www.nature.com/scientificreports

scientific reports

W) Check for updates

Quantitative X-ray tomographic
analysis reveals calcium
precipitation in cataractogenesis

Yuxing Li%2, DilworthY. Parkinson?, Jun Feng?, Chun-hong Xia® & Xiaohua Gong***

Cataracts, named for pathological light scattering in the lens, are known to be associated with
increased large protein aggregates, disrupted protein phase separation, and/or osmotic imbalances in
lens cells. We have applied synchrotron phase contrast X-ray micro-computed tomography to directly
examine an age-related nuclear cataract model in Cx46 knockout (Cx46KO) mice. High-resolution 3D
X-ray tomographic images reveal amorphous spots and strip-like dense matter precipitates in lens
cores of all examined Cx46KO mice at different ages. The precipitates are predominantly accumulated
in the anterior suture regions of lens cores, and they become longer and dense as mice age. Alizarin
red staining data confirms the presence of calcium precipitates in lens cores of all Cx46KO mice. This
study indicates that the spatial and temporal calcium precipitation is an age-related event associated
with age-related nuclear cataract formation in Cx46KO mice, and further suggests that the loss of
Cx46 promotes calcium precipitates in the lens core, which is a new mechanism that likely contributes
to the pathological light scattering in this age-related cataract model.

Cataracts, named for lens opacity, are clinically examined by a light imaging-based slit-lamp microscopy and are
evaluated for the degree of opacities according to Lens Opacities Classification System III (LOCS III)!. Cataract
etiology is related to gene mutations, aging, radiation, metabolic diseases such as diabetes, and many other risk
factors. Extensive biochemical, molecular and cellular biological, and biophysical studies in vitro indicate that
the lens light scattering is associated with increased abnormal lens protein aggregates, disrupted osmotic bal-
ances of lens cells, and/or altered phase separation of crystallin proteins. However, there are limited studies to
directly address the actual components that cause abnormal light scattering of cataracts in live lenses, animals,
or human subjects. Such knowledge is critical for further understanding the molecular and cellular mechanisms
of cataract formation and lens pathology in vivo.

The lens is an avascular organ composed of a monolayer of epithelium covering the anterior side of bulk of
elongated fiber cells, and it is wrapped by a basement membrane called lens capsule. The lens grows throughout
life; equatorial surface epithelial cells differentiate into elongated fiber cells that precisely overlay onto previous
generations of fiber cells, and interior fiber cells undergo cell maturation to eliminate intracellular organelles
including nucleus, mitochondrion, endoplasmic reticulum and Golgi apparatus for lens transparency®’. Lens
homeostasis has been suggested to rely on an internal circulation system, in which sodium ionic currents enter
from anterior and posterior regions into interior lens fibers, and they then pass through intercellular gap junc-
tion channels to reach lens equatorial surface fibers and epithelial cells to be transported out of the lens by
sodium-potassium ATPase pumps®*. Disruption of either Cx46 or Cx50, encoded by Gja3 or Gja8 genes, abol-
ishes intercellular gap junction communication to impair fiber-to-fiber coupling, which disrupts lens current
circulation and homeostasis, leading to different types of cataracts and/or smaller lenses®. Mutations of Cx46
and Cx50 have been reported to be associated with different types of cataracts in humans!®-'3,

Cx46 knockout (Cx46KO) mice develop a postnatal age-related nuclear cataract and abnormal light scattering
in the lens core'*~'. The severe nuclear cataract of Cx46KO lenses is associated with increased water-insoluble
crystallin proteins and increased protein degradation in the lens core. Moreover, mouse strain backgrounds also
significantly affect the cataract severity. Severe nuclear cataracts appear in Cx46KO lenses of 129 (both 129Svjae
and 129Sv]) strains while mild nuclear cataracts develop in the C57BL/6] (B6) strain'’.

Calcium elevation and the presence of calpain3 protease have been reported to be directly associated with
severe nuclear cataracts in Cx46KO lenses'*1%18, Thus, light scattering of severe nuclear cataracts is suggested to
be associated with the calpain3-mediated cleavage of crystallin proteins to trigger abnormal protein aggregates
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Figure 1. Micro computed-tomographic (uCT) image scanning of fresh mouse lenses. (a) A uCT scanner
includes a rotation system for placing the lens sample to be examined by the synchrotron beam, and a detector
for collecting phase-contrast images. (b) Lens images of 129 wild-type (129WT), 129 Cx46KO, and 129/B6
Cx46KO mice at postnatal days 23-31 under the dissecting microscope. Anterior lens views and equatorial
views of some lenses were shown; the anterior (A) and posterior (P) poles were indicated on the left image of the
equatorial images. Scale bar: 0.5 mm.

that directly cause light scattering in the Cx46KO lens cores. However, the biophysical and biochemical nature
of the components that cause cataractous light scattering in vivo has never been directly examined in Cx46KO
lenses due to the lack of appropriate technology.

