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SUMMARY

Primary cilia are found on nearly every mammalian cell, including osteocytes, fibroblasts, and
chondrocytes. However, the functions of primary cilia have not been extensively studied in these
cells, particularly chondrocytes. Interestingly, defects in the primary cilium result in skeletal
defects such as polydactyly in Bardet-Biedl Syndrome (BBS), a ciliary disorder that also results in
obesity, retinopathy, and cognitive impairments (1-4). Wild-type mice and mutant mice of the
ciliary proteins Bbs1, Bbs2, and Bbs6 were evaluated with respect to histological and biochemical
differences in chondrocytes from articular cartilage and xiphoid processes. Using
immunofluorescence microscopy, chondrocytic cilia were visualized from the load-bearing joints
and non-load-bearing xiphoid processes. Significant differences in ciliary morphology were not
identified between mutant and wild-type mice. However, after expanding chondrocytes in cell
culture and implanting them in solid agarose matrix, it was seen that the fraction of ciliated cells in
cultures from mutant mice was significantly lower than in the wild-type cultures (p<.05). In
addition, in Safranin-O-stained whole joint sections, Bbs mutant mice had significantly lower
articular joint thickness (p<.05) and lower proteoglycan content saturation (p<.05) than wild-type
mice. Moreover, there were statistically significant differences of cell distribution between Bbs
mutant and wild-type mice (p<.05), indicating that mutant articular cartilage had changes
consistent with early signs of osteoarthritis. These data indicate that Bbs genes and their functions
in the chondrocytic primary cilium are important for normal articular cartilage maintenance.
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INTRODUCTION

Primary cilia are unique organelles found on virtually every mammalian cell that play
essential roles in vertebrate development, homeostasis, and sensory function. The
specialized plasma membrane of the cilium contains a distinct array of receptors unique to
the function of each cell. This membrane envelops the ciliary axoneme, which is made up of
microtubules and associated proteins. Transport proteins carrying a multitude of distinct
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receptors and signaling molecules run up and down the axoneme via the process of
intraciliary transport (1-4).

Cilia have a wide morphological and functional spectrum in different tissues. Motile cilia
contain dynein arms that allow sliding of adjacent microtubules, thereby generating motile
force. These cilia have roles in respiratory mucociliary clearance, egg and sperm transport,
and cerebrospinal fluid movement (1, 2, 4). Primary cilia lack dynein arms that allow
motility; however, they have been found to be sensors of extracellular changes. Specialized
sensory primary cilia are found in retinal photoreceptors, inner ear hair cells, and sensory
neurons (1, 2, 5-9). In these cells primary cilia play fundamental cellular roles, particularly
in membrane signal transduction.

Interestingly, most cells of the mammalian body, including osteocytes, fibroblasts, and
chondrocytes, possess primary cilia (10, 11). To date, only a handful of studies have
examined the chondrocytic primary cilium. Electron microscopy has shown that every
chondrocyte has a single primary cilium (12-16). In the last few years, Poole et al. found
that collagen fibers and proteoglycans around the chondrocyte influence ciliary orientation
(11, 17), and that cilia are closely associated with the Golgi apparatus (11, 18). They
proposed that the primary cilium acts as a “cellular cybernetic probe” that monitors the
physicochemical state of the extracellular matrix (11). Supporting this hypothesis, Kouri et
al. studied cartilage from patients with osteoarthritis (OA) and concluded that chondrocytes
have matile elements that activate in response to OA damage (19, 20). Furthermore, Jensen
et al. examined ciliary bending patterns using confocal microscopy and concluded that
mechanical forces affect matrix molecules around the primary cilium (21). Finally,
chondrocytic cilia have receptors for integrins and proteoglycans (22), indicating that these
matrix molecules bind directly to the cilium and cause mechanical bending and
mechanosensory input.

