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High frequency and wide range of human kidney papillary crystalline
plugs
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Abstract

Most of kidney stones are supposed to originate from Randall’s plaque at the tip of the papilla or from papillary tubular
plugs. Nevertheless, the frequency and the composition of crystalline plugs remain only partly described. The objective was
to assess the frequency, the composition and the topography of papillary plugs in human kidneys. A total of 76 papillae from
25 kidneys removed for cancer and without stones were analysed by immunohistochemistry combined with Yasue staining,
field emission-scanning electron microscopy and Fourier transformed infrared micro-spectroscopy. Papillary tubular plugs
have been observed by Yasue staining in 23/25 patients (92%) and 52/76 papillae (68%). Most of these plugs were made of
calcium phosphate, mainly carbonated apatite and amorphous calcium phosphate, and rarely octacalcium phosphate pen-
tahydrate. Calcium and magnesium phosphate (whitlockite) have also been observed. Based upon immunostaining coupled
to Yasue coloration, most of calcium phosphate plugs were located in the deepest part of the loop of Henle. Calcium oxalate
monohydrate and dihydrate tubular plugs were less frequent and stood in collecting ducts. At last, we observed calcium
phosphate plugs deforming and sometimes breaking adjacent collecting ducts. Papillary tubular plugging, which may be
considered as a potential first step toward kidney stone formation, is a very frequent setting, even in kidneys of non-stone
formers. The variety in their composition and the distal precipitation of calcium oxalate suggest that plugs may occur in
various conditions of urine supersaturation. Plugs were sometimes associated with collecting duct deformation.
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Introduction

The prevalence of renal lithiasis has increased over the last
decades [1-4]. However, the exact origin of kidney stones
is still a matter of debate. Three pathways for initial crystal-
line germ nucleation and growth have been proposed: (1)
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nucleation of crystals on a Randall’s plaque at the tip of the
papilla, (2) growth in renal cavities and (3) formation of
tubular plugs [5]. Development of endoscopic procedures
has recently allowed to visualize both Randall’s plaque and
tubular plugs at the tip of papillae. Randall’s plaques were
first described by Alexander Randall eight decades ago [6].
Randall’s plaques are discrete, flat layers of calcification
arising in the interstitium of renal papillae. Development of
these deposits and urothelium erosion would provide nuclei
for calcium oxalate stone formation [7]. These plaques are
found in a large number of calcium oxalate stone formers but
also in the absence of nephrolithiasis [8]. Tubular plugs are
described as apatite deposits in renal tubules. They represent
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a common phenomenon in stone formers [9]. Tubular plugs
have been associated with epithelial cell damaging, intersti-
tial fibrosis, papillary scarring and nephron loss [10]. Both
Randall’s plaques and tubular plugs are thought to be precur-
sors for idiopathic calcium oxalate stone formation [6—10].

Randall’s plaque surface has been shown to be related to
stone formation risk factors such as the decrease of diuresis
volume and urinary pH and the increase of calciuria [11].
It has also been related to the amount of lithiasis clinical
events. Tubular plugs seem to be related to high urinary
pH, lower citraturia and increased calcium phosphate super-
saturation [10, 12]. They are thought to be more involved
than Randall’s plaque in case of stone formation post-bypass
surgery, brushite stone, hyperparathyroidism or renal tubular
acidosis [10, 12].

We previously analysed human papillae from healthy
parts of kidneys removed for cancer [13]. As nephrolithi-
asis is a very frequent disease affecting more than 10% of
the population, and because urine is a supersaturated milieu,
we hypothesized that normal kidney would be the siege of
incipient stone formation in tubules and actually, we have
been surprised not only by the high frequency of incipi-
ent Randall’s plaque but also papillary tubular plugs [13].
Our purpose is to perform a descriptive analysis of papil-
lary tubular plugs observed in papillae from non-stone form-
ers. We describe herein that papillary plugs are extremely
frequent and present an unexpected variety of crystalline
phases. In addition, we observe collecting duct deformation
at the contact of tubular plugs formed in the loop of Henle.