Without the injection of contrast agents, synchrotron X-rays with an energy of 20 keV provide a novel bio-
medical imaging approach for biological samples'-?!. High-resolution X-ray CT phase-contrast image analysis
has previously been reported to examine enucleated and intracranial rabbit eyes* and internal structures of
formalin-fixed monkey eyes?. Here we report a study of mouse Cx46KO live lenses using three-dimensional
(3D) morphometric analysis of micro computed-tomography (uCT) images**?*. High-resolution 3D X-ray phase-
contrast images reveal age-related increases in the amount and distribution of calcium precipitates, matching
age-related nuclear cataracts in Cx46KO lens cores. This work sheds light on new mechanistic information about
how accumulated calcium precipitates contribute to age-related nuclear cataracts in Cx46KO mice.

Results
X-ray electron-dense precipitates are highly accumulated in Cx46KO nuclear cataract. Phase
contrast uCT with Beamline 8.3.2 at the Advanced Light Source was used for acquiring the X-ray tomography
of fresh lenses from 129 wild-type (WT), 129 Cx46KO and 129/B6 Cx46KO mice (Fig. 1a). As expected, 129WT
lenses were clear and Cx46KO lenses showed age-related nuclear cataracts. The 129 Cx46KO lenses at postnatal
day 31 (P31) had more severe nuclear cataract than P27 129 Cx46KO lenses, and P31 129/B6 Cx46KO lenses
also showed more severe nuclear cataract than P23 129/B6 Cx46KO lenses (Fig. 1b). These fresh lenses were
subjected to 3D pCT imaging analysis. We performed 3D uCT imaging on a total of eight lenses: two wild-type
lenses at P21 and P27, and six Cx46KO lenses, including three 129 Cx46KO lenses (one at P27 and two at P31)
and three 129/B6 Cx46KO lenses (one at P23 and two at P31). All Cx46KO lenses had electron-dense matters
named for precipitates in the lens cores while the 129WT lens was transparent without any precipitates. Recon-
structed pCT images, from both anterior view (along the visual axis) and equatorial view (from the lens side,
indicated with A for anterior and P for posterior poles) of 3D imaging data of individual Cx46KO lenses, showed
that these electron-dense precipitates (dark blue dots) were enriched in the anterior parts of Cx46KO lens cores
(Fig. 2a). P31 129 Cx46KO lens displayed more precipitates than P27 129 Cx46KO lens and P31 129/B6 Cx46KO
lens showed more precipitates than P23 129/B6 Cx46KO lens. Thus, we performed detailed quantitative analysis
of these precipitates in individual lenses of P27 and P31 129 Cx46KO, and P23 and P31 129/B6 Cx46KO.
High-magnified equatorial view images depicted the distribution of individually colored precipitates upon
their distances to the lens central point. The close precipitates to lens central points were shown in blue/green
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Figure 2. Lens uCT images show the distribution of electron-dense precipitates in Cx46KO lenses. (a) 3D
visualization of reconstructed uCT images of 129 wild-type, 129 Cx46KO, and 129/B6 Cx46KO lenses, the same
lenses shown in Fig. 1. Each individual lens was used for both anterior and equatorial image analysis. Electron-
dense precipitates, shown as dark blue dots, were only detected in the cataractous regions of all Cx46KO lenses
but not in the wild-type control lens. For the equatorial images, lens anterior (A) and posterior (P) poles were
indicated on the left image. (b) Enlarged equatorial images were false colored depicting the aggregate distance
of individually colored precipitates to the central point of two 129 Cx46KO lenses (P27 and P31) and two 129/
B6 Cx46KO lenses (P23 and P31), magenta/red color representing further away from the center point and blue/
green representing close to the center point. (c) Quantitative distribution graph shows the total number of
individual precipitates versus their distances to the lens center point for the images in (b). The major peak of
precipitates (indicated by an arrow) is located at around 400 um from the lens center point. This peak is higher
in P31 129 Cx46KO than in P27 129 Cx46KO, and it is also higher in P31 129/B6 Cx46KO than in the P23 129/
B6 Cx46KO.

color and the far-away precipitates were shown in magenta/red color (Fig. 2b). Precipitates of P31 129 Cx46KO
and P31 129/B6 Cx46KO lenses formed two enriched shell-like layers in the anterior sides of the lens cores
while precipitates of P27 129 Cx46KO and P23 129/B6 Cx46KO lenses displayed less obvious shell-like layers. A
quantitative analysis of all precipitates versus their distances to the lens centers of four Cx46KO lenses revealed
two peaks about 100 um apart, one located at about 420 pm and the other located at 520 um distances from the
lens center (Fig. 2¢). These two peaks correspond to two shell-like layers in the high-magnified equatorial view
images of P31 Cx46KO lenses.

These results indicated that both the amount and location of these precipitates seemed to be correlated with
age-related nuclear cataract of Cx46KO mice at 129 and 129/B6 strain backgrounds. Therefore, we further per-
formed high-resolution quantitative analysis of precipitates’ geometrical parameters as well as absorption from
these 129 and 129/B6 Cx46KO lenses.

Precipitates predominantly accumulate around the anteriorY suture of Cx46KO lenses. The
analysis of geometrical parameter was applied to characterize these precipitates in the lens cores of all Cx46KO
lenses. The distribution and quantification of precipitates, which were scanned with the resolution of 0.65 um/
pixel, were measured for the Maximum Feret diameter (MFD) that represents the longest dimension of the
precipitates (Fig. 3). The Feret diameter is a measure of an object size along a specified direction and can be
defined as the distance between the two parallel planes restricting the object perpendicular to that direction. All
individual precipitates in both anterior and equatorial views of P27 and P31 129 Cx46KO as well as P23 and P31
129/B6 Cx46KO lenses were colored based on their MFD values with magenta/red for long precipitates and blue/
green for short precipitates (Fig. 3a).

