution of these reab-tubule epithelial cells is considered an important step in the
sorptive capacities is reflected in different risks fordevelopment of nephrolithiasis. Previously, we demonstrated
crystallization at the various sites in the nephron [3–7].that functional monolayers formed by the renal tubule cell

line, Madin-Darby canine kidney (MDCK), acquire protection The first nucleation risk, for example, is encountered in
against the adherence of calcium oxalate monohydrate crystals. the loop of Henle, which disappears as the fluid becomes
We now examined whether this property is cell type specific. diluted in the ascending limb and distal tubule [3–7].The susceptibility of the cells to crystal binding was further

During antidiuresis, extensive net water reabsorptionstudied under different culture conditions.
leads to an increased risk for crystal formation in theMethods. Cell-type specificity and the influence of the growth

substrate was tested by comparing calcium oxalate monohy- collecting duct toward the papillary tip [4–8]. Crystals
drate crystal binding to LLC-PK1 cells and to two MDCK strains formed in the tubular fluid are not necessarily harmful
cultured on either permeable or impermeable supports. These

as long as they are eliminated with the urine. Crystalcell lines are representative for the renal proximal tubule (LLC-
growth and agglomeration, however, could create parti-PK1) and distal tubule/collecting duct (MDCK) segments of

the nephron, in which crystals are expected to be absent and cles that are too large to freely pass the renal tubules
present, respectively. [9–11]. In addition, cell culture studies [12–14] have indi-

Results. Whereas relatively large amounts of crystals ad- cated that crystals can bind to the surface of the renal
hered to subconfluent MDCK cultures, the level of crystal bind-

tubule epithelium. Indeed, crystal deposits with a sizeing to confluent monolayers was reduced for both MDCK
smaller than the diameter of the tubules have been foundstrains. On permeable supports, MDCK cells not only obtained

a higher level of morphological differentiation, but also acquired attached to the luminal surface of renal tubular cells in
a higher degree of protection than on impermeable surfaces. hyperoxaluric patients [15, 16] and rats [17].
Crystals avidly adhered to LLC-PK1 cells, irrespective of their Previously, we showed that the affinity of the luminal
developmental stage or growth substrate used.

surface of MDCK-I cells for calcium oxalate monohy-Conclusions. These results show that the prevention of crys-
drate (COM) crystals highly depends on the develop-tal binding is cell type specific and expressed only by differenti-
mental stage of the cultures. Relatively large amounts ofated MDCK cells. The anti-adherence properties acquired by

MDCK cells may mirror a specific functional characteristic of crystals could adhere to subconfluent cultures, whereas
its in situ equivalent, the renal distal tubule/collecting ducts. intact and functional monolayers were largely protected

from crystal binding [18]. It was speculated that the anti-
adherence capacity of functional MDCK cultures may

Renal stones are largely composed of calcium salts reflect a physiologically relevant property. If so, we ex-
that are precipitated from the tubular fluid. The crystalli- pect anti-adherence properties to be present in cell types
zation of stone salts results from the ability of the kidney that are frequently confronted with crystals and absent

in cells that normally do not encounter crystals. Indeed,
calcium oxalate crystals did not adhere to the surface ofKey words: MDCK, COM crystals, polarity, nephrolithiasis, crystal-

cell interaction. the transitional epithelium of the bladder [19], but were
found to bind avidly to the surface of red blood cellsReceived for publication June 24, 1998
[20], leukocytes [21], endothelial cells [22], and fibro-and in revised form August 25, 1998

