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1 |  INTRODUCTION

Kidney stone prevalence continues to increase, reaching as 
high as 14.8%, and more than half of affected individuals will 
have a stone recurrence within 10 years of their first episode 
(Khan et al., 2016). Health costs in the United States for kid-
ney stone treatment and management currently exceed $10 

billion annually (Scales et al., 2016). Risk factors for nephro-
lithiasis—including diabetes, hypertension, and obesity—are 
also on the rise.

Surprisingly, very little is known about the precise mech-
anisms of kidney stone growth. Meticulous efforts have been 
made to grow calcium oxalate (CaOx) stones in vitro, includ-
ing control of composition and temperature over periods of 
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Abstract
The molecular mechanisms by which kidney stones grow are largely unknown. Organic 
molecules from the urine combine with mineral crystals to form stones, but analysis 
of the stone matrix has revealed over a thousand different proteins, with no clues as to 
which are important for stone growth. Molecules that are present in every layer of a stone 
would be candidates for having an essential function, and thus the analysis of the stone 
matrix at a microscopic level is necessary. For this purpose, kidney stones were dem-
ineralized, sectioned, stained, and imaged by microscopy, using micro CT for precise 
orientation. Histological staining demonstrated heterogeneity in the density of adjacent 
layers within stones. Additional results also showed brilliant and unique autofluores-
cence patterns in decalcified nephroliths, indicating heterogeneous organic composition 
in adjacent layers. Regions of calcium oxalate (CaOx) stones were dissected using laser 
microdissection (LMD) for protein analysis. LMD of broad regions of demineralized 
CaOx stone sections yielded the same proteins as those found in different specimens of 
pulverized CaOx stones. These innovative methodologies will allow spatial mapping of 
protein composition within the heterogeneous stone matrix. Proteins that consistently 
coincide spatially with mineral deposition would be candidates for molecules essential 
for stone growth. This kind of analysis will be required to assess which of the thousand 
proteins in the stone matrix may be fundamental for stone growth.
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weeks (Chow et al., 2004a, 2004b), but the “stones” produced 
consisted of fragile material that disintegrated when touched 
(Ananth et al., 2002).

The failure of inorganic solutions to produce a stone with 
the hardness typical of nephroliths points to some role of 
the organic matrix in stone formation. It has been suggested 
that the deposition of the stone matrix is primary in form-
ing a stone, with crystal deposition within the matrix being 
a secondary event (Boyce,  1968; Boyce & Sulkin,  1956). 
Ultrastructural analysis of CaOx stones suggests that each 
mineral crystal is surrounded by a layer of matrix (Evan 
et al., 2007; Khan & Hackett, 1993).

Proteomic analysis of the CaOx kidney stone matrix has 
revealed the presence of over a thousand different proteins 
(Witzmann et  al., 2016). How can one sort through so many 
possible molecules to see which ones might be fundamental for 
stone growth? One approach would be to find out which proteins 
are present in every mineral layer, hypothesizing that if a protein 
is fundamental to stone growth, it would necessarily always be 
present. The present study utilized the micro CT orientation 
of stones during demineralization, embedment, and section-
ing, and subsequent analysis of matrix layers by fluorescence 
microscopy, immunohistochemistry, and regional proteomics 
using laser microdissection (LMD). This novel approach shows 
promise of being capable of distinguishing proteins that are uni-
versally present from those that occur in only some mineral lay-
ers and thereby could identify proteins that would be candidates 
for possessing essential function in stone growth.

2 |  METHODS

2.1 | Stone specimens

Stones were collected during endoscopic procedures as 
part of an IRB-approved study (IU IRB #1010002261) or 
were received as cast-offs from a local stone analysis fa-
cility (Beck Analytical Services). These stones came to 
us without any other patient or clinical identifiers. Stones 
were photographed, dried, and scanned using micro CT 
(Skyscan 1172 Micro CT system; Bruker-Micro CT) with 
final voxel sizes of 2–8 µm. Kidney stones reported in this 
paper include only those for which CaOx monohydrate 
(COM, crystal name: whewellite) was the majority mineral. 
Mineral identifications were confirmed using infrared spec-
troscopic methods (Williams et al., 2010).

2.2 | Kidney stone preparation and 
demineralization

Kidney stones were embedded in 6%–7% Knox gelatin (Kraft 
Foods) or HistoGel (Thermo Fisher Scientific) and scanned 

by micro CT to confirm orientation. Subsequently, the gel 
embedded stones were immersed in a 1:1 ratio of 5% para-
formaldehyde and 10% ethylenediaminetetraacetic acid, pH 
7.4, at room temperature, refreshed daily. Demineralization 
was deemed to be complete when the stone was invisible by 
micro CT (Figure 1).