Cx46KO lenses developed age-related nuclear cataracts'®. As expected, both the number and MFD value of
precipitates in the lens core of P31 129 Cx46KO were higher than those of P27 129 Cx46KO, and the precipitate
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Figure 3. Precipitate geometrical parameter measurement of Cx46KO lenses. The same individual lenses

in Fig. 2 were analyzed. (a) The distribution and quantification of precipitates were measured by the Max
Feret diameter (length) in the cataract regions of 129 Cx46KO and 129/B6 Cx46KO lenses, scanned with the
resolution of 0.65 um/pixel. Individual precipitates, in both anterior and equatorial views, were colored based
on the color bar, magenta/red for long precipitates and blue/green for short precipitates. Lens anterior (A)

and posterior (P) poles were indicated on the left equatorial image. (b) A bar graph shows Max Feret diameter
measurement of four different Cx46KO lenses. (c) The relationship between Max Feret diameter and volume
of the precipitates in four different Cx46KO lenses. (d) Heat maps reveal the relationship among aspect ratio,
volume, and number of precipitates in cataracts of Cx46KO lenses.

number and MFD value of P31 129/B6 Cx46KO lens core were higher than those of P23 129/B6 Cx46KO. P31
129 Cx46KO lens core had more long precipitates than P27 129 Cx46KO lens core, and P31 129/B6 Cx46KO had
more long precipitates than P23 129/B6 Cx46KO lens core. Moreover, these long precipitates in P31 129 Cx46KO
and P31 129/B6 Cx46KO lens core were mainly oriented and distributed along elongated fibers in the anterior
Y suture regions (anterior views of Fig. 3a). The Y suture is where the ends of elongated fibers from opposite
sides of the lens contact each other?>?”. The equatorial view of P31 129 Cx46KO and P31 129/B6 Cx46KO MFD
images further confirmed that the precipitates were enriched in two shell-like layers only in the anterior part,
not in the posterior part of the lens core (equatorial view in Fig. 3a). The P27 129 Cx46KO MFD image showed
fewer precipitates than P31 129 Cx46KO, and the P23 129/B6 Cx46KO MFD image had much fewer precipitates
than P31 129/B6 Cx46KO.

A bar graph shows age-related increase of MFD precipitates in Cx46KO lenses of both 129 and 129/B6 strain
backgrounds (Fig. 3b). For example, the changes of the percentages of precipitates that were below 40 um in
MFD measurement were about 99.5% and 94% for P23 and P31 129/B6 Cx46KO samples respectively, and 96%
and 90% for P27 and P31 129 Cx46KO samples respectively. Only P31 Cx46KO samples had precipitates above
100 um but below 200 um. Except for the difference in precipitate number, there is a linear relationship between
precipitate volume and MFD in all individual Cx46KO samples (Fig. 3c). The trend of MFD increase among these
samples was nearly the same, indicating that the chemical nature of precipitates might be the same.

The precipitates were further quantified for the aspect ratio (AR) value, which is the ratio of precipitate size
in different dimensions. AR value varies from 0 to 1 based on the precipitate shape; 0 approximates a long chain
shape and 1 approximates a sphere shape. Heat maps revealed the relationship between AR value, volume and
precipitate numbers in these four Cx46KO lens cores (Fig. 3d). An increase in volume and a decrease in AR
value are synchronous in all Cx46KO samples, indicating that the aggregation of these precipitates preferentially
extends longitudinally rather than as a whole. The P31 129 Cx46KO lens had much more long chain shape pre-
cipitates than P27 Cx46KO lens, and the P31 129/B6 Cx46KO lens contained more long chain shape precipitates
than P23 129/B6 Cx46KO lens. The results match the direct observation of anterior view images (Fig. 3a). Thus,
these data suggest that the longitudinal increase of precipitates is also an age-related change in Cx46KO lens core.
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Figure 4. Absorption measurement and quantification of precipitates in Cx46KO lenses. The same individual
Cx46KO lenses in Fig. 2 were analyzed. (a) Precipitates were measured by absorption per centimeter value

in the cataract regions of 129 Cx46KO (P27 and P31) and 129/B6 Cx46KO (P23 and P31) lenses. Individual
precipitates, in both anterior and equatorial views, were colored based on the color bar, red/orange for high
density precipitates and purple/blue for low density precipitates. Lens anterior (A) and posterior (P) poles were
indicated on the left equatorial image. (b) A graph shows precipitate numbers in different absorption values, the
color bars are the same as in a, representing the regions of all images in (a).

Increased absorption density and precipitate numbers are correlated with cataract sever-
ity. We further carried out absorption measurement and quantification of precipitates in these Cx46KO
lenses (Fig. 4). Absorption per centimeter value is an indicator of the precipitate density. P27 129 Cx46KO and
P23 129 Cx46KO had low-absorption precipitates enriched in anterior parts of the lens cores, while P31 129
Cx46KO and P31 129/B6 Cx46KO showed a dramatic increase of high absorption and stripe-shaped precipitates
which were concentrated in the anterior Y-suture with two shell-like regions (Fig. 4a).