Accepted for publication October 30, 1998 blasts [23], which are normally not exposed to such crys-
tals. Based on the literature, calcium oxalate crystals 1999 by the International Society of Nephrology
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are frequently present in the tubular fluid of the renal Brush border enzyme measurements
collecting duct, but not in that passing the proximal tu- Cell monolayers were washed with phosphate-buf-
bule. To test this hypothesis further, we extended the fered saline (PBS) scraped in 1 ml 50 mm tris(hydroxy-
crystal-binding studies to include another cell line with methyl)aminomethane (Tris-HCl; pH 7.4) and sonicated
characteristics of the renal collecting duct (MDCK-II), for 30 seconds on ice. After centrifugation for 10 minutes
as well as a cell line that closely resembles the renal at 2000 g, the supernatant was used to measure enzyme
proximal tubule (LLC-PK1). Because the development activity. g-Glutamyl transpeptidase (g-GT, EC 2.3.2.2)
of cultured cells is influenced by the substrate on which activity was determined spectrophotometrically, using
they are grown, these experiments were performed with L-g-glutamyl-3-carboxy-4-nitroanilide as substrate, and
cells grown on permeable and impermeable surfaces to alkaline phosphatase (AP; EC 3.1.3.1) activity was as-
study the relationship between the developmental stage

sayed with sodium p-nitrophenylphosphate as substrate.of the cells and crystal binding more closely.

Na1,K1-ATPase polarization
METHODS [3H]ouabain (specific activity 20.5 Ci/mmol; New En-

gland Nuclear, Boston, MA, USA) was used to quantitateCell culture
the number of apical and basolateral membrane bindingMadin-Darby canine kidney-I [24] and MDCK-II [25]
sites [26]. Because the basolateral membrane of cellswere kindly provided by Professor G. van Meer (Labora-
grown on solid substrates is not accessible, these studiestory for Cell Biology and Histology, Amsterdam Medical
were limited to cells cultured on permeable supports.Center, Amsterdam, The Netherlands). LLC-PK1 cells
Total [3H]ouabain binding (0.05 mm) and nonspecific bind-were obtained from the American Type Culture Collec-
ing in an excess of cold ouabain (50 mm) was measuredtion (Rockville, MD, USA). The cells were routinely
in a binding buffer containing 1 mCi/ml [3H]ouabain inseeded at a plating density of 2.2 3 105 cells/cm2 on either
K1-free Ringer buffer that consisted of (in mm) 140polycarbonate porous filter inserts (Transwells, 24 mm,
NaCl, 1.8 CaCl2, 5 D-glucose, and 10 Tris-HCl, pH 7.4.0.4 mm pore size) or on tissue culture plates (12 wells, 24

mm; both obtained from Corning Costar, Badhoevedorp, The cells were washed twice with PBS, and then 1.0
The Netherlands). The cells were cultured in Dulbecco’s ml binding buffer (378C) was added at the apical or
modified minimal essential medium (DMEM) supple- basolateral side of the monolayers. After 20 minutes,
mented with 10% fetal calf serum (FCS). Culture me- the binding buffer was removed. The cells were washed
dium was refreshed every other day. The cell lines were 10 times in ice-cold Ringer’s buffer to which 100 mm
routinely checked for mycoplasma contamination and MgCl2 was added. The filters were cut out with a scalpel,
were found to be negative in all experiments described and radioactivity was counted in a scintillation counter.
in this study. Transepithelial electrical resistances were The nonspecific binding of radiolabeled ouabain was
measured with an EVOM-G connected to an Endohm-24 generally lower than 1%. The amount of ouabain binding
(World Precision Instruments, Sarasota, FL, USA). was calculated and expressed as fmol/106 cells.

Preparation of calcium oxalate crystal suspension Confocal laser scanning microscopy
A solution of radioactive sodium oxalate was prepared The cells were fixed in 3.7% formaldehyde for 15 min-

by adding 1 ml 0.37 MBq/ml [14C]oxalic acid (Amersham,
utes and were then permeabilized for 15 minutes with

Buckinghamshire, UK) to 0.25 ml 200 mm sodium oxa-
70% ethanol. Subsequently, the cells were washed withlate. A calcium chloride solution was prepared by adding
PBS, incubated for 15 minutes with 1 mg/ml fluorescein0.25 ml 200 mm calcium chloride to 8.5 ml distilled water.
isothiocyanate-conjugated phalloidin (FITC-phalloidin)After mixing the two solutions at room temperature,
at the apical site, washed 2 3 three minutes with PBS,COM crystals formed immediately. The suspension was
and mounted in Vectashield (Vector Laboratories, Bur-allowed to equilibrate for three days and, after washing,
lingame, CA, USA). Images were made with a Zeiss LSMwas resuspended in 5 ml CaOx saturated distilled water.
410 laser scanning confocal microscope (Zeiss, Ober-Crystal suspensions were kept at room temperature and
kochen, Germany). A 488 nm Ar-laser was used to exci-were freshly prepared every other week.
tate the FITC-phalloidin. COM crystals were detected