Materials and methods
Papillae collection

We studied kidneys removed for cancer from 25 patients
between 2011 and 2014 as previously described [13].
Patients gave a written consent in the Urology Unit relative
to kidney removal and tissue conservation. Therefore, 76
papillae have been anonymously collected and coded after
extemporaneous examination and no data relative to patients
have been recorded according to French legislation and Hel-
sinki declaration for patient’s safety, except for the age and
the sex of the patient. Papillae (with adjacent inner and outer
medulla) have been embedded in paraffin after fixation by
formaldehyde.

Yasue staining and immunohistochemical analyses

Tissue sections (4 um) have been performed and stained
by the Yasue procedure to reveal tissue calcifications. To
assess the topography of incipient plugs, Yasue staining
has been followed by classical immunostaining. Proximal

convoluted tubules and descending loops of Henle were
immunostained with a rabbit anti-aquaporin 1 (AQP1) anti-
body (1:600, SC-20810 clone H-55, Santa Cruz Biotechnol-
ogy). Ascending loops of Henle were immunostained with a
mouse monoclonal anti-Barttin antibody (1:100, SC-365161
clone A-3, Santa Cruz Biotechnology). Distal convoluted
tubules and, to a lesser extent, collecting ducts were immu-
nostained with rabbit anti-WNK 4 antibody (1:400, clone
NB600-284, Novus Bio). Collecting ducts were immu-
nostained with a goat anti-aquaporin 2 (AQP2) antibody
(1:200, SC-9882 clone C-17, Santa Cruz Biotechnology).
Samples were revealed with Single Stain MAX PO (mouse,
rabbit or goat) Histofine (Nichirei Biosciences, Japan). For
negative controls, the primary antibodies were replaced by
an equal concentration of rabbit or mouse IgG (Dako).

Field emission-scanning electron microscopy
(FE-SEM)

Tissue sections (4 um) were investigated with a Zeiss
SUPRA™S55VP field emission-scanning electron micro-
scope (FE-SEM). Measurements were performed at a low
voltage (1.4 keV) and without the usual deposits of carbon
at the surface of the sample.

FTIR micro-spectroscopy

Microcalcifications were characterized using Fourier trans-
form infrared micro-spectroscopy (u-FTIR). Tissue sections
(4 um) were deposited on low-emission microscope slides
(MirrIR, Keveley Technologies, Tienta Sciences, Indianapo-
lis). FTIR analysis was performed in serial sections adjacent
to tissue sections stained with Yasue technique. FTIR hyper-
spectral images were recorded with a Spectrum spotlight 400
FT-IR imaging system (Perkin Elmer Life Sciences, Courta-
boeuf, France), with a spatial resolution of 6.25 microme-
tre and a spectral resolution of 8 cm™'. The spectra were
recorded in the 4000-700 cm™' mid-infrared range. Each
spectral image covering a substantial part of the tissue con-
sisted of about 30,000 spectra.

Results
High frequency of tubular plugs

Among 25 kidneys removed for cancer, we analysed 76
papillae in the healthy parts of the kidney for a median of
three papillae per patient. For each patient, we analysed one
4-um-thick section of the papilla, cut in the longitudinal
axis. As previously described, we distinguished distal inter-
stitial structures (incipient Randall’s plaques) from intratu-
bular plugs [13]. Sixty-eight percent (52/76) of the papillae



sections and 92% of the patients (23/25) had tubular plugs  plugs were found (mean five plugs/papilla section); relevant
observed using Yasue histological techniques. In total, 386 ~ examples are shown in Figs. 1, 2, 3 and 4.
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Fig. 1 Carbonated apatite plug. a Yasue staining (photonic microscopy, X 600) and b, ¢ scanning electron microscopy (X 250 and x 1000). d
Plug reflectance FTIR cartography. e Reflectance spectrum showing a peak at 1032 cm™!, specific for apatite (theoretically around 1030 cm™")
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Fig.2 Mixed carbonated amorphous calcium phosphate (ACCP) and Plug reflectance FTIR cartography. e Reflectance spectrum showing
carbonated apatite (CA) plug. a Yasue staining (photonic microscopy, a smooth and rounded peak between 1034 and 1098 cm™! specific for
X 600) and b, ¢ scanning electron microscopy (X 250 and x 1000). d ACCP with a high carbonate rate (peaks at 875 and 1420 cm™")
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Fig.3 Whitlockite plug. a Yasue staining (photonic microscopy, a peak at 1081.2 cm™' (theoretically around 1080 cm™") with a left
X 600) and b, ¢ scanning electron microscopy (X 250 and x 1000). d shoulder at 1128 cm™! and a right shoulder at 993 cm™! specific for
Plug reflectance FTIR cartography. e Reflectance spectrum showing whitlockite
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Fig.4 Calcium oxalate plug. a Yasue staining (photonic microscopy, 1311.3 cm™' (theoretically around 1310 cm™) specific for calcium
X 600) and b, ¢ scanning electron microscopy (X 250 and X 1000). oxalate and at 911.85 cm™! (theoretically around 912 cm™!) and
d Plug reflectance FTIR cartography. e Reflectance spectrum show- 950.59 cm™! (theoretically around 950 cm™) indicating the presence