The number of precipitates was further examined for their absorption per centimeter values in a graph, which
was arbitrarily divided into eight color bars—red represents the highest absorption while purple represents the
lowest absorption (Fig. 4b). The majority of the precipitates in P23 129/B6 Cx46KO and P27 129 Cx46KO lens
cores were below 20 absorption/cm, and no precipitates were over 30 absorption/cm. In contrast, a large portion
of precipitates in P31 129/B6 Cx46 and P31 129 Cx46KO were over 20 absorption/cm and some precipitates
were over 30 absorption/cm. In addition, P31 129 Cx46KO showed the highest absorption density and number
of precipitates, with a peak number of precipitates around 25 absorption/cm. Thus, the results suggest that the
precipitates are correlated with age-related nuclear cataracts in Cx46KO lenses.

Alizarin red positive calcium precipitates accumulated in Cx46KO nuclear cataracts. The high
X-ray absorption of these precipitates was consistent with the expected ion absorption like calcium precipitates.
Thus, wild-type, 129 Cx46KO and 129/B6 Cx46 KO lenses were stained with Alizarin red which specifically
binds to calcium precipitates in different cells or tissues.

Alizarin red stained images of 129 WT, 129 Cx46KO and 129/B6 Cx46KO lenses from mice at 3-8 weeks old
are shown (Fig. 5). Images of the same fresh lenses before the Alizarin red staining are displayed (Fig. 5a). Due
to the penetration issue of Alizarin red staining solution, the lens cores were dissected out from these lenses for
Alizarin red staining. The 129WT control lenses had no Alizarin red staining signals while all Cx46KO lenses
displayed Alizarin red positive staining signals (Fig. 5b). Alizarin red stained signals appeared to be punctate dots
in 3-week-old 129 Cx46KO and 129/B6 Cx46KO lenses. However, Alizarin red stained signals became uneven
strips, which were observed at the anterior Y-suture regions in 5-8 weeks old 129 or 129/B6 Cx46KO lenses.
Thus, the Alizarin red staining results further indicate that the accumulation of calcium precipitates occurs as
an age-related event in both 129 and 129/B6 Cx46KO lens cores.

Discussion

X-ray tomographic imaging and cataract diagnosis. X-ray tomographic images reveal that micron-
graded electron-dense precipitates appear only in Cx46KO lens cores, and the distribution and amount of the
precipitates are correlated to age-related nuclear cataract formation. Alizarin red staining results further con-
firm the calcium precipitates in all Cx46KO lenses, which is likely an age-related event in Cx46KO lens cores.
This study indicates that micron-sized calcium precipitates may directly cause abnormal light scattering in the
Cx46KO lens cores. Thus, a loss of Cx46 leads to age-related calcium precipitation; this is a part of the novel
mechanism to cause age-related nuclear cataract in Cx46KO mice.
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Figure 5. Images of different mouse lenses stained for calcium precipitates with Alizarin red. Three to five
lenses from different mice of each genotype were used for staining. (a) Anterior view images of fresh 129 wild-
type, 129 Cx46KO and 129/B6 Cx46KO lenses of mice at ages of 3-8 weeks under the dissecting microscope.
Scale bar, 0.5 mm. (b) Anterior view images of Alizarin red stained lens nuclear regions, which were indicated
by white dash boxes in (a). No Alizarin red staining was detected in 3-week-old or 6-week-old wild-type lens
nuclear regions. Alizarin red staining revealed punctate signals in 3-week-old 129 Cx46KO and 129/B6 Cx46KO
lens nuclear regions while uneven strip signals were mainly observed in 8-week-old 129 Cx46KO and 5-week-
old 129/B6 Cx46KO lens nuclear regions. Y-shape dash lines indicate the lens sutures. Scale bar, 0.1 mm.

Currently, slit-lamp microscopy is widely used in the clinical diagnosis of cataract'. Machine learning has
been gradually applied in slit-lamp image processing and cataract classification®®*. Other technologies such as
B-mode ultrasound, optical coherence tomography (OCT), and magnetic resonance imaging (MRI) are also used
for lens examination®”*!. MRI shows the size and some characteristics of cataracts encountered in pediatric and
young adult patients®>. OCT enables cross-sectional and three-dimensional visualization of ocular structures in
the anterior segment and the retina®**. However, these imaging technologies are restricted by resolution and
unknown cause of light scattering.

The use of X-rays is gradually increasing in eye or lens imaging research. X-ray tomographic analysis can pro-
vide a submicron resolution 3D image of dense precipitates in cataracts of live lenses. A previous imaging study
of the synchrotron X-ray photon in canine cataracts reported that X-ray imaging could efficiently characterize
distributions of tiny light scattering calcification spots and extended areas of fiber cell compaction in the lens®.
The dosage of X-ray in imaging needs to be used carefully to prevent the worsening of lens opacification®. A
feasible study for high-resolution X-ray CT phase-contrast imaging on models of enucleated and intracranial
rabbit eyes without injection of contrast agents was reported recently??. The unique characteristics of synchrotron
radiation allow new advances in biomedical phase contrast imaging'®. High-resolution 3D X-ray CT imaging of
the internal structures of formalin-fixed primate eyes was compared with histological data®. All these studies
indicate that high resolution X-ray tomographic imaging technology has great potential in clinical diagnosis of
calcification related ocular pathology.