Calcium oxalate monohydrate crystal binding by their reflection of the 633 nm (red) Kr-laser. The
FITC emission signal and the 633 nm signal reflected byThe assay to measure COM crystal binding was de-
the crystals were separated by a 560 nm beam splitter.scribed previously [18]. The filters were cut out, and the
The FITC signal was passed through a 510 to 540 nmculture dishes were scraped. The level of crystal binding
band-pass filter to block reflection from the 488 nm laser.was calculated from the amount of associated dpms and

was expressed in mg/cm2. No blocking filter was used for the reflection signal.
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Scanning electron microscopy

To perform scanning electron microscopy, the cells
were fixed in 2.5% glutaraldehyde in cacodylate buffer.
After washing, the samples were postfixed in OsO4 in
cacodylate buffer, washed again in cacodylate buffer,
dehydrated in a graded series of ethanol, and finally
critical point dried. After mounting on stubs, a conduc-
tive layer was sputtercoated on the samples and exam-
ined in a JEOL JSM 25 scanning electron microscope
(JEOL, Tokyo, Japan).

RESULTS

Cell culture characteristics

When cells were grown to confluence on 24 mm per-
meable filter inserts or 24 mm solid plastic wells, the
monolayers always reached a higher cell density on the
porous supports. On inserts, MDCK-I, MDCK-II, and
LLC-PK1 became confluent at 3.3 6 0.3, 3.9 6 0.4, and
3.9 6 0.2 3 106 cells, respectively, whereas confluency
on plastic wells was reached at 2.4 6 0.4, 3.3 6 0.2 and
1.9 6 0.4 3 106 cells, respectively. Thus, apparently the Fig. 1. Plasma membrane distribution of ouabain binding sites. The
cells are more densely packed on permeable growth sub- apical (j) or basolateral (h) membranes of cells grown on pairs of

filters for seven days were incubated with radiolabeled ouabain. Thestrates. The transepithelial electrical resistances of con-
amount of specific binding was determined and expressed in fmol/106

fluent monolayers of MDCK-I, MDCK-II, and LLC-PK1 cells. The results show that all three cell lines formed polarized mono-
cells grown on porous supports were 8200 6 3500, 70 6 layers. Little ouabain binding was detected on the apical membrane,

whereas substantial amounts of binding were detected at the basolateral15, and 98 6 15 V·cm2, respectively. To determine whether
membrane. The results are representative for three experiments.the cell lines formed polarized monolayers on permeable

substrates, the binding of [3H]ouabain to Na1,K1-ATPase
was measured at the apical and basolateral plasma mem-
brane of confluent monolayers. These studies demon- Table 1. g-glutamyl transpeptidase (g-GT) and alkaline

phosphatase (AP) enzyme activity (U/mg protein) instrated an asymmetrical distribution of Na1,K1-ATPase
homogenates of filter-grown confluent monolayers ofwith a predominant localization at the basolateral mem-

MDCK-I, MDCK-II and LLC-PK1 cells
brane in all three cell lines (Fig. 1). The level of proximal

MDCK-I MDCK-II LLC-PK1tubule brush border enzyme (g-GT and AP) activities
g-GT 2.061.5 323610 993645was very high in LLC-PK1 cells, but was almost unde-
AP 0.260.2 3.7 60.2 331612tectably low in MDCK-I cells. MDCK-II cells expressed

low but measurable AP activities, whereas this cell line
expressed intermediately high levels of g-GT activity
(Table 1).