Recent studies using knockout mouse strains of ciliary proteins have described mice with
polydactyly and shortened limbs, caused by errors in post-natal growth plate development
(23-25). These mouse studies indicate that defects in ciliary proteins result in skeletal
anomalies; therefore, the primary cilium likely has a profound role in chondrocytic function.
These findings provide the rationale for this study, in which the investigators chose to
examine chondrocytic cilia in Bardet-Biedl Syndrome (BBS), a pathological state caused, at
least in part, by ciliary defects. BBS results in skeletal defects such as polydactyly, obesity,
retinal dystrophy, mental retardation, renal abnormalities, and hypogenitalism. The
syndrome involves at least 12 genes, each coding for unique BBS proteins. These proteins
have been localized to cilia and appear to affect intraciliary transport (26-28). A stable
complex consisting of seven of these proteins, known as the BBSome, appears to also be
integral to ciliogenesis and vesicular transport to the cilium (29).

The objective of this study was to evaluate the effects in cartilage of mutations in primary
cilia proteins by examining histological and biochemical differences between the joints of
wild-type mice and those of three distinct BBS ciliary protein mutant mice. The mouse
models used in this study included one BBS gene knockin (Bbs1M390R/M390R) ' containing
the most common human BBS mutation, and two BBS gene knockouts (Bbs2~/~, Bbs6™")
(27, 30-32).

MATERIALS AND METHODS

Mouse Strains

All BBS mouse strains used in this study have been described in prior publications (3, 4,
14). Mouse strains are on a mixed genetic background of 129.SVEV x C57BL/6 Black 6
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mice. Bbs1M390R/M390R js 3 knockin strain, in which the Bbs1 gene has been deleted from
the genome and replaced with a mutated copy of the gene (30). The knockout strains
Bbs2~/~ (31) and Bbs6~/~ (also known as Mkks ™~ in the literature) (32) have deletions of
their respective BBS genes. Wild-type Bbs1 littermates served as controls. All mice bred for
this study were handled and sacrificed ethically, in accordance with animal care standards
regulated by the Institutional Animal Care and Use Committee through the Office Of
Animal Resources.

Immunofluorescence Microscopy Studies

Two adult mice aged 8-10 months from each mouse strain were used for
immunofluorescence staining. Six load-bearing joints were dissected and examined from
each mouse: 2 knees, 2 hips, and 2 shoulders. The xiphoid process was also studied and
served as a non-load-bearing cartilage control. Joints were placed in Dulbecco’s Phosphate
Buffered Saline (PBS) and then frozen into blocks using cryosectioning gel in 2-
methylbutane. These frozen blocks were serially sectioned from the center of each joint into
10um sections using a Minotome Plus Cryostat (IEC; Needham Heights, MA). After the
sections were placed onto microscope slides and allowed to dry, they were placed in 10%
Buffered Neutral Formalin (BNF). Further steps can be found in commonly utilized
immunofluorescence protocols. Two primary antibodies were used to detect proteins that
localize to the primary cilium: rabbit antibody to Polaris (1:500) and monoclonal mouse
antibody to Acetylated a-Tubulin (1:4000) (Sigma-Aldrich; St. Louis, MO). Alexa-Fluor
488 goat anti-mouse and 568 goat anti-rabbit secondary fluorescent antibodies were
prepared in a 1:1000 dilution (Invitrogen; Carlsbad, CA) and 4’,6-diamidino-2-phenylindole
(DAPI) was used to stain nuclei. Slides were mounted with Vectashield solution (Vector;
Burlingame, CA) and cover slips to protect the fluorescence. Tissues were visualized using a
BX-51 Fluorescence microscope (Olympus; Center Valley, PA), and images viewed at 20x
and 40x magnification were stored digitally. Each 10um section was scanned serially
through the complete thickness of the sample to detect cilia on chondrocytes three-
dimensionally.