Calcium homeostasis and calcium precipitates in connexin mutants. The relationship between
calcium regulation and gap junction has been extensively studied, and the loss of Cx46 or Cx50 leads to a sig-
nificant increase of lens calcium levels'**”. The distribution of calcium precipitates in X-ray tomographic images
of Cx46KO lenses supports that nuclear cataract formation is partly associated with calcium mineralization.
Recent studies have reported that Alizarin red-stained calcium precipitates are correlated with the morphol-
ogy of nuclear opacity in mouse Cx46{s380 homozygous mutant lenses®; the Cx50D47A mutant lenses show a
similar distribution in the lens core with enriched calcium precipitates in the anterior Y-suture regions®. Con-
nexin mutations disrupt calcium homeostasis and cause biomineralization in cataract formation***!. This work
indicates that age-related progression of Cx46KO nuclear cataracts is correlated with the age-related increase of
calcium precipitates in Cx46KO lens cores, especially in the anterior Y-suture regions. Calcium precipitates are
enriched in anterior Y-suture regions of Cx46KO lens cores regardless of 129 and 129/B6 strain backgrounds.

Calcium precipitates are observed in various tissues and organisms in human diseases; studies have been con-
ducted on calcium precipitates in human cataracts*>=*. Calcium precipitates are also observed in animal models
like canine cataracts®. Calcium is known to play essential roles in the development and physiology of the lens,
and calcium elevation is involved in cataract formation?’. It has been reported that ubiquitin K6 mutation alters
unfolding protein response and perturbs gap junction function, resulting in calcium elevation, which induces
calpain activation and cataracts*®. Thus, calcium precipitation seems to be one of the general pathological events
in different cataractous lenses.

Molecular composition of calcium precipitates and lens opacity in Cx46 KO cataract. The
molecular composition of calcium precipitates in Cx46KO lenses and in cataracts caused by other connexin
mutations is unclear. Cataract formation associated with calcium precipitation may be one of the common path-
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ological events in the lens during aging. Previous studies have reported that human cataractous lenses contain
increased calcium oxalate or calcium carbonate crystals*>*°. Calcium induced protein aggregation in human
lenses has also been reported™. Based on the size, absorption density, and distribution of the precipitates in ante-
rior suture, detected by X-ray tomography, these precipitates are likely to have directly and partly contributed to
the light scattering of nuclear cataracts in Cx46KO lenses.

It is intriguing to observe two shell-like calcium precipitate layers in the anterior Y-suture regions. The lens
diameter increase with age?, two calcium precipitate shell-like layers are estimated to be formed around neonatal
stages. Thus, it is possible that fiber cells at the anterior suture region play an important role in the regulation
of lens calcium homeostasis during postnatal lens development. It will be interesting to investigate whether
the rapid growth of neonatal lenses needs a distinct regulatory mechanism of calcium homeostasis in the lens.

It has been suggested that the calcium elevation in Cx46KO lenses activates calpain, a calcium-dependent
protease which cleaves crystallins. Cleaved crystallins lead to large abnormal protein aggregates that cause light
scattering. It is unclear if calcium precipitates might be a secondary consequence of crystallin precipitation. Addi-
tional studies are required to address whether calcium precipitates and crystallin aggregates interact with each
other during cataract formation in Cx46KO lenses. A recent study suggests that the imbalance of lens proteins
causes lens opacity®!. Major causes of light scattering in dense nuclear cataracts may be associated with crystallin
degradation mediated by calcium activated calpains and lens protein imbalance, while calcium precipitates are
likely contributing to some light scattering in restricted areas with accumulated calcium precipitates.

Methods

Cx46 knockout mice and nuclear cataracts. Mouse care and breeding were performed according to
the Animal Welfare Regulations and the National Institute Health guidelines and regulations for using animal
research and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. The Animal Care
and Use Committee (ACUC) at University of California at Berkeley approved the experimental protocol with all
procedures as well as animal care, monitoring, and breeding for using mice in this study. This study is reported
in accordance with ARRIVE guidelines for animal research as well. Three mouse lines, including 129SvJae strain
(129) wild-type, and Cx46 knockout (Gja3™!) at 129 SvJae strain background and at mixed background of
129Svjae and C57BL/6] strains'>', were used in this project. Mice were housed with free access to food and
water, with a 12:12 h light:dark cycle. Mice were euthanized by CO, inhalation followed by cervical dislocation.
Fresh lenses were immediately dissected in phosphate-buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM
Na,HPO,, 1.8 mM KH,PO,, pH 7.4) at room temperature and imaged at dark field background under a dissec-
tion microscope (Leica MZ 16, Germany) with a Zeiss AxioCam digital camera. The fresh lenses were immersed
in PBS solution before the X-ray scanning analysis.