cells. On porous supports, these levels did not become
Calcium oxalate monohydrate crystal binding as low as those to MDCK-I cells, and relatively high

levels of crystal binding were measured to confluentThe binding of COM crystals to cells cultured on per-
MDCK-II monolayers on impermeable supports. Theremeable and impermeable supports is depicted in Figure 2.
was no significant decrease in crystal binding to LLC-Two days after seeding, the level of crystal binding to
PK1 cells cultured on either growth substrate during theirMDCK-I and MDCK-II, as well as to LLC-PK1, cells
growth to confluency (Fig. 2).was relatively high, irrespective of the growth substrate

on which they were cultured. After MDCK-I cells had
Morphological studiesformed confluent monolayers, the level of crystal binding

The adherence of COM crystals to confluent mono-decreased. Compared with cells grown on impermeable
layers, as well as the morphology of the cells, was visual-surfaces, the reduction of the crystal-binding capacity
ized by confocal microscopy. These studies revealed thatwas substantially greater in cultures on permeable sup-
there was a remarkable difference in the morphologyports, and in fact, crystal binding was nearly undetect-
of MDCK cells cultured on permeable or impermeableable. A time-dependent decrease in crystal binding was

also observed with monolayers formed by MDCK-II supports (Fig. 3). On permeable substrates, the cells
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Fig. 2. Binding of crystal oxalate monohy-
drate (COM) crystals at the surface of cells
cultured on permeable (A) or impermeable
(B) growth substrates. Crystal binding was
studied two- and seven-days postseeding. The
apical membrane received radiolabeled COM
crystals (16 mg/cm2) that were allowed to ad-
here for one hour. The level of crystal adher-
ence was calculated from the amount of sur-
face-associated dpm and was expressed in mg/
cm2. The results, representative for five experi-
ments, show that both MDCK cell strains cul-
tured on either substrate acquire protection
from the adherence of crystals in time. The
strongest anti-adherence properties are ob-
tained by MDCK cells cultured on permeable
supports. On permeable supports, MDCK-I
cells acquire higher levels of protection than
MDCK-II cells. Monolayers formed by LLC-
PK1 cells on either growth substrate acquire
no or hardly any protection against the adher-
ence of crystals.

formed a tight row of cuboidal cell (Fig. 3 C, E), resem- decreased after the wounds were healed [18]. During
this process, crystals were found to adhere preferentiallybling the morphology of its in situ equivalent, the collect-
to migrating cells at the border of the wound. Froming duct [27], whereas cells cultured on a solid substrate
these observations, it was speculated that the protectionhad a more slender, less differentiated appearance (Fig.
against crystal adherence acquired by intact monolayers3 D, F). Morphological differences between LLC-PK1

might reflect a functional property of cells with character-cells cultured on either substrate were less conspicuous.
istics of the renal collecting duct. In this study, this ideaOn both substrates, the cells were rather flat (Fig. 3 A,
was further investigated using cell lines with characteris-B), which is in agreement with the morphology of the
tics from different regions of the nephron. The resultsepithelium in the renal proximal tubule [27]. These im-
show that the level of crystal binding to high-resistanceages further showed that COM crystal adherence is abun-
MDCK-I and low-resistance MDCK-II cells decreaseddant to the surface of LLC-PK1 cells cultured on perme-
during their growth to confluency. In contrast, LLC-PK1able or impermeable growth substrates (Fig. 3 A, B),
cells were unable to avoid crystal adherence, irrespectiveusually less abundant to MDCK-II cells on either substrate
of their stage of development. To our knowledge there(Fig. 3 C, D), limited to MDCK-I cells cultured on a
is one other report in which the binding of COM crystalssolid substrate (Fig. 3F) and absent at the surface of
to epithelial cells was studied during their growth toMDCK-I cells cultured on a permeable surface (Fig. 3E).
confluency. These studies showed that the level of crystalScanning microscopy images of filter-grown confluent
binding decreased to confluent monolayers of rat innermonolayers showed that LLC-PK1 cells had tall micro-
medullary collecting duct cells, but not to MDCK cellsvilli and single cilia forming the brush border (Fig. 4A).
[29]. Although this seems to be in contrast with ourCOM crystals were found abundantly attached to their
results, it should be mentioned that in the latter study,surface (Fig. 4A). The surface of MDCK-II cells was
MDCK cells did not form monolayers, but continued tocovered with microvilli that were less tall and with some
proliferate and piled up into multilayers. We also foundcilia that seemed to have affinity for the crystals (Fig. 4B).
that crystals preferentially adhered to stacked MDCKThe surface of MDCK-I cells was characterized by the
cells at sites where wound borders contacted [18]. Never-presence of many small and stubby microvilli, apparently
theless, the results obtained with inner medullary collect-without an affinity for COM crystals (Fig. 4C).
ing duct cells are largely comparable to those obtained
in this study with MDCK cells cultured on solid sub-