Histology studies

Forty-six (46) adult mice were used for the histological analysis: 17 Bbs1M390R/M390R '3
Bbs2~/~, 3 Bbs6~/~, and 23 littermate wild-type controls. Fewer Bbs2~/~ and Bbs6~/~ mice
of appropriate age were available in the laboratory’s mouse colonies; however, appropriately
age-matched controls were used. The Bbs1M390R/M390R strain provided the greatest
statistical power, but the other two strains also provided statistically significant results.
Older mice aged 6 to 14 months were utilized in order to detect early signs of cartilage
abnormalities in the knockin/knockout mice. The xiphoid process and both knee joints were
dissected from each mouse and fixed in 10% BNF for two days and then decalcified in 5%
formic acid for two more days. The tissues were then sequentially dehydrated, cleared, and
infiltrated with hot paraffin overnight at 56°C. After the tissues were placed in blocks of
heated paraffin and properly oriented for standardized sectioning, the blocks were cooled
and allowed to solidify. To obtain consistent 5um sections, these paraffin blocks were
serially sectioned using a paraffin microtome (Leica, Germany) from the center of each joint
moving laterally. Sections were placed onto microscope slides for Safranin-O staining.
Slides were dried in a 60°C oven and sequentially stained with Weigert’s Hematoxylin, Fast
Green FCF, and Safranin-O using a standard staining protocol. After the slides were washed
in ethanol and xylene, they were mounted with Permount and cover slips. Tissues were
visualized at 10x and 20x magnification using a BX-51 Optical microscope (Olympus;
Center Valley, PA) and digitally stored for quantification and analysis.
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Cell Culture studies

Nine (9) mice were used for cell culture and the agarose timecourse: 4 Bbs1M390R/M350R 1
Bbs27/~, 1 Bbs6~/~, and 3 littermate wild-type controls. Cartilage was obtained from the
xiphoid process and knee joints of each mouse. Scrapings of cartilage were placed in growth
medium (450mL Dulbecco’s modified eagle medium high glucose, 450mL Ham’s F-12
medium, 100mL fetal bovine serum, 10mL amphotericin B, 5mL ciprofloxacin) and then
digested with bacterial collagenase (0.5% wi/v) at 37°C for 5 hours to release cells. Released
chondrocytes were collected by centrifugation, placed in fresh growth medium, and grown
for 3 weeks in monolayer culture. Medium was replaced every 2 days and cells were
transferred to larger flasks when necessary. Total cell number was determined when cells
were confluent by treating the cells with Hanks balanced salt solution and trypsin-EDTA,
followed by Haemocytometer counting.

Cells were suspended at a density of 1 x 10% chondrocytes per 100uL agarose into a solution
of heated 1% liquid agarose and placed into 5¢cm plastic cylinders of 6mm diameter.
Placement in agarose allowed cells to maintain a chondrocytic phenotype rather than
reverting to a fibroblastic phenotype, which can occur in extended monolayer culture. After
the agarose solidified into a gel, the 5cm cylinders were placed in fresh growth medium and
cut into 5mm plugs. One chondrocyte-agarose plug was frozen each day for 2 weeks using
cryosectioning gel in 2-methylbutane. The frozen plugs were cut in 10um sections onto
microscope slides that were used for immunofluorescence microscopy, which has been
detailed above. During the cell growth and agarose preparation process, there was a
minimum of 56 cultures obtained from each mouse. Images taken at 20x and 40x
magnification were digitally stored and quantified.

Measurements and Statistical Analysis

All digital images were analyzed using Photoshop (Adobe; San Jose, CA) and ImageJ (NIH;
Bethesda, MD). To ensure that data analysis was unbiased, all histological analysis was
performed in a blinded manner. Four 20x Safranin-O stained images of the tibial plateaus
from each mouse were systematically quantified for several variables: articular cartilage
thickness, percent proteoglycan saturation, cell density (superficial, deep, total), and cell
distribution (superficial to deep cell ratio).

Mean articular cartilage thickness (um) was calculated by averaging 6 equally spaced
measurements of the distance from cartilage surface to subchondral bone on each 20x slide.
Human articular cartilage is normally defined to have three zones; however, it was
exceedingly difficult to distinguish three distinct zones in mice because of the reduced
articular cartilage thickness and the paucity of cells in each 5um section. Therefore, the
investigators chose to divide the articular cartilage into two equally sized zones: superficial
layer and deep layer. The superficial layer was defined as the 50% of cartilage area (um?)
closest to the joint surface, and the deep layer was the remaining 50% of cartilage area (um?)
closest to subchondral bone. The lines separating the two layers and area calculations were
made digitally using Adobe Photoshop. Mean proteoglycan saturation was determined by
digitally measuring and averaging the Safranin-O red saturation hue at 6 equally spaced
points in the superficial layer of articular cartilage on each 20x slide. Superficial cell density
(cells/um?) was defined as the number of total superficial layer cell counts divided by the
superficial layer area. Deep cell density (cells/Tum?) was calculated similarly using deep
layer cell counts and area. Superficial to deep (S/D) cell ratios were determined by dividing
superficial cell counts over deep cell counts.