X-ray phase-contrast imaging, image acquisition and reconstruction. The phase-contrast tech-
nique applied in this study was the propagation-based imaging technique (PBI), which requires a highly coher-
ent and quasi-monochromatic X-ray beam available only at synchrotron radiation facilities. Micro-CT scanning
was performed using a multilayer mirror monochromator generated monochromatic X-rays with energy of
20 keV from the synchrotron hard X-ray at beamline 8.3.2 of the Advanced Light Source, Lawrence Berkeley
National Lab (Berkeley, CA). The X-ray wavefront transmits through a sample, generating a phase contrast
image which can be recorded by a detector placed at a suitable distance from the sample. The intensity variations
highlight the details embedded in the sample itself, thus enhancing their visibility*.

The procedure for pCT imaging of a fresh lens: before the scan, a Kapton tube with a diameter of 3 mm was
cut into 2 mm length, and one end was blocked by hot-gluing a short metal rod. The fresh lens, dissected from
enucleated mouse eyeball, was gently transferred into the tube filled with PBS solution using a pipette tip with a
tweezer for adjusting the lens orientation. The tube was then mounted on a rotational stage in the pCT imaging
hutch with the sample centered in the field of view. The scanning was conducted at room temperature. During
the scanning, lens samples were in fixed positions without movement to ensure the image stack’s proper align-
ment. The lens sample was rotated at 0.125° incremental steps for a total of 180°. During the scan, the transmit-
ted X-ray beam was recorded using a 50 um thick LuAG:Ce scintillator to convert the X-rays into visible light,
then imaged with an Olympus objective lens (10x or 4x), and a PCO.edge sCMOS detector. Each raw projection
represents a two-dimensional X-ray attenuation map, which was used to reconstruct a 3D data volume. Image
stacks (TIFF format) were produced using Xi-CAM?>?, with the gridrec algorithm as implemented in TomoPy>’.

X-ray tomographic visualization and statistical analysis. Using Avizo software from FEI (Waltham,
MA), image stacks were 3D visualized, and 3D-reconstructions can be rotated and digitally sliced. Precipi-
tate analysis was performed using the Dragonfly ORS software (Montreal, Canada). The image datasets were
imported, and the imaging spacing (in pm) was set accordingly. Regions of interest (ROIs) were defined using
a combination of algorithmic and manual methods, and multiple ROIs were created for statistical analyses. The
parameters of individual precipitates were calculated by measurement of segmented voxels. The center point of
precipitation was defined, and the distance to the center point of every precipitate was mapped for further color-
coding. Individual precipitates in lens cataracts were color-coded and analyzed based on their parameters, such
as Max Feret diameter, volume, aspect ratio, and absorption/centimeter. Images and parameter sheets were cap-
tured and exported from Avizo and Dragonfly. For statistical analysis, parameter datasheets acquired from Avizo
and Dragonfly were imported to GraphPad Prism software (San Diego, CA), and visualized as scatter diagrams
and line charts for analysis. The heatmaps were generated by a self-developed Python script in beamline 8.3.2.
The statistical parameters used in this study were indicated in the results section.
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Lens whole-mountAlizarin red staining. A modified protocol based on previously published studies®***
was used to perform whole-mount calcium staining of mouse lenses. Briefly, mouse lenses were fixed in 95%
ethanol for 2 days with shaking at room temperature, followed by two overnight changes in 100% acetone.
Lenses were treated with 1% (wt/vol) potassium hydroxide (KOH). Lens nuclear parts (about 60% of the lens
size) were dissected out from treated lenses and were then incubated with freshly prepared 0.005% (wt/vol)
Alizarin red with 0.05 M Trizma-base and 0.9% NaCl staining solution, pH 4. The staining reaction was closely
monitored to avoid over-staining under a dissection scope. 1% KOH was applied to reduce background color for
better visualization of stained calcium precipitation. Alizarin red stained lens samples were imaged under a Leica
MZ16 dissecting scope with a digital camera.