DISCUSSION strates (Fig. 2) and support the idea that late segments
Previously, we reported that the affinity of the cell of the nephron are protected from crystal binding.

surface of high resistance MDCK cells for COM crystals It is often assumed that LLC-PK1 cells originate from
depended on the developmental stage of the cultures the renal proximal tubule [30] and MDCK cells from the
[18, 28]. Crystal binding decreased during the growth of renal collecting duct [31–34]. The observation that the
unpolarized precursor cells into confluent and functional proximal tubule brush border marker enzymes g-GT and
monolayers. The level of crystal binding increased during AP were abundantly expressed in LLC-PK1 but virtually

absent in MDCK-I cells is in agreement with their sup-the repair of wounds made in intact monolayers, and
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Fig. 3. Confocal microscopy images of the adherence of crystal oxalate monohydrate (COM) crystals to the surface of confluent monolayers of
LLC-PK1 (A, B), MDCK-II (C, D), and MDCK-I (E, F) cells, cultured on permeable (A, C, E) and impermeable (B, D, F) growth substrates.
Cells are visualized by phalloidin FITC-labeled F-actin (green). The growth substrate, the glass-slide placed on top of the cells, and the COM
crystals are shown by light reflection (red). The lines in the horizontal scans (bottom panels) indicate the location of the vertical scans (top panels).
These images clearly show that Madin-Darby canine kidney (MDCK) cells cultured on a permeable surface (C, E) are much taller and thus more
differentiated compared with cells cultured on a impermeable surface (D, F). This difference in morphological differentiation is less clear in LLC-
PK1 cells that have a rather slender appearance cultured on either growth substrate (A, B). Furthermore, these images show the adherence of
crystals at the surface of LLC-PK1 (A, B) and MDCK-II (C, D) cells cultured on either growth substrate, whereas crystals are observed at the
surface of MDCK-I cells cultured on a solid surface (F), but not to those cultured on a permeable support (E). Bar 5 10 mm.
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Fig. 4. Scanning electron microscopy images
of crystal oxalate monohydrate (COM) crystal
binding to the apical surface of functional mono-
layers formed by LLC-PK1 (A), MDCK-II
(B), or MDCK-I (C) cells, cultured on perme-
able growth substrates. LLC-PK1 cells have
tall microvilli and cilia forming the brush bor-
der, and COM crystals are found abundantly
attached to the cell surface (A). Microvilli of
intermediate length and cilia with apparent
affinity for COM crystals are seen at the sur-
face of MDCK-II cells (B), whereas the sur-
face of MDCK-I cells is covered by small and
stubby microvilli, and no crystals are found
attached to its brush border (C). Bar 5 1 mm.

posed origin. Substantial g-GT and AP enzyme activities, MDCK-I cells. In general, the apical membrane should
protect the cell from the harsh conditions in the outsidehowever, were also detectable in MDCK-II cells. The

original MDCK cell line was established from the whole world. One such condition is the physical contact with
calcium oxalate crystals, which can inflict severe damagekidney of a dog, and although it exhibits many morpho-

logical and functional similarities with the mammalian to tissues [36]. In the bladder, polysaccharide side chains
of cell-surface–associated glycoconjugates were proposedcortical collecting duct, it has been recognized that this

cell line is not homogeneous. Typical characteristics of as primary defensive barrier to the adhesion of microbes
and microliths [19]. The possibility that such a protectiveintercalated cells of the collecting duct (ICC), such as

the binding of peanut agglutinin, as well as the presence cell surface coat also explains the repulsion of crystals
by functional MDCK cells warrants further investigation.of carbonic anhydrase activity were expressed in 30 to