ing peaks at 778.69 cm™! (theoretically around 780 cm™') and of both COD and COM, respectively



High variety of crystalline phases forming tubular
plugs

We analysed 110 tubular plugs from 24 papillae (14 patients)
by UFTIR spectroscopy to characterize crystalline phases.
Seven compounds have been identified: carbonated apatite
(CA; 90/110), amorphous carbonated calcium phosphate
(ACCP; 79/110), calcium oxalate monohydrate (COM;
10/110), calcium oxalate dihydrate (COD; 5/110), calcium
carbonate (calcite; 3/110), whitlockite (3/110) and octacal-
cium phosphate pentahydrate (OCP; 1/110). The various
crystalline phases present in plugs, papillae and patients
are summarized in Table 1. Although CA and ACCP were
observed in many papillae and patients, OCP was observed
in only one individual, calcium oxalate was observed in only
one patient (but in several papillae), as well as calcite and
whitlockite (Figs. 1, 2, 3, 4).

In many cases, two different crystalline phases were asso-
ciated components of a single plug (Table 2). The associa-
tion between CA and ACCP was frequent and identified in
60.9% (67/110) of the plugs. Calcium oxalate was observed
in 9.1% (10/110), either pure COM in 4.5% (5/110) of plugs
or mixed COM + COD in 4.5% (5/110) of plugs, all these
calcium oxalate plugs were observed in only one individual
and did not contain calcium phosphate.

Plugs’ topography
We performed Yasue staining coupled to immunohistochem-

istry to determine plug localisation along the nephron, in 25
papillae, with inner and outer medulla. Proximal convoluted

tubules and descending loops of Henle were labelled with
anti-aquaporin 1 (AQP1) antibody, ascending loops of Henle
with anti-Barttin antibody, distal convoluted tubules with
anti-WNK4 antibody and collecting ducts with anti-AQP2
antibody. In most cases, there was no colocalization of tubu-
lar plugs with AQP1, AQP2, Barttin or WNK4 staining, evi-
dencing that most of the plugs were present in the deepest
part of the loop of Henle (Fig. 5b—d, f). In rare cases, cal-
cium phosphate plugs were found in WNK4-positive struc-
tures, i.e. distal tubule (Fig. 5d). A notable exception was the
exclusive presence of calcium oxalate plugs in the collecting
ducts expressing AQP2 (Fig. 5a).

Tubular remodelling in contact with plugs

In many patients, calcium phosphate tubular plugs probably
present in the thin ascending loop of Henle (not expressing
AQP1, Barttin, WNK4 or AQP2) were able to deform and
sometimes to tear up the adjacent collecting duct epithelial
cells (Fig. 6a—f).

Discussion

Although urolithiasis is a growing public heath challenge
worldwide, the first step of kidney stone formation is still
a matter of debate. It seems likely that crystal adhesion to
epithelial tubular cells may initiate the process [14]. Cellular
and rodent models are of interest to characterize the early
phases of stone formation and evidence the importance of
calcium oxalate or calcium phosphate tubular plugging [15].