Received: 2 June 2021; Accepted: 12 August 2021
Published online: 31 August 2021

References
1. Chylack, L. T. et al. The lens opacities classification system III. Arch. Ophthalmol. 111, 831-836 (1993).
2. Donaldson, P.]., Grey, A. C., Heilman, B. M., Lim, J. C. & Vaghefi, E. The physiological optics of the lens. Prog. Retin. Eye Res. 56,
el-e24 (2017).
. Bassnett, S. & Siki¢, H. The lens growth process. Prog. Retin. Eye Res. 60, 181-200 (2017).
. Mathias, R. T, Kistler, ]. & Donaldson, P. The lens circulation. J. Membr. Biol. 216, 1-16 (2007).
. Gong, X. et al. Disruption of a3connexin gene leads to proteolysis and cataractogenesis in mice. Cell 91, 833-843 (1997).
. Gong, X., Baldo, G. J., Kumar, N. M., Gilula, N. B. & Mathias, R. T. Gap junctional coupling in lenses lacking a3 connexin. Proc.
Natl. Acad. Sci. 95, 15303-15308 (1998).
7. White, T. W,, Goodenough, D. A. & Paul, D. L. Targeted ablation of connexin50 in mice results in microphthalmia and zonular
pulverulent cataracts. J. Cell Biol. 143, 815-825 (1998).
8. Rong, P. et al. Disruption of Gja8 (alpha8 connexin) in mice leads to microphthalmia associated with retardation of lens growth
and lens fiber maturation. Development 129, 167-174 (2002).
9. Xia, C. H. et al. Diverse gap junctions modulate distinct mechanisms for fiber cell formation during lens development and cata-
ractogenesis. Development 133, 2033-2040 (2006).
10. Beyer, E. C., Ebihara, L. & Berthoud, V. M. Connexin mutants and cataracts. Front. Pharmacol. 4, 43 (2013).
11. Shiels, A. et al. A missense mutation in the human connexin50 gene (GJA8) underlies autosomal dominant “zonular pulverulent”
cataract, on chromosome 1q. Am. J. Hum. Genet. 62, 526-532 (1998).
12. Mackay, D. et al. Connexin46 mutations in autosomal dominant congenital cataract. Am. J. Hum. Genet. 64, 1357-1364 (1999).
13. Shiels, A. & Hejtmancik, J. FE Genetics of human cataract. Clin. Genet. 84, 120-127 (2013).
14. Gao, J. et al. Connections between connexins, calcium, and cataracts in the lens. J. Gen. Physiol. 124, 289-300 (2004).
15. Gong, X. et al. Disruption of alpha3 connexin gene leads to proteolysis and cataractogenesis in mice. Cell 91, 833-843 (1997).
16. Tang, Y. et al. Age-related cataracts in alpha3Cx46-knockout mice are dependent on a calpain 3 isoform. Investig. Ophthalmol. Vis.
Sci. 48, 2685-2694 (2007).
17. Gong, X., Agopian, K., Kumar, N. M. & Gilula, N. B. Genetic factors influence cataract formation in alpha 3 connexin knockout
mice. Dev. Genet. 24, 27-32 (1999).
18. Baruch, A. et al. Defining a link between gap junction communication, proteolysis, and cataract formation. J. Biol. Chem. 276,
28999-29006 (2001).
19. Endrizzi, M. X-ray phase-contrast imaging. Nucl. Instrum. Methods Phys. Res., Sect. A 878, 88-98 (2018).
20. Zamir, A. et al. X-ray phase contrast tomography; proof of principle for post-mortem imaging. Br. J. Radiol. 89, 20150565 (2016).
21. Socha, J. J., Westneat, M. W., Harrison, J. F,, Waters, J. S. & Lee, W.-K. Real-time phase-contrast x-ray imaging: A new technique
for the study of animal form and function. BMC Biol. 5, 6 (2007).
22. Ivanishko, Y. et al. Feasibility study of the 3D visualization at high resolution of intra-cranial rabbit eyes with X-ray CT phase-
contrast imaging. Investig. Ophthalmol. Vis. Sci. 58, 5941-5948 (2017).
23. Mittone, A. et al. High resolution hard X-ray 3D mapping of a Macaca fascicularis eye: A feasibility study without contrast agents.
Phys. Med. 51, 7-12 (2018).
24. Barnard, H.S. et al. In Journal of Physics: Conference Series, Vol. 849, 012043 (IOP Publishing, 2017).
25. MacDowell, A. et al. In Developments in X-Ray Tomography VIII, Vol. 8506, 850618 (International Society for Optics and Photon-
ics, 2012).
26. Kuszak, J. R., Zoltoski, R. K. & Tiedemann, C. E. Development of lens sutures. Int. J. Dev. Biol. 48, 889-902 (2004).
27. Kuszak, J., Zoltoski, R. & Sivertson, C. Fibre cell organization in crystalline lenses. Exp. Eye Res. 78, 673-687 (2004).
28. Sigit, R., Kom, M., Satmoko, M.B., Basuki, D.K. & Si, S. In 2018 International Seminar on Application for Technology of Information
and Communication 597-602 (IEEE, 2018).
29. Xu, C. et al. In International Conference on Medical Image Computing and Computer-Assisted Intervention 513-521 (Springer, 2019).
30. Lee, Y. E. & Joo, C.-K. Assessment of lens center using optical coherence tomography, magnetic resonance imaging, and photo-
graphs of the anterior segment of the eye. Investig. Ophthalmol. Vis. Sci. 56, 5512-5518 (2015).
31. Lorente-Ramos, R. M., Arman, J. A., Munoz-Hernéndez, A., Gémez, ]. M. G. & de la Torre, S. B. US of the eye made easy: A
comprehensive how-to review with ophthalmoscopic correlation. Radiographics 32, E175-E200 (2012).
32. Barakat, E. & Ginat, D. T. Magnetic resonance imaging (MRI) features of cataracts in pediatric and young adult patients. Quant.
Imaging Med. Surg. 10, 428 (2020).
33. Grulkowski, I. et al. Volumetric macro-and micro-scale assessment of crystalline lens opacities in cataract patients using long-
depth-range swept source optical coherence tomography. Biomed. Opt. Express 9, 3821-3833 (2018).
34. de Castro, A. et al. Three-dimensional cataract crystalline lens imaging with swept-source optical coherence tomography. Investig.
Ophthalmol. Vis. Sci. 59, 897-903 (2018).
35. Antunes, A., Safatle, A. M., Barros, P. S. & Morelhio, S. L. X-ray imaging in advanced studies of ophthalmic diseases. Med. Phys.
33, 2338-2343 (2006).
36. Ainsbury, E. et al. Radiation cataractogenesis: A review of recent studies. Radiat. Res. 172, 1-9 (2009).
37. Mathias, R. T., White, T. W. & Gong, X. Lens gap junctions in growth, differentiation, and homeostasis. Physiol. Rev. 90, 179-206
(2010).
38. Gao, J., Minogue, P. ], Beyer, E. C., Mathias, R. T. & Berthoud, V. M. Disruption of the lens circulation causes calcium accumula-
tion and precipitates in connexin mutant mice. Am. J. Physiol. Cell Physiol. 314, C492-C503 (2018).
39. Berthoud, V. M. et al. The Connexin50D47A mutant causes cataracts by calcium precipitation. Investig. Ophthalmol. Vis. Sci. 60,
2336-2346 (2019).
40. Berthoud, V. M. et al. Connexin mutants compromise the lens circulation and cause cataracts through biomineralization. Int. J.
Mol. Sci. 21, 5822 (2020).