From the agarose cultures, four immunofluorescence images from each day of the 2-week
timecourse were analyzed for: total number of cells (y), number of ciliated cells (x), and
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fraction of ciliated cells per 20x field of view (x/y). Each 10um section was scanned serially
through the complete thickness of the sample for the presence of cilia on chondrocytes, to
ensure the proper three-dimensional quantification of cilia. This method was more
comprehensive than examining merely a two-dimensional profile of chondrocytic cilia.
Images presented in this publication (Fig. 5) display sample two-dimensional profiles
containing the greatest number of visible cilia in each section. Data were analyzed using
Excel (Microsoft, Redmond, WA) and presented as mean + standard error. Statistical
significance was set at p<0.05 and determined using the comparison t-test for cartilage
differences between wild-type and knockin/knockout mice.

Chondrocytic cilia were visualized with immunofluorescence microscopy using antibodies
to Polaris and acetylated a-tubulin (Fig. 1). Cilia were visible in the xiphoid processes as
well as articular cartilage and growth plate cartilage of shoulder, hip, and knee joints in
every mouse strain. Acetylated a-tubulin co-localized with Polaris in >90% of chondrocytes
visualized using serial three-dimensional imaging, confirming that the ciliary axoneme was
properly identified. Although immunofluorescence microscopy allowed visualization of
cilia, this technique did not detect gross morphological ciliary differences between Bbs
mutant and wild-type mice.

Histological analysis of tibial plateaus with Safranin-O staining illustrated differences in
articular cartilage morphology between wild-type and Bbs mutant mice (Fig. 2). There were
differences in cell density and distribution, articular cartilage thickness, and proteoglycan
density between wild-type and knockin/knockout mice. Quantification of these variables
demonstrated that the superficial layer of Bbs1M390R/M390R Bhsp~/~ and Bbs6~/~ articular
cartilage had similar cell density to wild-type cartilage (Fig. 4a), p>0.05), however, the cell
density of Bbs1M390R/M390R Bhsp~/~ and Bbs6~/~ cartilage was significantly higher in the
deep layer (Fig. 4b), p<0.05). This indicated a cell distribution abnormality in
Bbs1M390R/M390R 'Bhs2~/~ and Bbs6 ™/~ tissues; therefore, the superficial to deep (S/D) cell
ratio was determined. Bbs1M390R/M3%0R 'Bhs2~/~ and Bhs6 ™/~ articular cartilage had S/D
cell ratios of 1.18 (54%S : 46%D), 1.23 (55%S : 45%D), and 1.10 (52%S : 48%D),
respectively. These ratios were significantly lower than the Bbs*/* wild-type S/D ratio of
2.01 (66%S : 34%D) (p<0.05). In addition, Bbs1M3%0R/M3%0R 'Bhsp~/~ and Bbs6™/~
cartilage had significantly lower proteoglycan saturation (Fig. 3a), p<0.05) and thickness
(Fig. 3b), p<0.05) than wild-type. The tissues from mutant Bbs mice were also consistently
observed to have a more ragged joint contour with several small surface fibrillations, as seen
in Fig. 2b—d). Additionally, thinning of the subchondral bone and chondrocytic clustering
indicative of cloning were observed in Bbs1M390R/M3%0R Bhs2~/~ and Bbs6~/" tissues, but
not in wild-type tissues. These findings are consistent with signs of osteoarthritis (19, 20).