2.3 | Kidney stone histology

Demineralized stones were dehydrated through a series of eth-
anol concentrations, infiltrated, and embedded in a 1:1 mix-
ture of Paraplast X-TRA (Fisher Scientific) and Peel-Away 
Micro-Cut (Polysciences Inc.). Sections were cut at 6–8 µm. 
Hematoxylin and eosin (H&E) and Yasue staining were used 
for histological analysis (Evan et al., 2003). Unstained serial 
sections of kidney stones were also imaged by fluorescence 
using a Leica TCS SP8 confocal imaging system (excitation at 
405, 488, 552, and 643 nm) for native fluorescence.

2.4 | Super-Resolution Auto-Fluorescence

Super-resolution auto-fluorescence (SRAF) imaging analy-
ses of decalcified COM stone matrix were run in the Core 
Facilities of the Carl R. Woese Institute for Genomic Biology 
at the University of Illinois Urbana-Champaign. Images 
were acquired on a Zeiss LSM 880 Airyscan SRAF system 
(Sivaguru et al., 2018).

2.5 | Immunostaining

Kidney stone sections were deparaffinized and rehydrated, 
and antigen retrieval was performed in preheated sodium cit-
rate buffer, pH 6.0. Subsequently, sections were incubated 
with a sheep polyclonal antibody against human Tamm–
Horsfall Protein (THP; Millipore) and stored at room tem-
perature overnight. THP immunoreactivity was assessed 
using a rabbit anti-sheep IgG secondary antibody conjugated 
with horseradish peroxidase and visualized with 3,3′-diam-
inobenzidine tetrahydrochloride hydrate. The sections were 
counterstained with hematoxylin and viewed using a Leica 
DM3000.

Sections of stones were mounted on membrane slides for 
the “move and cut” mode of a Leica LMD 6 microscope in-
strument (Micanovic et al., 2015).

2.6 | Regional proteomics using LMD

Sections were deparaffinized and stained with either H&E or 
1% methylene blue. Bulk regions of the stone matrix layers 
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were dissected via LMD and collected in phosphate buffer. 
Extracted proteins were digested using Trypsin/Lysine C 
mix proteases and run in a Q Exactive Orbitrap High Field 
Liquid Chromatography/Mass Spectrometry system. Data 
were searched using MaxQuant (version 1.6.10.1) and fil-
tered using False Discovery Rate for α = 0.01. Hierarchical 
clustering analyses of these data were conducted using the 
Perseus computational software (Tyanova et al., 2016).

3 |  RESULTS

3.1 | Micro CT visualization secures and 
guides proper kidney stone orientation and 
demineralization

Micro CT examination ensured proper stone orientation and 
positioning for histological sectioning. The loss of mineral 
density by micro CT provided a direct measure of the ad-
equacy of demineralization. Photographic images in Figure 1 
show an example of Randall's plaque stone undergoing the 
process of demineralization; the stone's overall structure was 
maintained within the gel even after complete demineraliza-
tion (Figure 1c).

3.2 | Histological staining demonstrates 
matrix heterogeneity and confirms the 
complete decalcification of the kidney stones

Hematoxylin and eosin and Yasue staining of kidney stone 
sections showed tightly packed layers in the matrix of this 

F I G U R E  1  Micro CT ensures proper orientation and positioning of Randall's plaque stone for histology and accurately assesses mineral loss. 
(a) A micro CT slice showing the appearance of a stone attached to Randall's (interstitial) plaque. Scale bar = 250 µm. CaOx: calcium oxalate 
(which, in this case, was pure CaOx monohydrate, COM). Photographic images (upper portions of panels b and c) show the stone's overall structure 
within a gel before and after demineralization. The lower panels of b and c show the before and after micro CT “ghost” images of a CaOx stone 
on Randall's plaque undergoing decalcification, with no visibility by micro CT at the end of the process. This stone came from a patient who 
underwent bilateral ureteroscopy for multiple renal stones. The patient was a 78-year-old male, with a history of passing stones. Urine was typical 
for a CaOx stone former, with multiple 24-hr collections averaging 2.9 L volume, pH 6.61, Ca of 278 mg, oxalate of 35 mg, citrate > 1,200 mg, and 
a supersaturation for CaOx of 4.7 and for CaP of 1.6

F I G U R E  2  Hematoxylin and eosin (H&E) and Yasue staining 
show stone matrix heterogeneity. (a) H&E of a decalcified COM 
stone showed evidence of matrix heterogeneity. The various levels of 
staining intensities among the tightly packed layers suggest differences 
in organics throughout the matrix. (b) Yasue staining also clearly 
depicts matrix heterogeneity. Additionally, this staining technique 
verifies the complete demineralization of the stone as indicated by 
micro CT. Scale bars = 50 µm. These specimens came to us de-
identified
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pure COM stone (Figure  2, H&E). Both staining methods 
showed heterogeneity in the density of the stainable organic 
matrix among different layers within the stones. The absence 
of staining for calcium mineral in panel B (Yasue) also veri-
fied the complete demineralization of the stone indicated by 
micro CT.