50% of the MDCK cells [31]. Over the years, a number of The epithelium lining the renal tubules is composed
of a single layer of polarized cells. The apical surfacerelatively stable MDCK strains were isolated, including

low-resistance strains [25, 31–34] with characteristics of faces the lumen, whereas the basolateral side faces the
basement membrane. These two plasma membrane do-collecting duct a- and b-ICC [33], and high-resistance

strains [24, 32–35], with characteristics of collecting duct mains have different protein and lipid compositions.
Each cell in the layer is linked to its neighbors by tightprincipal cells [33] and b-ICC [35]. The presence of g-GT

and AP enzyme activities in MDCK-II cells in this study junctions that not only form the permeability barrier
between the cells, but also inhibit the lateral diffusionconfirms earlier findings [32] and suggests that its brush

border shows some resemblance with the proximal tu- of lipids and proteins between the two plasma membrane
domains. We showed that the ability of crystals to be-bule. This may explain why the level of crystal binding

to MDCK-II cells does not become as low as that ob- come associated with the cell surface decreased rapidly
after the tight junctions were formed [18]. Because theserved with MDCK-I cells.

Scanning electron microscopy images revealed an im- polarity of the cell surface increases sharply after tight
junction formation [37], we and others suggested thatpressive difference in cell surface architecture between

the various cell lines. In agreement with the renal proxi- the establishment of epithelial polarity might protect the
cell surface from crystal adherence [38]. In this article,mal tubule, LLC-PK1 cells have abundant, tall microvilli,

whereas the villi are much shorter on MDCK-II cells, we studied in more detail the possible relationship be-
tween the development of the differentiated polarizedand villi are distinctly short and stubby on the surface of
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Fig. 5. Site of calcium oxalate crystal forma-
tion and crystal retention in the various seg-
ments of the nephron, as well as epithelial
surfaces that may be protected from crystal
adhesion. Abbreviations are: ALH, ascending
limb of Henle; CD, collecting duct; DLH, de-
scending limb of Henle; DT, distal tubule; PT,
proximal tubule. Low oxalate is ,1000 mmol
per 24 hours and high oxalate is .1000 mmol
per 24 hours.

epithelial cell phenotype and COM crystal binding. It nephron [4, 6]. It starts with a calcium-phosphate phase
under conditions found in the thin limbs. This crystalliza-was demonstrated that ouabain, which binds specifically

to an extracellular domain of the a subunit of active tion phase then (partly) dissolves when collecting duct
conditions are approached, thereby inducing the forma-Na1,K1-ATPase [39], predominantly binds at the baso-

lateral membrane of confluent filter-grown monolayers tion of calcium oxalates [4, 6–8]. The relevance of this
heterogeneous nucleation is especially clear consideringformed by MDCK-I, MDCK-II, as well as by LLC-PK1

cells, indicating that all three cell types formed highly that without these dissolving particles under exactly the
same conditions, calcium oxalate formation does not oc-polarized monolayers. Because the degree of epithelial

differentiation and polarization also depends on the sur- cur within the passage time of fluid through these seg-
ments [6]. In the distal tubules and collecting ducts, theface on which the cells are grown [40], we also studied

cell morphology and crystal binding to cells cultured on crystals may increase in size by crystal growth, but never
approach sizes in the range of the tubule diameter [9,different growth supports. These studies showed that

compared with cells grown on a solid substrate, MDCK 41]. In the collecting ducts, where crystals emerging from
numerous nephrons meet, particle size may increase dra-cells grown on permeable surfaces not only achieved a

higher degree of morphological differentiation (Fig. 3), matically by crystal aggregation [9]. These data indicate
that initially somewhere in the loop of Henle, the pres-but also obtained higher levels of protection (Fig. 2).