Table 1 Number of plugs, CA ACCP coM CcoD Calcite  OCP Whitlockite

papillae and patients (%) for

each identified crystalline phase Plugs 90 (81.8%) 79 (71.8%) 10(9.1%) 5(4.5%) 3Q2.7%) 109%) 3 (2.7%)
Papillac 24 (100%) 20 (83.3%) 3(12.5%) 283%) 1(42%) 1(42%) 1(4.2%)
Patients 14 (58.3%) 12 (50%) 1(71%)  1(7.1%) 1(71%) 171%)  1(7.1%)

ACCP amorphous carbonated calcium phosphate, CA carbonated apatite, COM calcium oxalate monohy-
drate, COD calcium oxalate dihydrate, OCP octacalcium phosphate pentahydrate

Table 2 Number of plugs CA

- ) ACCP CcoM CoD Calcite ~ OCP Whitlockite
containing pure or mixed
crystalline phases CA 17 (15.5%)  67(60.9%) 0 0 3Q7%) 109%) 2(1.8%)
ACCP 9 (8.2%) 0 0 0 0
COM 5(4.5%) 5(45%) 0 0 0
COD 0 0 0 0
Calcite 0 0 0
OCP 0 0
Whitlockite 1(0.9%)

ACCP amorphous carbonated calcium phosphate, CA carbonated apatite, COM calcium oxalate monohy-
drate, COD calcium oxalate dihydrate, OCP octacalcium phosphate pentahydrate
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Fig.5 Immunohistochemistry and Yasue staining (photonic micros-
copy, X 600). a AQP2-positive colocalization (calcium oxalate), b
AQP2-negative colocalization (calcium phosphate), ¢ AQP1-negative

Nevertheless, these models do not reproduce human kidney
stone disease by many aspects (kidney stone composition,
absence of Randall’s plaque, etc.). The main purpose of
this study was to analyse incipient papillae calcifications to
draw up an inventory of the renal calcifications that may be
observed in “normal” papillae, and to assess the early pro-
cesses potentially leading to kidney stone formation.

We have been previously surprised by the frequency of
tubular plugs in non-stone formers’ kidneys [13]. These
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colocalization, d Barttin-negative colocalization, e WNK4-positive
colocalization, f WNK4-negative colocalization

plugs may co-exist with Randall’s plaque in the same papilla
but their spatial distribution is different: incipient plaques
are interstitial deposits limited to the tip of the papilla and
surrounding a large number of tubular or vascular lumens,
whereas plugs are present inside the tubule, often isolated
and sparse in the papilla. Of notice, we analysed a single
4-um-thick section for each papilla, so that we obviously
underestimated the frequency of tubular plugs. Even in these
limiting conditions, we observed tubular plugs in 92% of



Fig.6 Collecting duct deformation induced by crystalline plugs.
Immunohistochemistry and Yasue staining (photonic microscopy,
X 600). Crystalline plugs promote collecting duct deformation (a—d)
and in some cases rupture of the epithelium (e—f) (red arrows). Immu-

patients. Since we collected papillae slices, we cannot esti-
mate the number of plugs contained in one human papillae;
this would require micro- or nano-computed tomography
analyses of the whole papilla. There is no proof that these
plugs may be the first step toward kidney stone formation but
their high incidence is puzzling and evidences that tubular
plugging is a common mechanism. It would be of interest
to collect papillae from stone formers and to compare the

nostaining corresponds to AQP2/collecting ducts (a, e), WNK4/dis-
tal tubule and to a lesser extent collecting duct (b, d, f) and AQP1/
descending loop of Henle (c)

topography, composition and number of tubular plugs to
non-stone formers papillae, but this stands beyond the scope
of this study. We ignore why there is a such high incidence
of tubular plugs in “normal” papillae but it seems likely that
calcium phosphate supersaturation at the tip of the papilla
is the main driving force leading to plug formation. The
high incidence of plug formation also suggests that other
mechanisms are required before clinical stone formation



and that tubular plugging is not sufficient. Conversely, the
observation of calcium phosphate tubular plugs in human
papillae should not necessarily be considered as a specific
pathological process.