Chondrocytes cultured in agarose also demonstrated differences in cilia (Fig. 5). In every
joint and xiphoid section examined three-dimensionally using serial immunofluorescence
microscopy, Bbs mutant cultures (from Bbs1M390R/M3%0R 'Bhs2~/~ and Bbs6~/~ animals)
had a significantly lower fraction of ciliated chondrocytes than wild-type on days 1, 4, 7,
and 10 of culture (p<0.05 in all comparisons) (Fig. 6).

DISCUSSION

The primary cilium has been proposed to be a chemosensor and mechanosensor of
extracellular fluid flow in several tissues, for example in the renal proximal tubule where
cilia sense urinary flow (1, 7-9); therefore, chondrocytes could also use primary cilia as
sensors of the physicochemical environment. Recent research on the chondrocytic primary
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cilium suggests a sensory function (11, 17-22); however, a solid understanding of the
sensory mechanisms for chemical and mechanical forces, downstream signaling, and effects
on cellular function is still not well established. The basal body of the cilium is
physiologically coupled to the nucleus and Golgi apparatus in chondrocytes (11, 18), which
implies that synthetic and secretory function of extracellular matrix components may be
controlled in part by the cilium. Collagen fibers, integrins, and proteoglycans have been
found to influence the orientation of the cilium (17). Of note, the cilium has even been found
to have receptors for integrins and proteoglycans that interact directly with the axoneme
(22). Thus the evidence strongly suggests a significant role of the primary cilium in basic
chondrocytic functioning.

The results of this study support the hypothesis that the chondrocytic primary cilium is an
integral element to the maintenance of healthy cartilage. When compared to wild-type mice,
Bbs1M390R/M390R 'Bhs2~/~ and Bbs6~/~ mice had significantly lower articular cartilage
thickness and proteoglycan density, as well as an abnormal cell distribution and fibrillations
at the joint surface. Statistical power was greatest in the Bbs1M3%0R/M390R mijce (n=17).
These substantial histological differences reveal that Bbs gene functions are likely necessary
for sustaining extracellular matrix production in the articular cartilage and for preserving the
integrity of the joint surface. Cell culture in agarose also found that Bbs1M390R/M390R
Bbs2~/~, and Bbs6~/~ tissues have a significantly lower fraction of ciliated chondrocytes
relative to wild-type tissues over time.

The abnormal appearance of Bbs knockin/knockout articular cartilage suggests two
possibilities: either there are early signs of osteoarthritis (OA), or Bbs affected mice never
developed healthy articular cartilage even at a young age. When examining human
osteoarthritic cartilage, Kouri et al. noted that aside from the obvious fibrillations at the joint
surface, the cell distribution changed at higher stages of OA: morphologically different types
of chondrocytes became more randomly dispersed within the articular cartilage layers, and
superficial and deep layers were less distinguishable (19, 20). Those findings agree with this
study’s histological observations in Bbs mutant tissues. The low S/D ratios in
Bbs1M390R/M390R 'Bhs2~/~ and Bbs6™/~ articular cartilage demonstrate a random dispersal
of cells and a poorly distinguishable border between superficial and deep layers. Wild-type
cartilage had a more evident superficial layer with a high saturation of proteoglycans and
high cell density, whereas the deep layer had a lower cell density.

Alternatively, it is possible that Bbs mutant mice never formed healthy articular cartilage
during development. Recent research strongly suggests that cartilage development in ciliary
knockout mice is affected at early developmental stages. For example, mice with Polaris/
Ift88/Tg737 and Kif3a conditionally knocked out in cartilage showed skeletal abnormalities
resulting from abnormal Indian hedgehog and Sonic hedgehog signaling, as well as growth
plate abnormalities from failure of chondrocyte rotation (23, 24). Similar post-natal growth
plate defects were seen in transgenic mice with Polaris gene mutations (25). Therefore, a
future study of cartilage in Bbs knockin/knockout mice during early developmental stages is
needed to investigate signaling and functional deficiencies in the chondrocytic primary
cilium.