These results further support the idea that the ability of ence of crystals will be a normal event. Retention of
these particles can take place only by adhesion to thecrystals to adhere to the MDCK cell surface depends on

their stage of differentiation and polarization. Because tubular epithelium. In the collecting ducts, particles can
be retained by adhesion and because of formation ofMDCK-I cells obtained a higher level of polarization

than MDCK-II cells (Fig. 1), this could explain the differ- aggregates that are too large to pass freely. This being
so, it is reasonable to expect that in the collecting ducts,ences in susceptibility to crystal binding between these

two strains. On the other hand, polarized monolayers additional protection can be expected from controlling
the aggregation process [10, 11]. Here, we found thatformed by LLC-PK1 cells appeared to be unable to avoid

crystal binding, indicating that epithelial polarization indeed cells with distal/collecting duct characteristics
have the ability to prevent crystal adhesion. In contrast,certainly is not a general mechanism to protect the cell

surface from crystal binding. It should be emphasized, in the proximal tubule, crystallization will not take place
unless the oxalate concentrations reach the extreme lev-however, that differentiated epithelial cell phenotypes

express only those characteristics that are functionally els as found in, for example, hereditary hyperoxaluria,
ethylene glycol intoxication, or animal models of hyper-indispensable and that protection from crystal binding

could be expressed only in those segments of the nephron oxaluria [4, 6]. This puts our current findings that cells of
proximal tubule origin cannot prevent crystal adherencein which such protection is required. From the literature

on micropuncture and transport studies, a reasonable into a functional perspective. It also adds a dimension
to the risk posed by high oxalate levels. Namely, crystalsimpression can be derived on how factors relevant to

calcium-salt precipitation change throughout the neph- are formed at sites that are not prepared to avoid their
adherence (Fig. 5).ron. Based on these data, several groups have studied

the question of whether crystallization can begin inside Taken together, the results from this study show that
the binding of COM crystals is reduced to functionalthe nephron and, if so, in which segments it will most

likely start [3–8]. It appears that under normal intratubu- and polarized monolayers formed by MDCK cells, but
not to those formed by LLC-PK1 cells. MDCK cells cul-lar conditions, calcium-salt crystallization can occur

within the time that tubular fluid normally spends in the tured on permeable supports obtain a higher degree of
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experimental calcium oxalate monohydrate nephrolithiasis in ratmorphological differentiation and are more protected
kidneys. Scanning Microsc 8:541–550, 1994

from crystal binding than cells cultured on impermeable 18. Verkoelen CF, van der Boom BG, Houtsmuller AB, Schröder
FH, Romijn JC: Increased calcium oxalate monohydrate crystalgrowth substrates. These results further support the idea
binding to injured renal tubular epithelial cells in culture. Am Jthat the anti-adhesion properties acquired by differenti-
Physiol 274:F958–F965, 1998

ated MDCK cells reflect a functional characteristic of its 19. Gill WB, Jones KW, Ruggiero KJ: Protective effects of heparin
and other sulfated glycosaminoglycans on crystal adhesion to in-in situ equivalent, the renal collecting duct.
jured urothelium. J Urol 127:152–154, 1981

20. Elferink JGR: The mechanisms of calcium oxalate crystal-induced
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Schröder FH: Association of calcium oxalate monohydrate crys- to collecting duct cells. Am J Physiol 262:F177–F184, 1992
tals with MDCK cells. Kidney Int 48:129–138, 1995 39. Hammerton RW, Krzeminski KA, Mays RW, Ryan TA, Wollner

15. Wharton R, D’Agati V, Magun AM, Whitlock R, Kunis CL, DA, Nelson WJ: Mechanism for regulating cell surface distribu-
Appel GB: Acute deterioration of renal function associated with tion of Na1,K1-ATPase in polarized epithelial cells. Science
enteric hyperoxaluria. Clin Nephrol 34:116–121, 1990 254:847–850, 1991

16. Morgenroth K, Backmann R, Blaschke R: On the formation of 40. Steele RE, Preston AS, Johnson JP, Handler JS: Porous-bottom
deposits of calcium oxalate in the human kidney in oxalosis. Beitr dishes for culture of polarized cells. Am J Physiol 251:C136–C139,
Pathol Anat 136:454–457, 1968 1986
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