3.3 | Native fluorescence of the stone matrix 
reveals its molecular heterogeneity by various 
autofluorescent signatures

Figure  3 shows three different decalcified CaOx mono-
hydrate stones taken from three different patients, imaged 
for native matrix fluorescence. Figure  3a shows the same 
stone from Figure 1, whereby the orientation of demineral-
ized stone sections was maintained with high fidelity. The 
demineralized Randall's plaque displayed a unique fluores-
cence pattern in the far-blue region, as we have previously 
described in mineralized plaque (Winfree et al., 2019). The 
CaOx surrounding the plaque region showed multiple ma-
trix layers of differing intensities and fluorescence emission 
spectra, suggesting molecular heterogeneity in the composi-
tion of the matrix. The specific autofluorescent signatures of 
each, plaque and CaOx stone overgrowth regions, describes 
the unique molecular makeup of the calcified papillary inter-
stitium and the calyceal urine-containing space. Furthermore, 
panels B and C show two additional CaOx stones with varied 
native fluorescent signatures, pointing to the molecular het-
erogeneity within the organic matrix of COM.

The examination of a sectioned, decalcified CaOx stone 
using SRAF imaging (Sivaguru et  al.,  2018) is shown in 
Figure 4. The filamentous nature of the matrix and its het-
erogeneity is further revealed by the high-resolution SRAF 
optics (Figure 4d–h).

3.4 | Immunohistochemical staining

Kidney stone sections were also stained for Tamm–Horsfall 
Protein (THP), as shown in Figure 5. Our results consistently 
showed a pattern of alternating THP-rich (black arrowheads) 
and THP-absent layers within the stone matrix of CaOx kid-
ney stones.

3.5 | Regional proteomics using LMD

The process of LMD of a CaOx stone specimen is illustrated 
in Figure 6a. The average area of LMD samples for proteomic 
analysis was 1.64 × 106 µm2, and these samples yielded an av-
erage of 629 distinct proteins. When the concurrent proteomic 
analysis was performed with approximately 100 mg of CaOx 
stone powder, we identified 464 of those 629 proteins. Label-
free quantitative analysis showed a strong correlation in relative 
protein abundance between LMD and pulverized stone samples 
(Figure 6b), thereby validating the LMD-based proteomics ap-
proach. Table 1 summarizes the twenty most abundant proteins 
in both LMD and pulverized CaOx kidney stone samples from 
the hierarchical clustering analysis from Figure 6c.

F I G U R E  3  Heterogeneity of native fluorescence in stone matrices. (a) The decalcified stone (from Figure 1) displayed fluorescence in 
the far-blue region in the area that used to be apatite rich (Randall's plaque). The upper right inset shows a micro CT slice of the stone prior to 
demineralization, in approximately the same plane as the histologic section. The lower right inset shows an enlargement of the CaOx matrix 
layers of differing intensities and colors. (b) The stone matrix in this panel depicts different levels of fluorescence intensities and colors from two 
other patient specimens (both de-identified); additionally, microscopic organic aggregates can be appreciated (white arrowheads). (c) Fluorescent 
aggregates (white arrowheads) can also be seen in the matrix of this stone. Further, this stone possessed pronounced differences in fluorescence 
color between adjacent layers, indicating evident heterogeneity in matrix composition. Scale bars = 100 µm
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4 |  DISCUSSION

The work described here illustrates an innovative method to 
study the kidney stone matrix and to explore its molecular 
(organic) content. Although investigators have previously 
demonstrated the feasibility of demineralizing and sec-
tioning kidney stones to study the organic matrix (Chow 
et al., 2004a), we not only optimized this histological tech-
nique but extended its utility by methodically applying 
two novel and critical techniques: (a) micro CT was used 
to assess the degree of stone demineralization and, more 
critically, for the precise positioning and orienting of the 
nephroliths for histological sectioning, and (b) LMD was 
used for analyzing specific regions of interest of the stone 
matrix. Moreover, we demonstrate the advantage of these 
innovative methodologies by yielding significant proteomic 
data with laser microdissected samples and demonstrate 

strong proteomic correlation in agreement with pulverized 
stone samples. The ability to apply histochemical and prot-
eomic techniques to kidney stones enables an in-depth mo-
lecular interrogation that has not been demonstrated before 
and should aid in understanding the initiation and propaga-
tion of stone growth.