The optical imaging of chondrocytic cilia using a conventional fluorescence microscope was
a limitation to this study. The accuracy of this method for examining cells serially is inferior
to that of a confocal microscope. Cells at the edges of each 10um section may have had cilia
in adjacent sections, so this can account for some error in estimation of ciliary incidence.
The researchers recommend the use of confocal microscopy in future studies examining
chondrocytic cilia with fluorescent markers. Another limitation was that the investigators
used different numbers of mice from different mouse strains. However, appropriate age-
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matched controls were used, and there were enough Bbs1M390R/M390R strain mice to provide
adequate statistical power.

The quantitative cartilage differences noted in this study may also reflect a qualitative or
functional difference. Mechanical sensation in articular cartilage may be deficient when
chondrocytes have defective cilia; therefore, the direction of study can now be geared
toward understanding the potential mechanosensory function of chondrocytic cilia. The
investigators are currently examining the effect of biomechanical stress on Bbs knockin/
knockout chondrocytes using a micropressure loading device to determine loading-induced
changes in ciliary orientation, extracellular matrix production, and calcium fluxes.

This study supports the hypothesis that BBS genes involved in chondrocytic ciliary function
play a significant role in the proper functioning of chondrocytes in cartilage. The
information gathered here adds to the growing field of ciliary research, and the results may
serve to better understand how the chondrocyte senses factors in the extracellular matrix.
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Fig. 1.

Immunofluorescence microscopy of chondrocytic cilia: (a—c) wild-type; (d—f) Bbs6™~.
Images (a) and (d) display staining with DAPI nuclear marker (blue) and antibody to
acetylated a-tubulin (green); (b) and (e) display DAPI with antibody to polaris (red); and (c)
and (f) merge all three fluorescent markers. Co-localization of both ciliary proteins,
acetylated a-tubulin and polaris, was observed. Bbs1M390R/M390R and Bhs2~/~ are not
shown but demonstrated similar properties.
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Fig. 2.

Pa%affin-embedded tibial plateau sections: (a) wild-type; (b) Bbs1M3%0R/M3%0R: () Bphs2~/:
(d) Bbs6~/~. Tissues are stained with the proteoglycan marker Safranin-O (red) and Fast
Green FCF (blue). Knockin/knockout knees exhibit lower articular cartilage thickness and
proteoglycan saturation, along with less mature appearing cell distribution than wild-type
knees. 40x magnification insets.
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Fig. 3.

Histological comparison of tibial plateaus reveals that all knockin/knockout articular
cartilage has significantly lower (a) proteoglycan saturation (percent) (p<0.05*) and (b)
articular cartilage thickness (um) (p<0.05*) than wild-type cartilage.
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Fig. 4.

Cell density analysis of articular cartilage from tibial plateaus: (a) superficial layer (50% of
articular cartilage area closest to joint surface); (b) deep layer (50% of articular cartilage
area closest to subchondral bone). The superficial layer shows similar cell density in all
mouse strains (p>0.05), however, the knockin/knockout cell density in the deep layer is
significantly higher than in wild-type cartilage (p<0.05*), indicating a difference in cell

distribution.
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Fig. 5.

Sample immunofluorescence images of chondrocytic cilia in agarose plugs from day 1 of the
agarose timecourse: (a) wild-type joints; (b) Bbs2™/~ joints. Images display two-dimensional
cross-sectional profiles containing the greatest number of visible cilia in the section;
however, serial three-dimensional analysis was completed on all sections. Knockin/knockout
cultures exhibit a visibly lower number of ciliated chondrocytes than wild-type cultures.
Sections were stained with DAPI nuclear marker (blue) and antibody to acetylated a-tubulin

(green).
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Fig. 6.

Fraction of chondrocytes with visible cilia in agarose timecourse cultures: (a) day 1 xiphoid,;
(b) day 10 xiphoid; (c) day 1 joints; (d) day 10 joints. In every agarose plug, knockin/
knockout cultures had a significantly lower fraction of ciliated cells than wild-type cultures
(p<0.05%*). The fraction decreased over time from day 1 to 10 in most tissues, however, the
knockin/knockout fraction remained significantly lower in both the xiphoid and joints. This
analysis was performed by counting whole cells three-dimensionally with serial imaging of
each section.
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