The second matter of interest was the various compo-
sitions of these plugs. As expected, CA and ACCP were
frequently observed, and associated in many cases. We also
observed an OCP plug in one patient. OCP is a rare stone
component in common lithogenic conditions and has been
described in pregnancy-related stones [16]. Pregnancy-
related stones occur rapidly in calcium phosphate supersatu-
ration conditions (high urine pH, hypercalciuria, hyperphos-
phaturia). OCP is an unstable calcium phosphate that may
transform into CA over time and one may hypothesize that
in some individuals, OCP plugs may be a transitory phase
toward CA plug formation. The identification of calcium
carbonate plugs (calcite) was also surprising since pure cal-
cite stones are rare in humans. Calcite formation requires
high pH (carbonate) and high calcium concentration. The
proportion of carbonate is highly variable in calcium phos-
phate kidney stones and it would be of interest to under-
stand in which part of the tubule calcium carbonate may be
observed [17]. Unfortunately, colocalization experiments in
this patient were not contributive. We also observed calcium
and magnesium phosphate (whitlockite) in one individual.
Whitlockite may be identified in infection stones and we pre-
viously identified by FTIR large amounts of whitlockite in
incipient Randall’s plaque [13, 18, 19]. The patient affected
by whitlockite plugs had also abundant interstitial calcifi-
cations (Randall’s plaque). Interestingly, brushite signature
has not been identified in any case, although its presence in
tubular plugs has been mentioned previously [20]. One may
hypothesize that brushite plugs may be observed in kidney
stone formers only.

We did not find any colocalization of calcium phos-
phates with AQP1 or Barttin. In some exceptional cases,
we identified calcium phosphates plugs in collecting ducts
(colocalization with AQP2) and sometimes in distal tubule
(colocalization with WNK4). It seems likely that most of
calcium phosphate deposits stood in the deepest part of
the loop of Henle. This is not unexpected. Actually, plugs
are usually considered to result from excessive urinary
supersaturation and calcium concentration is predicted to
be maximal at the tip of the papilla [21]. Accordingly,
plugs were frequent in the papilla and the inner medulla
but sparse in the outer medulla and cortex. Interestingly, in
the papillae in which calcium oxalate was found, no asso-
ciation with phosphates was observed. Moreover, COM
and COD crystalline plugs stood in moderately dilated
collecting ducts expressing AQP2. This observation is in
accordance with preliminary reports evidencing calcium
oxalate plug formation in collecting ducts [10]. COM
and COD plugs found in dilated collecting ducts suggest

either that multiple plugs were responsible for upstream
duct dilation, or that dilated collecting ducts disturb urine
flow, promoting calcium oxalate crystals retention.

An unexpected finding was the observation in several
patients that plugs could deform adjacent structures, espe-
cially collecting ducts and in some cases promote collect-
ing duct epithelium rupture. Whether this process allows
elimination of large plugs in urine through collecting ducts
remains to be confirmed. Interestingly, animal models of
kidneys stones and nephrocalcinosis were characterized
by calcium phosphate plugs in kidney tubules and crystal
translocation to the interstitium, highlighting that calcium
phosphate deposits can, in some conditions, cross the epi-
thelium [22, 23]. Long-term experimental animal models
of intratubular calcium phosphate precipitation could be of
help to analyse whether calcium phosphate tubular plugs
are able to promote collecting duct deformation and at last
their rupture.

The major limit of our study is the absence of clinical
data, due to study design. We were, therefore, unable to
correlate urine biochemistry to the presence of plugs or
to their composition. Further, we presumed that tubular
plugs may be a first step toward kidney stone formation
but we ignore whether plugs present in the ascending
loop of Henle could migrate downstream, toward collect-
ing duct and renal cavities. According to tubule diameter
downstream of the thin part of the loop of Henle, this
hypothesis seems likely but remains speculative. At last,
we are extremely cautious with our results relative to plug
localization in the tubular lumen. Actually, massive plugs
may mask epithelial cells, this is the reason why we did
not provide quantitative data regarding plug localization.
The observations reported above deserve further studies.
As nephrolithiasis is a frequent disease, the collection of
healthy papillae from stone formers affected by cancer
should be possible in the long term, and a comparison
between papillae from stone formers and non-stone form-
ers could provide meaningful outcomes.

Conclusion

The systematic analysis of renal papillae sections from non-
stone formers highlights that tubular plug formation is a very
frequent process probably affecting most of the people. The
polymorphism and the unexpected variety of these plugs
suggest that their composition may vary according to urine
composition and to the part of the nephron where they form.
In addition, tubular plasticity in response to these plugs is
impressive. The observation of tubular plugs deforming and
sometimes eroding collecting ducts deserves further studies
to understand their potential role in kidney stone formation.
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