The organic matrix in CaOx stones appears to be het-
erogeneous. This is particularly apparent in the fluores-
cence images (Figures 3 and 4), indicating that the nature 
of the matrix can be different in adjacent layers. Of note, 
a mixed kidney stone with majority uric acid composition 
also demonstrated apparent heterogeneity by histologic 
staining and autofluorescence (Fig. S1). The preliminary 
work with immunohistochemical analysis for THP—the 
most abundant of the urinary proteins (Figure 5)—showed 
that layers of the stone matrix could be either devoid of 
or rich in THP- (Fig. S2). This suggests, then, that THP 

F I G U R E  4  Super-resolution auto-fluorescence (SRAF) imaging renders the finer resolution of the heterogeneous stone matrix. (a) Low-power 
SRAF image of a CaOx stone matrix (blue-405 nm excitation, 420–480 nm emission channel pseudo-colored green, scale bar = 20 µm). (b) Low-
power SRAF image (red-561 nm excitation, 575–615 nm emission channel pseudo-colored red). (c) Merged images of a and b. (d) High-power 
SRAF image of d–f box in c (blue-405 nm excitation, 420–480 nm emission channel pseudo-colored green, scale bar = 5 µm). (e) High-power 
image of box d–f box in c (red-561 nm excitation, 575–615 nm emission channel pseudo-colored red). (f) Merger of d and e. (g) Enlargement 
of box g in c with merged images of blue and red channels pseudo-colored green and red, respectively. Arrowheads indicate organic aggregates 
entrapped within the stone matrix (scale bar = 5 µm). (h) Enlargement of box h in f merged images of blue and red channels pseudo-colored green 
and red, respectively. Arrows indicate locations of green and red channel overlaps, indicating heterogeneity within the filamentous stone matrix 
(scale bar = 5 µm). Although the bulk of this specimen was composed of COM, the polygonal shapes of the empty spaces in panels a through c 
suggest the previous presence of the dihydrate form of CaOx (Sivaguru et al., 2018)
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is unlikely to be a urine protein that is essential for the 
growth of a stone, as it was undetectable in some layers 
of the stone.

The number and diversity of proteins found in these pre-
liminary studies using LMD sections are consistent with what 
has previously been published for larger stone specimens 

F I G U R E  5  Alternating layers of Tamm–Horsfall Protein (THP) in the stone matrix is revealed by immunohistochemistry of CaOx stone 
matrix. No primary antibody controls (Panels a and c). Panel b shows THP reactivity (black arrowheads) in the thick ascending limbs (TAL) of a 
human kidney section (renal cortex). Immunohistochemistry staining of CaOx stone matrix with THP shows THP-rich layers (black arrowheads) 
and THP-absent layers in the matrix of decalcified CaOx stones (Panel d). Scale bar = 50 µm. This specimen had a mixed composition, (86% 
COM, 7% uric acid, and 7% apatite). The patient had undergone bilateral percutaneous stone removal, and 24-hr urine analyses averaged 1.8 L, pH 
of 6.10, Ca 241 mg, oxalate 49 mg, citrate 747 mg, with supersaturations of 8.1 for CaOx and 1.38 for CaP

F I G U R E  6  Laser microdissection (LMD) facilitates the proteomic spatial mapping of CaOx stones. (a) The process of LMD is illustrated 
in the before and after (black arrows) panels for protein extraction (scale bar = 50 µm). (b) Proteins identified in CaOx stone powder and LMD 
sections plotted against one another by their relative label-free quantitation value (LFQ). (c) Unsupervised hierarchical clustering highlighting the 
most abundant proteins identified in both LMD and pulverized CaOx stone samples. AU, arbitrary units
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(Witzmann et al., 2016). The presence of such a large num-
ber of different proteins in the stone matrix is yet to be ex-
plained, but it is possible that many proteins in urine may 
become part of the stone matrix in a non-specific manner. 
It has been proposed that certain proteins are key in the for-
mation of a stone (Boyce, 1968), and that others may simply 
accumulate through long-term exposure of the stone to urine 
(Witzmann et  al.,  2016). If this is the case, then it will be 
important to sort out which proteins are key, and which are 
simply adventitious.

The proteomic analysis of LMD sections from demineral-
ized stones opens the possibility of analysis of specific layers 
within a single stone. Such work should be able to identify 
proteins that are present in all stone layers. Such proteins 
would then be candidates for focused study of their effects 
on the mineral deposition, perhaps using one of the mod-
ern methods that allow microscopic monitoring of mineral 
growth, in vitro (Singh et al., 2017).

5 |  CONCLUSIONS

Future studies of the stone matrix will aid in describing the 
mechanisms of mineral and organic layer deposition. Spatial 

mapping of the stone proteome will undoubtedly lead to a 
better understanding of stone initiation including renal an-
choring mechanisms (i.e., Randall's plaque and/or ductal 
plugging). Thus, utilization and optimization of these novel 
techniques can begin to unlock the mysteries of CaOx min-
eral initiation and propagation.
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