QN U W W

Scientific Reports |

(2021) 11:17401 | https://doi.org/10.1038/s41598-021-96867-7 nature portfolio



www.nature.com/scientificreports/

41. Hu, Z,, Riquelme, M. A, Gu, S. & Jiang, J. X. Regulation of connexin gap junctions and hemichannels by calcium and calcium
binding protein calmodulin. Int. J. Mol. Sci. 21, 8194 (2020).

42. Vrensen, G. F & de Wolf, A. Calcium distribution in the human eye lens. Ophthalmic Res. 28, 78-85 (1996).

43. Harding, C. V,, Chylack, L. T. Jr,, Susan, S. R., Lo, W. K. & Bobrowski, W. E. Calcium-containing opacities in the human lens.
Investig. Ophthalmol. Vis. Sci. 24, 1194-1202 (1983).

44. Duncan, G. & Jacob, T. In Ciba Found Symp, Vol. 106, 132-152 (Wiley Online Library, 1984).

45. Bron, A. & Habgood, J. Morgagnian cataract. Trans. Ophthalmol. Soc. 96, 265-277 (1976).

46. Hightower, K. & Reddy, V. Calcium content and distribution in human cataract. Exp. Eye Res. 34, 413-421 (1982).

47. Duncan, G. & Wormstone, I. M. Calcium cell signalling and cataract: Role of the endoplasmic reticulum. Eye 13(Pt 3b), 480-483
(1999).

48. Liu, K. et al. Altered ubiquitin causes perturbed calcium homeostasis, hyperactivation of calpain, dysregulated differentiation, and
cataract. Proc. Natl. Acad. Sci. 112, 1071-1076 (2015).

49. Zimmerman, L. E. & Johnson, E. B. Calcium oxalate crystals within ocular tissues: A clinicopathologic and histochemical study.
A.M.A. Arch. Ophthalmol. 60, 372-383 (1958).

50. Satoh, K. et al. Calcium-induced aggregation of the urea-deaggregated human lens insoluble protein. Exp. Eye Res. 50, 719-723
(1990).

51. Schmid, P. W. N. et al. Imbalances in the eye lens proteome are linked to cataract formation. Nat. Struct. Mol. Biol. 28, 143-151
(2021).

52. Pandolfi, R. . et al. Xi-cam: A versatile interface for data visualization and analysis. J. Synchrotron. Radiat. 25, 1261-1270 (2018).

53. Giirsoy, D., De Carlo, F, Xiao, X. & Jacobsen, C. TomoPy: A framework for the analysis of synchrotron tomographic data. J. Syn-
chrotron. Radiat. 21, 1188-1193 (2014).

54. Rigueur, D. & Lyons, K. M. Skeletal Development and Repair 113121 (Springer, 2014).

Acknowledgements

This research was supported by National Eye Institute Grant R01 EY013849 (X. Gong). X-ray imaging study
used resources of the Advanced Light Sources, which is a DOE Office of Science User Facility under contract no.
DE-AC02-05CH11231. Yuxing Li is supported by a research fund of the Tsinghua-Berkeley Shenzhen Institute.

Author contributions

X.G. and Y.L. formulated this project, designed experiments and performed data analysis; D.Y.P. and J.E. provided
technique expertise for data collection and data analysis; C.X. provided mouse lens samples and experimental
plan; and Y.L. performed the experiments and collected data. Y.L., C.X. and X.G. wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to X.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:17401 | https://doi.org/10.1038/s41598-021-96867-7 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Quantitative X-ray tomographic analysis reveals calcium precipitation in cataractogenesis
	Results
	X-ray electron-dense precipitates are highly accumulated in Cx46KO nuclear cataract. 
	Precipitates predominantly accumulate around the anterior Y suture of Cx46KO lenses. 
	Increased absorption density and precipitate numbers are correlated with cataract severity. 
	Alizarin red positive calcium precipitates accumulated in Cx46KO nuclear cataracts. 

	Discussion
	X-ray tomographic imaging and cataract diagnosis. 
	Calcium homeostasis and calcium precipitates in connexin mutants. 
	Molecular composition of calcium precipitates and lens opacity in Cx46 KO cataract. 

	Methods
	Cx46 knockout mice and nuclear cataracts. 
	X-ray phase-contrast imaging, image acquisition and reconstruction. 
	X-ray tomographic visualization and statistical analysis. 
	Lens whole-mount Alizarin red staining. 

	References
	Acknowledgements


